


Introduction to Volume 5

This volume presents a survey of significant developments in the chemistry of Groups 7 and 8 of
the transition metals since the publication of Comprehensive Coordination Chemistry (CCC) in
1987. The material for each element is organized by oxidation state of the metal and also by the
nature of the ligands involved, with additional sections covering special features of the coordin-
ation chemistry and applications of the complexes.

Manganese, Technetium, and Rhenium
The coverage for manganese and rhenium is from 1982, whereas for technetium the earlier
literature is included, as technetium did not feature in CCC (1987). The biological role of
manganese has been a significant driving force for recent studies of its coordination chemistry
and this area is treated in some detail, as are the uses of manganese complexes for selective
oxidations. For technetium much of the literature is closely linked to the applications of 99m–Tc
complexes in diagnostic nuclear medicine and the development of first- and second-generation agents
is placed in the context of the reported coordination chemistry. The potential role of radioactive
rhenium complexes for therapy is a comparatively recent theme, and is again placed against the
backdrop of a systematic account of the fundamental coordination chemistry of the element.

Iron, Ruthenium, and Osmium
The coverage for iron commences in 1984–1985 and aims to provide a broad-based introduction
to important advances in the chemistry of this element over the past 20 years. A comprehensive
coverage of the chemistry of iron over this period would be impossible and the authors have done
an admirable job in selecting the most important papers in the primary literature and have made
extensive reference to the review literature to give as broad an overview as possible. Similar
constraints apply to the coverage of ruthenium and osmium in both high and low oxidation
states. However, the coverage in these two chapters gives an excellent overview of the primary
literature since 1982 and leads the reader naturally to the important review literature for these
elements.

It would be invidious to pick any particular area of activity in the chemistry of these elements
for particular attention, but very significant advances have been made in many aspects of the
coordination chemistry of iron, ruthenium, and osmium. Our understanding of the roles which
iron can play in biological systems and the subtle chemical control over iron metabolism has
increased enormously since 1987 and they represent beautiful aspects of applied coordination
chemistry. Much iron coordination chemistry is designed to further understand biomimetic
aspects. In low-oxidation-state ruthenium chemistry, renewed interest in photovoltaic cells is
generating a resurgence in {Ru(bpy)3} chemistry. In high-oxidation-state ruthenium and osmium
chemistry, the utilization of complexes as increasingly selective catalytic or stoichiometric oxi-
dizing agents shows no sign of abating.

Finally, we would like to thank the authors involved with these elements for their fortitude in
approaching such a potentially enormous task with good humor and a positive attitude.

E C Constable
Basel, Switzerland

April 2003

J R Dilworth
Oxford, UK
April 2003
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5.1.1 INTRODUCTION

The manganese section of the Comprehensive Coordination Chemistry (CCC, 1987) opened with
an excellent overview of the basic coordination chemistry of the element and much of this is still
relevant to the chemistry that has appeared since. One of the major areas of expansion since the
last review has been in the field of cluster complexes where the driving force has been the
development of materials with novel magnetic properties and attempts to model the structures
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and functions of manganese metalloenzymes. The discovery of the selective epoxidation catalysts
based on the MnIII salen system has also prompted much coordination chemistry in the search for
higher selectivities and enantiospecific catalysis.

Due to circumstances beyond the control of the Editors it has not been possible to complete a
truly comprehensive account of the coordination chemistry of manganese. Nevertheless, what
follows provides complete coverage of oxidation states MnVII, MnVI, MnV, and MnIII, and
clusters involving MnIII and those with mixed MnIII/MnIV oxidation states. Macrocyclic chem-
istry has played a significant role in manganese coordination chemistry in all oxidation states and
this is treated in a separate section (Section 5.1.7).

Significant advances have been made in our knowledge of the chemistry of the higher oxidation
state complexes (MnVII, MnVI, and MnV) and now the chemistry is not dominated to the same
extent by the tetraoxomanganate ions.

5.1.2 OXIDATION STATE VII

5.1.2.1 Oxo and Halide Ligands

KMnO4 is the most familiar compound of manganese in this oxidation state and it continues to
be widely used as an oxidant in preparative chemistry and in analysis. Kinetic studies of the
oxidation, by permanganate, of both organic and inorganic species are active areas of research
but those studies are beyond the scope of this review. Thermal decomposition of KMnO4 has
been reviewed1 and its X-ray photoelectron spectrum has been reported.2 Other permanganate
salts are proving useful in certain circumstances. The use of barium permanganate as an oxidant
in nonaqueous and aprotic solvents has been reviewed.3 Quaternary ammonium, phosphonium,
and arsonium permangantes have been used as oxidants in nonpolar and slightly polar solvents,4

as analytical reagents,5 and as synthetic reagents for the preparation of high-valent Mn com-
plexes.6–9 Solutions of quaternary ammonium permanganates in dichloromethane are unstable
and the kinetics of their decomposition has been measured.4 CARE! Some quaternary ammonium
permanganates have been reported to explode violently under certain conditions.10–12 Complexa-
tion of MnO4

� by dicyclohexano[18]crown-6 and other crown ethers is another method of
solubilizing the MnO4

� ion in organic solvents and these complexes can be used as oxidants.13

Rare earth permanganates M(MnO4)3�nH2O (M=La, Pr, Nd, Sm, Gd, Dy, Er, Yb, Y; n= 4–9)
have been prepared by adding Mn2O7 to rare earth oxides in CCl4.

14

Mn2O7 has been characterized both experimentally and theoretically. Its crystal structure has
been determined and the structure consists of isolated Mn2O7 molecules formed by corner sharing
between a pair of MnO4 tetrahedrons. The Mn—O(bridge) lengths are 1.770(3) Å and the
Mn—O(terminal) lengths are 1.595(8) Å. The Mn—O—Mn bond angle is 120.7�.15,16 The force
constants of the bonds have been calculated from reported IR data.17 Ab initio calculations of
the molecular structure and vibrational frequencies of Mn2O7 have been performed using
effective core potentials at the Harktree–Fock and density functional theory (DFT) levels.
The results indicate that Mn2O7 prefers an eclipsed configuration with a calculated Mn—O—Mn
bond angle of 125�.18

An improved preparation of MnO3F from MnO4
� has been described.19 IR spectroscopy

shows that MnO3F is monomeric in the solid state. Manganese K-edge EXAFS data from
the solid at 10K give Mn—O distances of 1.59 Å, and Mn—F= 1.72 Å.20 MnO3F in inert gas
matrixes at low temperatures has been studied by IR and UV–visible spectroscopy. The principal
charge transfer bands and the fundamental infrared vibrational bands have been assigned.21,22

DFT predicts the structure, vibrational wavenumbers, and harmonic as well the anharmonic
spectroscopic constants of MnO3F that are in good agreement with the available experimental
data.22 Resonance Raman spectra of MnO3F and MnO3Cl have also been measured.23,24

Bond distances and excited state energy levels in MnO3Cl have been calculated, using ab initio
methods, and compared with the absorption spectra.25 A study of the reaction of MnO3Cl with
tetramethylethylene using matrix isolation techniques, and in solution, showed that the epoxida-
tion product [ClO2Mn[O(C(CH3)2)2]] was formed. DFT calculations predict that the [2þ3] add-
ition of tetramethylethylene to the MnO2 moiety of MnO3Cl is thermodynamically favored over
[2þ1] addition (epoxidation). The experimental result was rationalized in terms of the much
broader reaction channel leading to epoxidation as opposed to the much more narrow approach
path for formation of the glycolate.26
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The Robin and Day class 127 mixed-valent double salt KMnO4�K2MnO4 has been structurally
characterized and electron transfer between the MnO4

� and MnO4
2� ions measured.28,29 Discrete

MnO4
� and MnO4

2� anions are identifiable in the solid on the basis of the Mn—O bond lengths
(1.60–1.61 Å and 1.65–1.66 Å, respectively) and this has been confirmed by a polarized neutron
diffraction study.30 The high rate of electron transfer, together with the ability to distinguish
crystallographically between anionic centers, implies a rapidly reversible electron transfer in the
solid.29 Muon spin relaxation experiments have identified the likely sites for the incorporation of
muons within the unit cell and the magnetic coupling between the metal centers in this compound
has been studied using muon spin relaxation measurements.31

A mixed MnVII/PV salt Na4Mn0.5P0.5O5 (formulated as [Na4O]2þ[Mn0.5P0.5O4]
2�) has been

synthesized and characterized crystallographically. The MnO4
� and PO4

3� tetrahedrons share
one site in the unit cell.32

5.1.2.2 Nitrogen Donor Ligands

Complexes of MnVII with nitrogen and other donor atoms ([Mn(NR)3X], R=But or
MeCH2CMe2, X=Cl�, Br�, OC(O)Me�, OC(O)CF3

�, OC6F5
�, OC6Cl5

�, OCH(CF3)2
�,

SC6F5
�, C6F5

�, or NHBut�) have been prepared and characterized. A review of the chemistry
of these imido ligands with high oxidation state MnVII, MnVI, and MnV has appeared.33 The
reaction of MnCl3 with NHR(SiMe3) (R=But or MeCH2CMe2) in MeCN yields the neutral
complex [MnVII(NR)3Cl] as a thermally and air-stable green crystalline solid. The Cl� in
Mn(NBut)3Cl can be substituted by Br�, —OC(O)R� (R=Me or CF3), —OC6X5

� (X=F or
Cl), —OCH(CF3)2

�, —SC6F5
�, —C6F5

�, or —NHBut�. The chloride (1), acetate (2), —OC6F5,
and —SC6F5 (3) complexes have been structurally characterized.34 All these complexes have a
distorted tetrahedral geometry; Mn—N(imido) bond lengths are in the range 1.64–1.67 Å and the
Mn—N—C angles are 139.9(2)–144.6(3)�, indicating partial multiple-bond character. The Mn—X
distances indicate single bonds. Mn(NBut)3Cl also reacts with Li(NHBut) to give a MnVI dimer
discussed below and salts of the anion [Mn(N)(NBut)3]

2� that contain the N3� ligand.35

C11

Mn1
N1

N2

(1)

N3

5.1.3 OXIDATION STATE VI

5.1.3.1 Oxo Ligands

The preparation of manganates and their structural characterization has been the subject of two
studies.36,37 Cs2MnO4 and K2MnO4 are isostructural, having the same orthorhombic structure as
�-K2SO4, whereas Na2MnO4 is hexagonal. Potassium and barium manganates have attracted
some interest as oxidizing agents, particularly of alcohols and aldehydes.38,39 The X-ray photo-
electron spectra of K2MnO4 have been reported.2

Reduction by pulse radiolysis of MnO4
2� under acidic conditions has allowed a study of the

UV–visible spectra of the unstable ion O3MnVI(OH)� and the determination of the pKa of this
ion, 7.4� 0.1.40 Abrasive stripping voltammetry has been used to characterize solid barium and
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strontium manganates and hypomanganates. Multiple three- or four-electron, irreversible pro-
cesses were observed. Voltammetric reduction peak potentials are linearly related to the average
Mn—O distances in the anions.41

5.1.3.2 Spectra

There has been considerable interest in the electronic spectral behavior of the green MnO4
2� ion.

This interest arises because this ion may be useful in the development of near-IR lasers.42 The
absorption spectrum, which is usually studied with samples of MnO4

2� doped into a host lattice,
shows an intense band in the ultraviolet at 316 nm, a broad band at ca. 671 nm, together with a
weak band at 847 nm. The host lattices used in these studies include orthorhombic Cs2CrO4,

43,44

orthorhombic Cs2SO4 and orthorhombic BaXO4 (X=Cr, S, Se, Mo),45–47 monoclinic SrCrO4,
44

orthorhombic K2XO4 (X= S, Cr, Se), cubic CsBr,44 and cubic CsI.44

Below 625 nm the reported absorption spectra consist of a series of intense LMCT excitations
and their marked polarization dependence allows an unambiguous band assignment. In the red
and near-IR region of the spectrum the highly structured d–d transitions are of low intensity.
The vibrational progressions that are observed in the 2E$ 2T2 absorption and in the lumines-
cence spectra are dominated by O—Mn—O bending modes. The symmetry of the host lattice can
result in splitting of these d–d transitions.43 A study of the Raman excitation profile of the totally
symmetric �1 stretching mode at 786 cm�1 suggests that the 671 nm band is not purely a d–d
transition but contains a charge transfer component.48 A broadband spontaneous emission
between 900 nm and 1,430 nm is observed in all doped crystals upon visible or near-IR excitation.
In BaSO4 as host lattice, at temperatures below 100 K the quantum yield for this emission is
unity, at 300 K the quantum yield is still 20%.46 Local density approximation (LDA) and DFT
calculations have been used for theoretical investigations of the MnO4

2� ion.49–51

Oxygen-deficient perovskites that contain Mn have been shown to have MnIV, MnV, and MnVI.
The MnIV is octahedrally coordinated, MnVI is tetrahedrally coordinated, and MnV apparently
exists in both Oh and Td symmetries.52–54

5.1.3.3 Nitrogen Donor Ligands

Reaction of MnVII(NBut)3Cl with Li(NHBut) gives the nitrogen donor MnVI analogue of the
manganate(VI) anion, [Mn(NBut)4]

2�, that has been crystallographically characterized as (Li-
(dme))2(Mn(NBut)4) (4) (dme= 1,2-dimethoxyethane). This anion reacts with HCl yielding an
unstable five-coordinate complex Mn(NMe3)2(NHBut)Cl2 characterized byNMR. The reaction is
reversed by the addition of pyridine. Reaction of MnVII(NBut)3Cl with Agþ in CH2Cl2 solution in
the presence of ButNH2 gave green [Mn(NBut)3(NH2But)]Y (Y=CF3SO3

� or PF6
�) salts (5). In

all the compounds the Mn atom has distorted tetrahedral geometry.34

Reaction of Mn(NBut)3Cl with Li(NHBut) using different conditions to those used above
results in the isolation of a MnVI dimer, [{Mn(NBut)2(�-NBut)}]2 (6), together with Liþ salts of
the MnVII anion [Mn(N)(NBut)3]

2� containing N3�. Mn(NBut)3Cl reacts with MeLi or ZnMe2
yielding a dimeric compound [MnMe(NBut)(�-NBut)]2 containing a MnVI—C bond, while inter-
action with ZnR2 (R=—CH2CH3, —CH2But, —CH2CMe2Ph, —CH2SiMe3, or —CH2Ph) gives
similar alkyls. [{Mn(NBut)2(�-NBut)}]2 reacts with ZnR2 (R=Me or -CH2But) to give a dimeric,
mixed-valent (valence-localized) MnV/MnVI species Mn2(NBut)2(�-NBut)4ZnR. The R=Me com-
pound (7) has been crystallographically characterized. A similar mixed-valent dimer,
Mn2(NBut)2(�-NBut)4AlMe2], is obtained by reaction with Al2Me6. Reaction of [Li(dme)]2[Mn-
(NBut)4] and Al2Me6 gives Mn[(�-NBut)2AlMe2]2 characterized by mass spectrometry.35

Reaction of [Mn2(NBut)4(�-NBut)2]
þ with HgCl2 gives the MnVI cations [[Mn2(NBut)2-

(�-NBut)2]2]
þ, isolated and structurally characterized as the [Hg2Cl6]

2� salt, and [(NBut)2Mn-
(�-NBut)2Mn(NHBut)(NBut)]þ, isolated and structurally characterized as the [Hg3Cl8]

2� salt.55

5.1.3.4 Other Complexes

There are a number of reports of the electrochemical oxidation of MnIV and MnV to higher
oxidation state species that have some stability in solution but no complexes have been isolated.
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For example, the complexes [MnV(N)(CN)4]
2� and [MnIV(L)3]

2� (L= benzohydroxamic acid) in
CH3CN solutions show irreversible anodic responses in their cyclic voltammograms suggesting
MnV and MnVI complexes are formed.56,57

5.1.4 OXIDATION STATE V

5.1.4.1 Oxo Ligands

Green Ba3(MnO4)2 is prepared by the reaction of BaCO3 and Mn2O3 or MnCO3 in air at 900 �C.
It has been structurally characterized using neutron powder diffraction.58 The Mn—O bond
distances are 1.67 Å and 1.71 Å. Magnetic susceptibility has been measured in polycrystalline
Ba3(MnO4)2; the ground state is a spin singlet indicating a coupled antiferromagnetic interaction

N3

N4 Mn1

N2

N1

(5)

O1
Li1

O2

N1

Mn1

N2

Li1b

(4)
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between two MnO4
3� ions in the solid.59 Ba3(MnO4)2 continues to attract attention as an oxidant

and deprotecting reagent in organic chemistry.60,61 It shows a reactivity pattern toward some
organic substrates that is distinctly different from that of MnO4

�.39,62 The UV–visible spectra of
the unstable ion O3Mn(OH)2� has been measured, the pKa (13.7� 0.2) of this ion determined,
and rate constants for the reduction MnO4

3� by alcohol radicals; CO2
�, O2

�, and eaq
� have been

reported.40

5.1.4.2 Spectra

There has been considerable interest in the electronic spectral properties of the MnO4
3� ion. This

interest arises from a proposal that this ion as a dopant in other solids may be useful in the
development of near-IR lasers. This topic has been the subject of a number of reviews.63–65

MnO4
3� may be doped into tetrahedral sites of oxidic solids such as apatites, M5(PO4)3X, e.g.,

M=Ba; X=Cl;66–68 M= Sr; X=F;69–72 M= Sr; X=Cl;73–77 M=Ca; X=F;69,78 Ba5-
(MnO4)3Cl;79 Sr5(VO4)3F;80 spodiosites, e.g., M2VO4Cl, M=Ca;66,68,70 M= Sr;76,81 Sr2VO4F;82

fluoroapatites, M5(XO4)6F2 (M=Ca, Sr, Ba; X=P, V);83,84 garnet Y3Ga5O12 or Y3Al5O12;
78

melilite SrGdGa3O7;
78 Ca2(XO4)Cl (X=P, V, As);67,68,76,77,85,86 Li3PO4;

87 Ba3(VO4)2;
69,74,88–94

Sr3(VO4)2;
69 LaGaO3;

95 K2XO4 (X= S, Cr, Se);96 BaXO4 (X= S, Cr, Se, Mo);96 YAlO3;
97

Bi12SiO20;
98–101 Bi12GeO20,

99 Bi12TiO20;
99 and Y2SiO5.

69,102,103 The absorption and photoluminescence

C5

N5 N4
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spectra of a MnV-doped calcium aluminosilicate glass and oxygen-deficient perovskites have
also been reported.54,104,105 Manganese blue, an industrial pigment, has been shown to contain
MnV as the color center.96

The absorption spectrum of MnO4
3� shows an intense band in the UV at 316 nm, a broad

band at �671 nm, and a weak band at 847 nm. Theoretical studies at various levels of theory
have been performed on the MnO4

3� ion.68,103,106–108 The color of the doped solids varies
from blue to green depending on the level of doping. In the case of the phosphates the size
difference between the MnO4

3� ion (MnV—O distance 1.70–1.73 Å) and the PO4
3� (P—O

distance �1.60 Å) may cause a distortion of the solid, and a color change, that is dependant
on the level of doping.68,79,84

Isolation of the MnO3
� anion has been claimed in a dark blue KH3(SeO3)2 host crystal.109 The

reactivity of this anion in the gas phase has also been studied.110,111

5.1.4.3 Oxygen Donor Ligands

A complex of MnV, catena-tris(�-2,5-dihydroxy-1,4-benzoquinonato)-dimanganese(V)4þ (8), has
been structurally characterized but the evidence for the MnV formulation is scanty.112

Mn
Mn1

O1

O2

(8)

5.1.4.4 Nitrogen Donor Ligands

Reduction of the MnVI dimer [Mn(NBut)2(�-NBut)]2 with Li gives the green air-sensitive MnV

anion [{Mn(NBut)2(�-NBut)}]2
2�.55 Reduction of the [MnVII(NBut)3Cl] complex with sodium

amalgam gives a mixed-valent orange-brown MnVI–MnV dimeric anion [{Mn(NBut)2
(�-NBut)}]2

� that has been structurally characterized as its sodium salt (9). The manganese ions in
this structure are almost crystallographically equivalent. Treatment of the MnVI dimer
[Mn(NBut)2(�-NBut)]2 with iodine yielded the red trimeric cation [Mn3(NBut)4(�-NBut)4]

þ (10),
structurally characterized as the triiodide salt which probably has the 2MnVI/MnV oxidation
formulation. This compound unexpectedly gives no EPR signal and has a sharp 1HNMR spec-
trum. Manganese(V) alkyl compounds [Mn2R2(NBut)2(�-NBut)] were prepared by the reaction of
[MnVII(NBut)3Cl] with ZnR2 (R=—CH3, —CH2SiMe3, —CH2CMe2Ph, —CH2CMe3, and
—CH2C6H5). Two of these compounds were characterized crystallographically and the benzyl
derivative is shown as (11).35

Manganese 9



C6

Mn1
N1

N2

Mn2
N3

C5

(9)

N4
N3

Mn2Mn1

N1 N2

(10)

5.1.4.5 Nitrogen and Oxygen Donor Ligands

Two five-coordinate MnV¼O complexes with N2O2 tetradentate ligands Ph4P[MnOL] (L= 1,2-
bis(2-methyl-2-oxypropanamido)benzene and 1,2-bis(2,2-diphenyl-2-hydroxyethanamido)benzene)
have been prepared and structurally characterized: (12) and (13), respectively.113,114 These
complexes and the oxo complexes discussed in the next section may have utility in oxo-transfer
reactions to organic substrates such as olefins and ethers.

5.1.4.6 Schiff Base Ligands

Manganese(V) complexes of the Schiff base ligand salen and its derivatives have been the focus of
intense study. These complexes have one additional ligand, either an oxo, O2�, or a nitrido, N3�,
group and much of the interest arises because these oxygen or nitrogen atoms are readily

10 Manganese



transferred to other substrates. Du Bois et al. have reviewed the earlier work on these com-
plexes.115 The production of optically active epoxides by oxygen transfer to unfunctionalized
conjugated olefins is an important industrial process and represents a very elegant example of
carbon–oxygen bond formation in asymmetric synthesis.116,117 This chemistry has been the
subject of a number of reviews.118,119 These oxo complexes can also oxidize aliphatic120 and
aromatic alcohols,121 aromatic aldehydes,122 and organic sulfur compounds.123–126 The catalysts
for these reactions, developed by Jacobsen and co-workers,127–130 are derivatives of MnIII–salen
complexes, but the catalytically active species are almost certainly the MnV–oxo–salen
complexes.131 The MnV–oxo–salen species have been identified in solution using electrospray
mass spectrometry.131–133 A dinuclear, �-oxo-bridged [L(salen)Mn-O-Mn-(salen)L]2þ

(L= iodosobenzene or an amine oxide), also present in these solutions, acts as a reservoir species.
Electron-withdrawing substituents on the salen ligand and additional axial ligands decrease the

C3 N3
Mn2

C5

C19

N4
C4

Mn1

C6

C25

C1N1N2

C2

(11)

C3

C2
C4C1

C6

C7

C13

C8
C10

C11

C9

C5

C12

C14

O2

O3

O4

O5

O1

Mn1

N2

N1

(12)
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stability and hence enhance the reactivity of the Mn¼O moiety, while electron-donating salen
substituents have a strong stabilizing effect.133

The geometries and spin multiplicities of models of the MnIII–salen catalyst and the MnV–oxo
intermediate have been studied using DFT. The MnIII complexes have quintet ground states,
while the nature of the salen ligand influences whether quintet, triplet, or singlet ground states are
lowest in energy for the MnV–oxo intermediates.

Up until the end of 2002 no structurally characterized examples of the oxo complexes MnV with
salen ligands had been reported, but examples with macrocyclic ligands (Section 5.1.7) and the two
quadridentate N2O2 donor ligands discussed above are known. Ab initio calculations of the
structure of the complexes with salen ligands have been performed and the Mn¼O bond distance
was calculated to be 1.546 Å, similar to that reported in the above examples. The Mn¼O bond
order is calculated to be 2.3 and the LUMO is 6.3 eV lower in energy than in the corresponding
Mn	N complex which may account for the greater reactivity of the Mn¼O complexes.134

Reduction potentials of MnV–oxo complexes (range 0.739–0.798V) have been estimated by
applying Marcus theory to the observed rate constants for oxidation of organic sulfides.123

Most complexes with catalytic properties are tetradentate derivatives of salen but other ligands,
e.g., N-(hydroxyphenyl)salicyldimine and N-(hydroxyphenyl)pyridine-2-carboxaldimine, form
ternary complexes with bipy and Cl� ((14) and (15), respectively) that are catalytically competent.135

Nitrido complexes of MnV with porphyrin ligands were first prepared by Hill and Hollander 136

and independantly by Buchler et al. in 1982137,138. These are described in Section 5.1.7.1.1.
Nitrido MnV complexes with Schiff base ligands were first reported in 1996.139 The nitrido ligand

O4

C2

N2 O3

O1

O2N1
C1

O5

Mn1

(13)

O

N

OMn
N N Cl

(14)

O

N
N

Mn
N N Cl

(15)
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is prepared either photolytically from an azide complex or by oxidation of a lower-valent complex with
eitherNaOCl orN-bromosuccinimide in the presence ofNH3. Transfer of theN3� group bound toMnV

Schiff base complexes to aromatic silyl enol ethers,139–141 olefins,142,143 sugars,144 MnIII Schiff base com-
plexes,145 and rhenium(III) complexes146 has been reported. Similar reactions are observed with the
MnV(N)porphyrin complexes. The reaction products are dependant on the nature of the Schiff base
ligand, both the yield and the enantiomeric excess being affected.140 Salen nitridomanganese(V)
complexes have been incorporated into Zeolite Y.147

Most MnV nitrido complexes are five-coordinate with very short Mn	N bonds (typically
1.54 Å), the Mn atom lies �0.5 Å above the plane defined by the Schiff base donor atoms. The
Mn—N stretching frequencies at �1050 cm�1 are good evidence for a metal–nitrogen triple bond.
Some cyano complexes57 and the 1,4,8,11-tetraazacyclotetradecane-1-acetate complex148 are six-coord-
inate and the Mn—N stretching frequency in these complexes varies from 980 cm�1 to 1045 cm�1

depending on the donor strength of the group trans to the nitrido ligand.
Structural studies of the nitrido complexes are listed in Table 1.
Complexes of Schiff bases formed from salicylaldehyde and primary amines also form

MnV	N complexes, one of which has been structurally characterized.142

DFT calculations of the structures of the nitrido complexes reproduce the observed structures
well. The calculations give a Mn	N bond order of 2.8.134 The electronic structure and the magnetic
properties of the nitridomanganese(V) complexes are readily described by a model developed to
account for the absorption spectrum of VO(H2O)5

2þ.149 Nonequivalent �-interactions between the
Mn	N and the salen ligands removes the degeneracy of the dxz and dyz orbitals and this results in
the ligand field diagram shown in Figure 1. The magnetic behavior of these nitrido complexes (d2)
indicates a low-spin diamagnetic electron configuration andNMR spectra are typical of diamag-
netic complexes.148 The ground state has the two electrons in the a0(x2� y2) orbital, and the LUMO
orbitals are the a0(yz) and a00(xz) orbitals which have Mn	N �-antibonding character. The visible
absorption spectrum is composed of a weak ("= 150M�1 cm�1), broad asymmetric band with a
maximum at �600 nm assigned to a spin-allowed a0(x2� y2)! d�* transition.

5.1.4.7 Cyano Ligands

[MnV(N)(salen)] reacts with NaCN at elevated temperatures to afford salts of the pink-violet
anion [MnV(N)(CN)5]

3� characterized crystallographically as the [Rh(en)3]
3þ salt. The cyano

Table 1 Crystal structure determinations of the nitrido Schiff base MnV complexes. Ligand substituents are
shown in the structure below.

Substituent

R2 R3 R4 CCDC references References

Cyclohexyl But But CAQCUS 143
Cyclohexyl But But GORYER 140
Cyclohexyl But Br GORYIV 140
Ph H H KOQCIC 141
Ph CH3 But PIKROQ 134,140
Ph H H PUSZUY 149
H H H QETJOO 150
H H H QETJUU 150
H H H ZOPNOH 139

Manganese 13



group trans to the N 3� is labile. Recrystallization from H2O yields a distorted square pyramidal
five-coordinate species [MnV(N)(CN)4]

2� whereas recrystallization from pyridine solutions gives
the [MnV(N)(CN)4py]

2� anion with the pyridine ligand trans to the N3�. Electrochemical oxidation
of [MnV(N)(CN)4]

2� in acetonitrile solution yields the relatively stable [MnVI(N)(CN)4]
� complex.57

Three salts of a mixed-valent (�-nitrido)dimanganese complex anion [(CN)5Mn-
(�-N)Mn(CN)5]

6�, K5H[Mn2(�-N)(CN)10]�2H2O, Na2Rb4[Mn2(�-N)(CN)10]�6H2O, and [Rh(tn)3]2
[Mn2(�-N)(CN)10]�10H2O (tn= propane-1,3-diamine), have been prepared and characterized
spectroscopically, by magnetic moment measurements and in the case of Na2Rb4[Mn2(�-N)-
(CN)10]�6H2O structurally. This very unusual anion contains a mixed-valent MnV and MnII

center. The X-ray structure, the ESR spectra, and the magnetic data strongly suggest that
[Mn2(�-N)(CN)10]

6� is a class II (Robin and Day)27 valence-localized MnV�MnII system.151 In
the Na2Rb4[Mn2(�-N)(CN)10]�6H2O salt the anion resides on an inversion center but is clearly
disordered. Modeling the disorder shows that the anion is asymmetric with a short Mn—N bond
(1.58(1) Å) and a long Mn—N bond (1.84(1) Å). The Mn—C bonds trans to the (�-nitrido) group
are 2.19(2) Å and 1.95(2) Å, respectively. The UV–visible spectrum has a very intense band at
345 nm, tentatively assigned to an intervalence band and a less intense d–d band at 543 nm of the
MnV center.151

5.1.5 MIXED OXIDATION STATES MnIV/MnIII

5.1.5.1 Introduction

The high-valent manganese clusters contain manganese ions in þ3 (d4) and þ4 (d3) oxidation
states, which are primarily stabilized with the help of bridging oxide (O2�) ligands. N-donor
chelating ligands also play important roles forming multinuclear manganese complexes contain-
ing MnIII and MnIV ions, where the harder oxide ions help to bridge between the metal centers.
Halide ions are also found to be coordinated to the metal centers in a monodentate or bridging
modes. Generally the spontaneous self-assembly approach has been employed in forming these
high-valent oxomanganese complexes. They have been synthesized frequently from MnII start-
ing materials, the most abundant source of manganese, by oxidizing with suitable oxidants, such
as bromine water, iodine, CeIV, iodosobenzene, peroxides, and bromate.152–156 Being a rich
source of dioxygen, air often helps in forming oxomanganese complexes as well. A few cases
also have employed MnIII starting materials to prepare mixed-valent MnIII–MnIV clusters.157,158

The permanganate salts, which contain the Mn7þ ion, have also been used extensively in
delivering oxidizing equivalents. Permanganate can act as both an oxidant and a source of

a '(yz)

nb

dπ∗

dσ∗

σ*d a1(z2)

a''(x y )

a''(x z )

a'(x 2–y 2)

Figure 1 Simplified ligand field splitting diagram for MnV(N)(salen) complexes.
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manganese. A very common reaction pathway to form high-valent manganese clusters involves
the comproportionation reaction between stoichiometric amounts of MnII and MnVII sources.
Potassium or sodium salts of permanganate are used for the reactions in aqueous media,
whereas the tetraalkyl ammonium salts are used for the reactions conducted in organic
solvents.159–162

The ancillary N-donor and O-donor ligands are also important in the formation and stabiliza-
tion of oxomanganese clusters. N-donor ligands are especially common ranging and range from
bidentate to predesigned polydentate and include aliphatic, cyclic, Schiff base, and polypyridyl
systems (Figures 2 and 3).

Based on the donor sites of the ligands, as well as on the nuclearity and geometry, the high-
valent complexes containing Mn3þ and Mn4þ ions have been categorized into the ligand-based
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Figure 2 Ligands and their abbreviations.
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groups and subgroups as described below. The structures and abbreviations of the ligands
referred to in the text and tables are shown in Figures 2 and 3.

5.1.5.2 Nitrogen and Oxygen Donor Ligands

These complexes have been divided into classes and subclasses based on their nuclearity and their
structure, respectively.

N N

O– –O

N N

N N

N NO–

salen

N N

N N

N NO–

N N
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N

NH
N
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bisimMe2en
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N

N N
N

–O
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X

N

N N
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X
R2 R2
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R3

R3

R1 = CH3; R2 = H; X = C, R3 = H: bpen
R1 = H; R2 = H; X = N, R3 = H: bped 
R1 = H; R2 = H; X = C, R3 = H: bispicen
R1 = H; R2 = H; X = C, R3 = CH3: bispicMe2en

N N
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– OO–

YY
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X = H, Y = H: 2-OH-SALPN
X = H, Y = Cl: 2-OH-5-Cl-SALPN
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Me Me
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Figure 3 Ligands and their abbreviations.
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5.1.5.2.1 Dinuclear complexes

Many dinuclear manganese(III,IV) complexes have been synthesized and structurally character-
ized, mainly in the effort towards modeling of the active sites of metalloenzymes.179 The biolo-
gical relevance of these complexes is explained elsewhere. These complexes have been found to
contain a varying number of bridging oxygen donor ligands. Based on the nature and number of
the bridging groups, these complexes have been divided into six major categories: (i) mono-�-oxo,
(ii) bis-�-oxo, (iii) bis-�-oxo, mono-�-carboxylato, (iv) mono-�-oxo, bis-�-carboxylato, (v) alk-
oxide and aryloxide bridged, and (vi) imidazole bridged. The structures of these units are shown
in Figure 4 and the Mn���Mn separations are given in Table 2.

(i) Mono-�-oxo bridging

There has been only one report of a structurally characterized mono-oxo-bridged dinuclear
Mn(III,IV) complex, [Mn2O(bpmsed)2]

3þ (16) by Girerd and co-workers.163 The supporting
chelating ligand is a Schiff base, N,N-bis(2-pyridylmethyl)-N0-salicylidene-ethane-1,2-diamine, a
monoanionic pentadentate ligand (bpmsed). The Mn—O—Mn unit is approximately linear (the
Mn—O—Mn angle is 178.7(2)�). The MnIV—Ooxo distance of 1.727(2) Å is shorter than the
MnIII—Ooxo distance of 1.797(2) Å. The manganese centers are strongly antiferromagnetically
coupled (J=�176.5 cm�1) to give rise to a S= 1/2 ground state. This complex gives an 18-line
EPR signal at g� 2, which shows rhombic symmetry of ligands around the MnIII center.

(ii) Bis-�-oxo bridging

The di-�-oxo Mn(III,IV) complex in presence of 2,20-bipyridine (bpy) chelating ligand was first
reported in 1960 by Nyholm and Turco.164 and structurally characterized in 1972 by Plaksin
et al.165 Since then, several complexes containing the [Mn2(�-O)2]

3þ core with diverse ligand
systems have been synthesized. These complexes (17–33) along with their Mn���Mn distances are
summarized in Table 2. Generally, bidentate and tetradentate ligands help to support the so
formed ‘‘diamond’’ cores. The Mn���Mn separations in these complexes range between �2.6 and
2.7 Å. The metal centers are found to be antiferromagnetically coupled and display a character-
istic 16–19-line EPR signal centered at g� 2 below 77K. This signal arises from the antiferro-
magnetically coupled valence-trapped Mn(III,IV) ions. These complexes generally possess Jahn–
Teller elongated MnIII–ligand axial bonds. A dinuclear bis-�-oxo Mn(III,IV) complex with
tridentate terpyridine ligand, [Mn2(�-O)2(terpy)2(H2O)2]

3þ (26) where terminal water molecules

MnIII

O

MnIV

O

OO

MnIII MnIV

O

OO

MnIII

O
MnIV

O

O O

~2.7 Å
~2.58 Å

~3.23 Å

MnIII MnIVO
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O

MnIV

O

R
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(E)

MnIII MnIV

N N

(A) (B)
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(D) (F)

~3.18, 3.66 Å

3.52  Å

6.28  Å

Figure 4 Dinuclear Mn(III/IV) cores (16–47) and (58) along with associated Mn���Mn distances.
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coordinate to both the metal centers, has been reported independantly by Brudvig and Pecaut and
their co-workers.166,167 A similar complex, [Mn2(�-O)2(terpy)2(CF3CO2)2]

þ (27), where the water
molecules are replaced by monodentate trifluoroacetate groups, has also been synthesized.168 In
all these complexes, the terminal ligands are trans to each other and lie in the plane of the
di-�-oxo groups.

(iii) Bis-�-oxo, mono-�-carboxylato bridging

Tridentate ligands (tacv, tritacv, bpea) have often been utilized in synthesizing mono-carboxylato-
bridged [MnIII,IV

2-O2] dinuclear complexes. Acetic acid or acetate buffer generally serve as the
source of the bridging acetate group. A polypyridyl hexadentate ligand (tpen) was also employed
to synthesize a similar core, [Mn2(�-O)2(�-CH3CO2)(tpen)]

2þ (37), by Pal and Armstrong.169

Wieghardt and co-workers have utilized aliphatic hexadentate ligands (dtne and Me4dtne) to
synthesize complexes (39) and (40).170 Two asymmetric di-�-oxo, mono-�-carboxylato Mn(III,IV)
complexes were isolated and structurally characterized.171 One of them, [Mn2(�-O)2-
(�-CH3CO2)(tmtacn)(MeOH)(bpy)]2þ (43), possesses two different chelating ligands. The MnIII

center is chelated by a bpy ligand, whereas the MnIV center is coordinated to a tridentate tmtacn
(also abbreviated as Me3tacn) ligand. A methanol solvent occupies the sixth position of the MnIII

Table 2 Dinuclear manganese(III,IV) complexes.

Complex Mn���Mn distance(Å) References

Mono-�-oxo
(16) [Mn2O2(bpmsed)2]

3þ 3.524 411
Di-�-oxo
(17) [Mn2(�-O)2(bpy)4]

3þ 2.716 413
(18) [Mn2(�-O)2(bispicen)2]

3þ 2.659 482
(19) [Mn2(�-O)2(cyclam)2]

3þ 2.741 483
(20) [Mn2(�-O)2(pepma)2]

3þ 2.693 484
(21) [Mn2(�-O)2(peppepma)2]

3þ 2.682, 2.702 484
(22) [Mn2(�-O)2(N3O-py)2]

3þ 2.656 485
(23) [Mn2(�-O)2(phen)4]

3þ 2.700 486
(24) [Mn2(�-O)2(tmpa)4]

3þ 2.643 487
(25) [Mn2(�-O)2(tren)4]

3þ 2.679 400
(26) [Mn2(�-O)2(terpy)2(H2O)2]

3þ 2.73 414,415
(27) [Mn2(�-O)2(terpy)2(CF3CO2)2]

þ 2.727 416
(28) [Mn2(�-O)2(bispicMe2en)2]

3þ 2.679 488
(29) [Mn2(�-O)2(bispicMe2(-)chxn)2]

3þ 2.692 488
(30) [Mn2(�-O)2(pmap)2]

3þ 2.738 489
(31) [Mn2(�-O)2(cyclen)2]

3þ 2.675 490
(32) [Mn2(�-O)2(bisimMe2en)2]

3þ 2.677 491
(33) [Mn2(�-O)2(pbz)2]

3þ 2.669 492
Di-�-oxo �-carboxylato
(34) [Mn2(�-O)2(�-CH3CO2)(tacn)2]

2þ 2.588 493
(35) [Mn2(�-O)2(�-CH3CO2)(tmtacn)2]

2þ 494
(36) [Mn2(�-O)2(�-CH3CO2)(bpea)2]

2þ 2.580 408
(37) [Mn2(�-O)2(�-CH3CO2)(tpen)]

2þ 2.591 417
(38) [Mn2(�-O)2(�-CH3CO2)(HB(3,5-Pri2pz)3)2]

0 495
(39) [Mn2(�-O)2(�-CH3CO2)(dtne)]

2þ 2.553 418
(40) [Mn2(�-O)2(�-CH3CO2)( Me4dtne)]

2þ 2.573 418
(41) [Mn2(�-O)2(�-CH3CO2)(mpepma)2]

2þ 2.622 496
(42) [Mn2(�-O)2(�-CH3CO2)(tmtacn)(CH3CO2)2] 2.665 419
(43) [Mn2(�-O)2(�-CH3CO2)(tmtacn)(MeOH)(bpy)]2þ 2.628 419
�-Oxo di-�-carboxylato
(44) [Mn2(�-O)(�-CH3CO2)2(tmtacn)2]

3þ 3.229 420
Other classes
(45) [Mn2(�-phenolato)2(bpy)2(phenolato)]

2þ 3.181 421
(46) [Mn2(2-OH-3,5Cl2-SALPN)2(THF)]þ 3.661 422
(47) [Mn2(dtsalpn)2(DCBI)] 6.28 423
(58) [Mn2(b-D-ManfH-5)2]

� 3.245 445
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ion and lies along the Jahn–Teller distortion axis. In the second compound, [Mn2(�-O)2-
(�-CH3CO2)(tmtacn)(CH3CO2)2] (42), one tmtacn ligand binds to the MnIV center facially, whereas
the MnIII center is only bound to two monodentate acetate groups and possesses a square-planar
geometry. The additional bridging group in this class of complexes results in a shortening of the
Mn���Mn distance to about 2.6 Å (complexes (34)–(43), summarized in Table 2). The metal
centers are found to be strongly antiferromagnetically coupled with each other as observed in
the previous group of complexes. They also display characteristic 16-line EPR signal below 77K.

(iv) Mono-�-oxo, bis-�-carboxylato bridging

To date only one Mn(III,IV) species, [Mn2(�-O)(�-CH3CO2)2(tmtacn)2]
3þ (44), possessing a

mono-oxo, bis-carboxylato-bridged core has been reported by Wieghardt et al. with the tmtacn
chelating ligand.172 Generally, this is a common core for a dinuclear MnIII

2 complex (see Section
5.1.6). The Mn—O—Mn angle in this complex is much larger (�125�) compared to bis-oxo-
bridged complexes (generally <100�). The manganese centers are weakly antiferromagnetically
coupled and have a J value of �40 cm�1.

(v) Alkoxide and aryloxide bridging

A bis-�-phenolato asymmetric Mn(III,IV) complex with diphenolate and bpy ligands, [Mn2-
(�-phenolato)2(bpy)2(phenolato)]

2þ (45), was reported by Christou and co-workers173 where the
Mn���Mn separation and average Mn—O—Mn angles are 3.18 Å and �100�, respectively. This
complex was prepared by reacting (Et3NH)2[Mn(biphen)2(biphenH)] (biphenH2= biphenol) in
CH2Cl2 with solid bpy to give [Mn2(biphen)2(biphenH)(bpy)2]�3CH2Cl2. Another highly asymmetric
alkoxide-bridged dinuclear complex, [Mn2(2-OH-3,5Cl2-SALPN)2(THF)]þ (46), supported by a
Schiff base ligand, 2-OH-3,5Cl2-SALPN, has been reported by Pecoraro and co-workers.174 This
complex was synthesized by bulk electrolysis of [MnIII

2(2-OH-3,5Cl2-SALPN)2(MeOH)] at 600mV
vs. SCE. The valence-trapped Mn centers are weakly antiferromagnetically coupled (J=�10 cm�1)
owing to the long Mn���Mn distance (�3.66 Å) and large Mn—O—Mn angle (126.7�). The X-band
EPR spectrum at 20K displays a 12-line signal centered at g� 2. When the temperature is raised to
43K and 110K a broad signal at g� 5 appeared. This low-field signal was assigned as arising from
low-lying S= 3/2 excited state which becomes populated at higher temperatures.

(vi) Imidazole bridging

An imidazole-bridged mixed-valent dinuclear complex sustained by Schiff base chelating ligands
(dtsalpn) has been reported by Pecoraro and co-workers.175 This complex, [Mn2(dtsalpn)2(DCBI)]
(47) (DCBI= dicarboxyimidazole), is an example of a Mn(III,IV) dinuclear species where the Mn
centers are weakly ferromagnetically coupled with a J value of þ1.4 cm�1 to give rise to a S= 7/2
ground sate. The Mn���Mn distance in this complex is found to be 6.28 Å. The variable-tempera-
ture EPR study exhibits a multiline signal originating from an excited S= 1/2 state.

5.1.5.2.2 Tetranuclear clusters

Synthesis of high-valent oxo-bridged tetranuclear manganese clusters focuses on the structural
and functional modeling of the Photosystem II (PSII) oxygen-evolving complex (OEC), which is
responsible for the photoinduced oxidation of water to produce oxygen, a process responsible for
the sustenance of life on earth.176–181 A tetranuclear oxo-bridged manganese (Mn4) cluster is
believed to play a key role in this light-driven catalytic process that goes through five redox
intermediate states (denoted S0 to S4). Precise structural information regarding the actual geom-
etry and the ligand environment of this Mn4 cluster is still unclear. However, site-directed
mutagenesis and EPR studies have suggested that several amino acids possessing carboxylate
and imidazole side chains coordinate to the manganese centers.182–184 In addition, X-ray absorp-
tion studies have provided two different types of Mn���Mn separations of 2.7 Å and 3.3 Å in the
S2 state of the OEC Mn4 cluster.185 Based on these data, Klein and co-workers proposed an open
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‘‘dimer-of-dimers’’ model for the PSII active site where the 2.7 Å distance was assigned as
the separation between the Mn ions within each dimer and the 3.3 Å distance as the shorter
interdimer distance between the Mn ions at the closed end of the Mn4 structure (Figure 5A).
Crystal structures of the enzyme have shown a different metal ion topology, although the exact
ligand coordination environment is still lacking.186,187 In an effort to obtain a model for the OEC
active site several structurally distinct tetranuclear complexes containing Mn3þ and Mn4þ ions
supported by oxygen and nitrogen donor ligands have been synthesized.

Chan and Armstrong have employed a heptadentate polypyridyl ligand, htphpn, in synthesizing
desired tetramanganese complexes. An open-chain Mn4 complex, [Mn4O2(tphpn)2(OTf)2(H2O)2]

3þ

(48), with the oxidation state assignment of [MnIIMnIIIMnIV MnII] was isolated (Scheme 1).188 The
outer manganese atoms were assigned as in the þ2 oxidation state, whereas the inner core contains a
[MnIII,IV

2(�-O)2] moiety with a Mn���Mn separation of 2.72 Å. A water molecule and a triflate
counterion are ligated to the MnII centers. The water molecules are hydrogen bonded to the bridging
oxide groups. The manganese ions in this complex are found to be overall antiferromagnetically
coupled as depicted by magnetic susceptibility studies. It should be mentioned that a similar
compound has been also reported by Suzuki et al.189

Aerial oxidation of the above-mentioned complex (48) yielded a mixed-valent tetranuclear species,
[Mn4O4(tphpn)2]

4þ (49) (Scheme 1) where two [MnIII,IV
2(�-O)2]

3þ units are connected to each other
by the alkoxide bridges, a closed analogue to the proposed ‘‘dimer-of-dimers’’ model (Figure 5B).190

TheMn���Mn separations in the dimeric unit and within two units are 2.65 Å and 3.97 Å, respectively.
The valence-trapped manganese centers are antiferromagnetically coupled with each other to give a
S= 1/2 state in each dinuclear unit and two dinuclear units interact with each other ferromagnetically
to give an overall S= 1 ground state. This complex gives a broad EPR signal, centered at g� 6 that
resembles that of one of the intermediate states (S1) in the water oxidation catalytic cycle.

Another ‘‘dimer-of-dimers’’ complex, [Mn4O4(tmdp)2(H2O)2]
4þ (50), was reported by Uehara

and co-workers, where they used a similar polydentate pyridyl-based ligand, tmdp.191 This
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complex contains two dimeric units, each containing two valence-trapped MnIII and MnIV ions.
In this complex, the alkoxide groups bind to the dimers alternately as opposed to the previous
complex where the alkoxide groups are coordinated to both the dimers simultaneously. As a
result, the Mn���Mn separation between the dimers is 5.9 Å. The Mn���Mn distance within
the dimer is �2.65 Å. Water molecules occupy the sixth coordination sites of the MnIII centers. The
intradimer interaction is strongly antiferromagnetic in nature with J=�145 cm�1, whereas the
interdimer interaction is weakly ferromagnetic (J= 0.2 cm�1) giving rise to a triplet ground state.
Hydrogen bonding is believed to be responsible for the observed interdimer exchange interactions. A
broad EPR signal centered at g� 4.5 was obtained in the frozen solution. Quasireversible redox
responses were observed for this complex. The one-electron oxidized [MnIIIMnIV

3] species, which was
generated electrochemically by bulk electrolysis at þ1.0V, showed a 16-line EPR signal centered at
g� 2, supporting the retention of the ‘‘dimer-of-dimers’’ core.

A different class of tetranuclear manganese cluster with a distorted cubane geometry containing
a [MnIVMnIII

3O3X] (where X is a heteroatom) core has been reported by Christou and
co-workers (Figure 5C). Two complexes with oxygen and nitrogen donor ligands, where X=N3

�

(51) and NCO� (52), have been synthesized.157 Both the complexes have a S= 9/2 ground state,
which has been described as the result of ‘‘spin frustration,’’ a phenomenon where an intermediate
spin ground state results due to the competition between similar magnetic exchange interactions in
complexes with certain topologies, e.g., triangular and butterfly-like geometries. In the above
complexes the MnIV���MnIII antiferromagnetic exchange interaction dominates ‘‘frustrates’’ the
spins of three MnIII ions that are aligned parallel. The S= 9/2 ground state is well isolated, being
�180 cm�1 below the first excited state. Precise structural and magnetic properties of the cubane
complexes are described in Sections 5.1.5.3 and 5.1.5.4.

An adamantane-shaped complex with a [MnIIIMnIV
3(�-O)6(bpea)4]

3þ (53) core supported by a
tridentate bpea ligand was reported by Armstrong and co-workers (Figure 5D).161 This one-electron
reduced product of the [MnIV

4(�-O)6(bpea)4]
4þ complex resulted when a ligand substitution reaction

was attempted with a tmtacn ligand. Other tertiary amines and reducing agents, such as Fe(Cp*)2,
were also able to perform the reduction. Controlled potential electrolysis of [MnIV

4(�-O)6(bpea)4]
4þ

at �0.1V in acetonitrile formed the reduced adamantane shaped species as well in a very high yield.
This contains a crystallographically distinguishable MnIII center that has Jahn–Teller elongated
Mn—Nalkyl bonds. The Mn���Mn distances range between 3.22 Å and 3.25 Å, whereas the
Mn—O—Mn angles are between �126 and 130�. Interestingly, the solution magnetic susceptibility of
an acetonitrile solution of this mixed-valent adamantane shaped complex prepared by bulk coulometry
(�eff/Mn of 3.19 �B at 295K) indicated that the reduction of [Mn4O6]

4þ to [Mn4O6]
3þ is attened by a

change from net ferromagnetic coupling to overall moderately antiferromagentic coupling within the
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manganese-oxo core. Magnetic susceptibility studies and EPR analysis show that this complex has an
S= 5/2 ground state and displays a broad signal centered at g� 4 analogous to one of the EPR signals
of the PSII S2 state.192 Consequently, this complex has been proposed as the first spin-topological
model for the g= 5.1 S2 state of the PSII water oxidase Mn4 cluster.

5.1.5.2.3 Hexanuclear cluster

Christou and co-workers reported a structurally characterized hexanuclear manganese cluster,
[Mn6O7(mpdp)3(bpy)3]

þ (54) consisting of a [MnIII
3MnIV

3O7]
7þ core, with the aid of a dicarboxy-

late-based ligand, m-phenylenedipropionate (mpdp).193 This high-valent Mn6 complex was
obtained by oxidizing a dinuclear MnIII

2 complex, [Mn2(�-O)(�-mpdp)(bpy)2(H2O)(MeCN)]2þ,
with [Bun

4N]MnO4. The structure of the complex has been described as the superposition of two
triangular units with a noncrystallographic C3, one of them consisting of three MnIII, whereas the
other one has three MnIV centers (Figure 6). All the Mn atoms have highly distorted octahedral
arrangements. The [MnIV

3(�-O)3]
6þ triangular unit has each MnIV atom connected through two �-

oxides to the adjacent MnIV atoms and through a �3-oxide to two MnIII atoms from the other
trinuclear segment. The three remaining coordination positions of the MnIV centers are occupied by
two N atoms from a chelating bpy and by an O atom from the bridging carboxylate that also
binds to an MnIII ion in the other triangle. The other [MnIII

3(�3-O)4]
þ triangular fragment has

an oxide-centered basic carboxylate core. Each MnIII is coordinated to three �3-O ligands, one
being in the center of the triangle and the other two in the edges, bridging this unit with the
MnIV

3 fragment. The other three coordination positions are occupied by bridging carboxy-
lates: two of them link the MnIII with the other two MnIII atoms in the same triangle, whereas
the third one connects the MnIII center with an MnIV from the other triangle. The three MnIII

(high-spin d 4 systems) ions possess Jahn–Teller elongated axes. These axes pass through one of
the edge �3-oxide ions and the opposite carboxylate group, causing an apparent distortion in the
[MnIII

3(�3-O)4]
þ unit. Magnetic susceptibility studies show that this complex has an S= 3/2 spin

ground state, which results from a strong antiferromagnetic coupling present among the Mn ions.
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5.1.5.2.4 Octanuclear cluster

A novel octanuclear manganese cluster, [Mn8O10(O2CMe)6(H2O)2(bpy)6]
4þ (55) with an

[MnIII
2MnIV

6O10]
10þ unit, described as a ‘‘serpentine-like’’ core, has been reported (Figure 7) by

Christou and co-workers.194 This compound is also the highest valent polynuclear Mnn (n> 4)
species discovered to date, with an average oxidation state of þ3.75. This complex was synthe-
sized by the comproportionation reaction between MnII and MnVII ion sources in a ratio of 3:2 in
the presence of bpy ligand. The structure can be described as the aggregation of five [Mn2O2]
units in a winding manner to give the serpentine topology. All of the Mn4þ ions are ligated by six
bpy ligands. The valence-trapped Mn3þ centers were distinguished by their Jahn–Teller elongated
bond lengths and absence of coordinated N-donor ligands. There are six �-acetate groups present
in the complex. The terminal manganese centers are bonded to two water molecules. The distance
between the Mn ions in the [Mn2O2] units ranges between 2.67 Å and 2.79 Å, whereas the separation
between the Mn3þ and Mn4þ ions within two adjacent [Mn2O2] units that are connected through a
�3-oxo group is 3.27 Å. The solid-state magnetic susceptibility studies indicate an S= 0 ground
state, where the Mn centers are antiferromagnetically coupled as expected.

5.1.5.2.5 Nonanuclear cluster

Brechin et al. have recently reported a new class of single-molecule magnets with a nonanuclear
manganese core. The reaction of a reduced basic carboxylate compound, [Mn3O(OAc)6(py)3],
with 1,1,1-tris(hydroxymethyl)ethane (H3thme) afforded the MnIV

3MnIII
4MnII

2 complex

Mn

O

O

Mn

O

O

Mn

O
O

Mn

Mn

O

Mn

O

Mn O

Mn

O
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[Mn9O7(OAc)11(thme)(py)3(H2O)2] (56).195 The core of this complex consists of an
[MnIII

4MnII
2O6]

4þ unit and a smaller [MnIV
3O]10þ unit embedded in it. The [MnIII

4MnII
2O]4þ

segment is trapped valence with the MnII ions being Mn4 and Mn8 in Figure 8. The [MnIV
3O]10þ unit

is connected to the [MnIII
4MnII

2O]4þ unit by six �3-oxides. All the Mn ions are in distorted octahedral
geometries. The Jahn–Teller elongations of the MnIII ions (Mn5, Mn6, Mn7, Mn9) are perpendicular
to the plane of the [MnIII

4MnII
2O6]

4þ unit. The solid-state DC magnetic measurements show that this
complex has a high-spin ground state of S= 17/2. It displays strong out-of-phase signals in AC
susceptibility studies that establish it as a new class of single-molecule magnet (a brief discussion about
the properties of single-molecule magnets (SMMs) is provided in Section 5.1.5.3).

5.1.5.2.6 Decanuclear cluster

A novel decanuclear complex, [MnIII
4MnIV

6] of the formula [Mn10O14(tren)6]
8þ (57), was prepared

by Armstrong and co-workers by prolonged air oxidation of Mn(OTf)2 in the presence of the N-
donor ligand tren.196 As usual, the manganese oxidation states are assigned on the basis of charge
consideration and the presence of Jahn–Teller distortion as expected for MnIII ions. As a result, the
longest MnIII–N distance of 2.29 Å is longer than the MnIV–N distance of 2.07 Å. There are three
types of bridging oxo groups present in the molecule: six �-oxos, four ‘‘T-shaped’’ �3-oxos, and four
pyramidal �3-oxo groups. The inner core containing six Mn atoms can be portrayed as four partial
Mn3O4 cuboidal fragments fused along common faces (Figure 9). This structural motif can be seen
in layered CdI2-like structures of lithiophorite and chalcophanite. Alternatively, the structure can be
described as a layered one in an extended lattice of edge-sharing MX6 octahedrons. Preliminary
magnetic studies indicate a value of 3.3 �B/Mn as compared to calculated 4.3 �B/Mn that is
consistent with an overall antiferromagnetic interaction within the cluster aggregate. A frozen
solution of the complex is EPR silent at 4K, and the cyclic voltammogram reveals no reversible
responses in the range �1.5 to þ1.5V vs. Ag/Agþ.

5.1.5.3 Oxygen Donor Ligands

5.1.5.3.1 Dinuclear complexes

A Mn(III,IV) dinuclear complex supported by the aldohexose D-mannose (D-Man), Ba2[Mn2-
(b-D-ManfH�5)2]Cl (58) (where Manf=mannofuranose), was reported by Geisselmann et al.197 This
complex was formed in situ when Ca(OH)2, Mn(OAc)3�2H2O, and D-Man were mixed in a ratio of
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Figure 8 Core structure of [Mn9O7(OAc)11(thme)(py)3(H2O)2] (56).
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3.5:2:6 to obtain a pH of 9. Addition of BaCl2 precipitated the complex as a red-brown solid. The
Mn���Mn separation is 3.245 Å and Mn—O—Mn angle is �104�. A ferromagnetic interaction was
observed between the metal centers with a coupling constant of þ19 cm�1.

5.1.5.3.2 Tetranuclear clusters

A large family of complexes is now known possessing a mixed-valent [MnIII
3MnIVO3X]

(X=�O2CMe,198 �O2CPh,199 �OH,200 �OMe,200 �OPh, NO3
�201) (59–64) core supported by the

chelating ligand dibenzoylmethane (dbm�) reported by Christou and co-workers (see Figure 10).
The Mn ions in all these complexes can best be described to be trapped-valent in nature with a
distorted cubane-like topology with MnIII ions at the base of a tetrahedron and the MnIV ion at the
apex. The MnIII ions are characterized by longer bonds (average distance �2.1 Å) compared to those
surrounding the MnIV ion (average distance= 1.9 Å). The MnIV distances to the harder oxide ions
are slightly shorter (�1.86 Å) than those bound to the carboxylate (�1.94 Å). The MnIII ���MnIII

separations range from� 3.1 Å to 3.2 Å while those between MnIII���MnIV are �2.7 Å to 2.8 Å.
These distances closely resemble those found by EXAFS measurements of the S2 state of the PSII
active site185 making it a potential structural model. In these complexes, Jahn–Teller elongation
causes the axial bonds at the MnIII ions to be significantly lengthened (average axial bonds= 2.2 Å,
average nonaxial bonds= 1.9 Å) over the equatorial counterparts. There are three �-carboxylates
(Me, Ph, p-OMe-Ph, p-Me-Ph) that bridge adjacent MnIII–MnIV pairs along with three chelating
dbm� that coordinate each MnIII ion. The unique �3 site is occupied by variety of oxygen donor
ligands like acetate, benzoate, methoxide, phenoxide, hydroxide, and nitrate. Typical MnIII—O
bond distances range between 2.1 Å and 2.3 Å. All of the complexes possess an effective C3v

symmetry in solution and display characteristic 1HNMR spectra that enable their characterization
and complete spectral assignment despite their expected broadness and wide range of chemical
shifts. These clusters also possess a well-defined spin ground state S = 9/2 derived from ferro-
magnetic coupling between the MnIII ions (J=�4–14 cm�1) and antiferromagnetic interaction
between adjacent MnIII and MnIV pairs (J=��20 to �35 cm�1). Furthermore, the near-parallel
alignment of the three Jahn–Teller axes results in a high magnetic anisotropy (D��0.30 to
�0.62 cm�1) for these complexes. The relatively high spin, coupled with the high anisotropy, causes
the distorted cubane complexes to display SMM behavior at low temperatures.202 This observation
has resulted in a tremendous interest in the study of magnetic properties for these complexes.
Characteristic features of magnets such as appearance of hysteresis loops have been reported for
these complexes at low temperatures (T� 2.0K). The appearance of tunneling in this half-integer
system that should not display quantum tunneling of magnetization (QTM) has been explained due

Mn

O

Mn

O

Mn

O

Mn

Mn

O

O O

Mn

O

O

Mn

O

O

Mn

Mn

O

O

Mn

O

O

Figure 9 Core structure of [Mn10O14(tren)6]
8þ (57).

Manganese 25



to higher-order anisotropic terms (rhombic parameter, E, and quartic term, B4
o). Anisotropic energy

barriers Ueff� 20K have been reported. The all oxygen ligands containing [Mn3
IIIMnIV] cubanes

have been prepared by alcoholysis, hydrolysis, and acidolysis reactions that are summarized
in Scheme 2. Also, controlled potential electrolysis has also permitted the conversion of [Mn4O2]

8þ

with a butterfly core to a distorted cubane-like complex with [Mn4O3(O2CR)]7þ.199 This has
been suggested to mimic one of the basic features of S state catalytic water oxidation cycle, i.e.,
one-electron oxidation of tetranuclear Mn-oxo clusters. A comproportionation reaction involving
MnII and MnVII (NBu4MnO4) sources has provided an easy route to the acetate-bridged
[Mn4O3(OAc)4(dbm)3] cluster.203 The acetate at the �3 site is bridged in a [�1:�3] manner while
the benzoate binds [�2:�3] that have been rationalized due to the steric interactions caused between
the phenyl ring of dbm ligand and the carboxylate. Consequently, the [Mn4O3(O2CPh)]6þ core has
an effective Cs symmetry. This is the lowest symmetry cluster reported in this family, which has a
pronounced effect on the magnetic properties of the complex.204 Magnetochemical studies reveal
admixing of quantized states due to the greater rhombic E term enhancing quantum tunneling.

The synthesis of a [MnIII
2MnIV

2O4] cubane-like complex, [Mn4O4(O2PPh2)6] (65), by Dismutes
and co-workers has also been reported by adopting a ‘‘dimerization’’ strategy of two preformed
[Mn2O2]

3þ units.205 The addition of diphenylphosphinate salts to a solution of [Mn2O2(bpy)4]
(ClO4)3 results in the formation of the cluster. No appreciable Jahn–Teller distortions are observed
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in the Mn—O bond lengths, and this absence appears not to be due to a superposition of
nonequivalent Mn valences. Further support comes from the absence of appreciable differences in the
anisotropic displacement factors for different O atoms, unlike the mixed-valence complex
[Mn2O2(phen)4]

3þ, where these are 5–8 times larger for the axial metal ligand bonds. These
features suggest that the valence electrons may be delocalized, yielding a rare example of a class
III (delocalized) mixed-valence MnIIIMnIV compound. This conclusion is supported by variable-
temperature 1HNMR spectra showing that in solution only one set of three paramagnetically
shifted resonances for all 12 phenyl rings is observed. The Mn���Mn distances in the complex
vary between 2.90 Å and 2.95 Å that are considerably longer than observed for both the
di-oxo-bridged dimers (2.6–2.7 Å), as well as the tri-oxo-bridged MnIV dimer (2.29 Å). The
Mn���Mn distances are comparable to the MnIV

4 cubanes embedded within the larger clusters
of Mn12O12 and Mn8Fe4O12 (2.82–2.99 Å) and to the central pair in the Mn4O2 butterfly com-
plexes (see Section 5.1.6.2) (2.85 Å) both of which contain exclusively triply bridging oxo groups.
Reaction of the Mn4O4

6þ cubane core complex Mn4O4L6 (L= diphenylphosphinate, Ph2PO2
�)

with a hydrogen atom donor, phenothiazine (pzH), has been shown to form the dehydrated cluster
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Mn4O2L6 which has lost two �-oxo bridges by reduction to water (H2O).206 The formation of
the latter was established by electrospray mass spectrometry, whereas FTIR spectroscopy confirmed
the release of water molecules into solution during the reduction. UV–visible and EPR spectroscopies
established the stoichiometry and chemical form of the pzH product by showing the production of
four equivalents of the neutral pz� radical. By contrast, the irreversible decomposition of
the cubane complex to individual MnII ions occurs if the reduction is performed using electrons
provided by various proton-lacking reductants, such as cobaltocene, or when the reduction was
performed electrochemically. Thus, the Mn4O4

6þ cubane complex undergoes coupled four-electron/
four-proton reduction with the release of two water molecules, a reaction formally analogous to
the reverse sequence of the steps that occur during photosynthetic water oxidation leading to O2

evolution.207

5.1.5.3.3 Dodecanuclear clusters

The complex [Mn12O12(O2CR)16(H2O)n] (R= alkyl or aryl; n= 3 or 4), commonly referred to
as Mn12, represents a unique class of complexes possessing �3-oxo groups and bridging carbox-
ylates as ligands. The first in this series of clusters, [Mn12O12(O2CCH3)16(H2O)4] (66) (Mn12ac),
was prepared by Lis by treating Mn(O2CCH3)2�4H2O with KMnO4 in a solvent consisting of
acetic acid and water.159 Subsequently, other Mn12 derivatives have been prepared by carboxylate
exchange reactions.208 These clusters have been extensively studied since the early 1990s primarily
because of the ability of discrete molecules to exhibit superparamagnetic behavior at very low
temperatures (T< 4K) for which the term SMM has been coined.209 These molecules possess the
useful property of retaining their magnetization in the absence of an applied magnetic field, a
classical property of a magnet. This slow relaxation has been attributed to their high-spin ground
state (S) as well as high and negative magnetic anisotropy gauged by the parameter D (axial zero-
field spitting).210–212 This results in a significantly high barrier (Ueff=S2D) for the relaxation of
the magnetization that can be estimated from the Arrhenius relation. Consequently, this bist-
ability may be useful as storage devices.213 Moreover, these complexes are the first to display
QTM, properties characteristic of mesoscopic magnetic particles.214 The family of Mn12 com-
plexes is now known to exist in three oxidation state levels. The neutral form of the complex
[Mn4

IVMn8
III] (Mn12) has a central [MnIV

4O4] cuboidal unit surrounded by a noncoplanar ring of
eight MnIII ions (Figure 11). There are 16 carboxylates that can be divided into two classes, eight of
them are axial, and while the remaining eight are equatorial in nature. Monodentate water
molecules bind to MnIII ion in the outer ring complete the coordination environment. Several
single-molecule magnets with the composition [Mn12O12(O2CR)16(H2O)x] (x= 3 or 4) exhibit two
out-of-phase AC magnetic susceptibility signals, one in the 4–7K region and the other in the 2–3K
region.215 These correspond to slightly different anisotropic barriers. Jahn–Teller isomerism has been
invoked to explain this effect. Ideally, the Jahn–Teller axes at MnIII ions avoid the harder oxide ions
and point themselves towards weakly bound carboxylate ligands. However, in certain cases the
Jahn–Teller axes are directed oxide ions that may be due to crystal packing forces. In solution there
is rapid ligand exchange and no evidence for the different isomeric forms of Mn12 complexes seen in
the solid state.

It has been possible to substitute the axial carboxylates with a different carboxylate to form
the mixed-carboxylate complexes [Mn12O12(O2CCHCl2)8(O2CCH2But)8(H2O)3] (67) and
[Mn12O12(O2CHCl2)8(O2CEt)8(H2O)3] (68).216 Both the complexes contain a [Mn12O12] core
with the CHCl2CO2

� ligands ordered in the axial positions and the RCO2
� ligands (R=CH2But

or Et) in equatorial positions. There is a preference for the CHCl2CO2
� ligands to occupy the sites

lying on the MnIII Jahn–Teller axes, and this is rationalized on the basis of the relative
basicities of the carboxylate groups. 1HNMR spectra show that although they are the main species
present on dissolution, there is evidence for some ligand distribution between axial and equatorial
sites, by intra- and/or intermolecular exchange processes. These complexes are synthesized by 1:1
reaction of carboxylate with the corresponding homocarboxylate species. All of the neutral Mn12

complexes possess a well-isolated spin ground state of S= 10 and D=�0.40 to �0.50 cm�1 and
show characteristic SMM behavior, i.e., a frequency-dependant peak in out-of-phase AC suscept-
ibility measurement studies as well as magnetic hysteresis loops. The energy barrier for magne-
tization reversal for the neutral derivatives is �42–50 cm�1 (60–72K) and is the largest observed
for any SMM so far. The cyclic voltammogram of the neutral species displays at least two
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quasireversible reduction waves (one- and two-electron reduced). One-electron reduced forms of
the cluster, [Mn12]

1�, has since been crystallographically characterized.217 These include
(PPh4)[Mn12O12(O2CEt)16(H2O)4] (69) and (PPh4)[Mn12O12(O2CPh)16(H2O)4]�8CH2Cl2 (70) com-
plexes. Reduction is achieved by treating the neutral Mn12 derivatives with one equivalent of
PPh4I. The propionate-bridged one-electron reduced product possesses the mixed valence for-
mulation [MnIIMn7

IIIMn4
IV]. This was supported by the pronounced Jahn–Teller elongation of

MnIII—O bonds found for seven of the Mn atoms in the outer rings. In this case, the electron is
trapped in the outer ring of the Mn12 molecule reducing one of the MnIII to an MnII ion. The
electron avoids the inner cuboidal core that possesses extremely strong MnIV—oxo bonds and a
rigid [Mn4O4] fragment. It has been argued that generation of MnIII would then result in
significant weakening of the strongest bonds due to the Jahn–Teller effect expected for an
MnIII ion. In contrast, for the benzoate system it was not clear whether a valence delocalized
or trapped valence view is appropriate. This is because of disorder in both phenyl rings and
solvate molecules, due to which it was difficult to use bond valence sum values to determine
definitively the oxidation state of each Mn atom. The Mn12

1� species possesses a spin ground
state of S= 19/2 and is also an SMM with D=�0.44 cm�1 and an energy barrier of �58K.218

The two-electron version of the Mn12 cluster, Mn12
2� (PPh4)2[Mn12O12(O2CCHCl2)16(H2O)4] (71)

has also been reported by treating the neutral complex with two equivalents of PPh4I.
219,220

Crystallization yields a mixture of two crystal forms, both of which have been structurally
characterized as triclinic and monoclinic, respectively. They have also been characterized by a
variety of physical techniques and their magnetic properties investigated. They possess a spin
ground state S= 10, D=�0.28 cm�1, g= 2.00. In this case unperturbed molecular structures very
similar to the neutral complex are also obtained with the added electrons being localized on two
former MnIII ions to give a trapped-valence 2MnII, 6MnIII, 4MnIV oxidation state description.
Magnetization vs. DC field sweeps on single crystals of the two forms gave hysteresis loops
containing steps due to QTM. The step separations yielded D/g values of 0.087 cm�1 and
0.14 cm�1 for the forms, respectively, suggesting that the differences in Ueff are primarily caused
by changes to D. Additionally, it has been noted that as gradual reduction of the Mn12 complex
causes a reduction of the Jahn–Teller elongated MnIII ions in the outer ring it results in a
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Figure 11 Core structure of Mn12 complex.
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concomitant lowering of the magnetoanisotropy along the series: Mn12
0<Mn12

1�<Mn12
2�. The

work demonstrates the sensitivity of the magnetic properties of these new [Mn12]
2� SMMs to

subtle differences in their environment as determined by the precise packing, solvent molecules,
and overall crystal symmetry space group.

It has been possible to incorporate FeIII into the Mn12 complex to give a heterobimetallic
cluster of the type [Mn8Fe4O12(O2CMe)16(H2O)4] (72).221 This is obtained by treating
Fe(O2CMe)2 with KMnO4 (16.3:6.4 molar ratio). The molecule consists of a central [Mn4O4]

8þ

cubane held within a nonplanar ring of eight alternating MnIII and FeIII ions by eight �3-O
2�

ions. Peripheral ligation is provided by 16 �-MeCO2
� and four terminal H2O groups, the latter

being ligated one each on the four FeIII ions. The identification of the FeIII ions was facilitated by
the absence of a Jahn–Teller axial elongation as seen for the MnIII ions. Cyclic voltammograms
reveal quasireversible oxidation and quasireversible reduction processes that are observed at the
same position as for the Mn12 species, implying the redox process to be occurring at the Mn
centers. Magnetic studies indicate the spin ground state of S= 2 with D=�1.8 cm�1. The origin
for such a drastic change in spin ground state of a complex by a simple metal ion substitution has
been qualitatively explained on the basis of spin-frustration effects on butterfly complexes that are
fused together in the dodecanuclear complex.

Although all of the Mn12 family of complexes described thus far have been observed with
carboxylate as the bridging ligand, nitrate (NO3

�) and the diphenylphosphinate group (Ph2PO2H)
have been utilized to form [Mn12O12(NO3)4(O2CR)12(H2O)4] and [Mn12O12(O2CMe)8(O2PPh2)8
(H2O)4], respectively. This functionalization might prove very useful for a variety of further
reactivity studies and applications, such as binding the complex to other species or surfaces
without loss of the intrinsic Mn12 structure or magnetic properties. Site-selective carboxylate
abstraction has been achieved from [Mn12O12(O2CR)16(H2O)4] complexes by treatment with
HNO3 to form [Mn12O12(NO3)4(O2CR)12(H2O)4] (R=CH2But (73) or Ph (74)) in excellent
yield.222 The replacement of the carboxylate group with nitrate causes insignificant perturbation
of the magnetic properties, the complexes retaining their structural integrity along with their
magnetic properties. The [Mn12O12(O2CMe)8(O2PPh2)8(H2O)4] (75) complex is derived by react-
ing Mn12–acetate with eight equivalents of Ph2PO2H.223 In this case, the acetate groups at the
four axial MnIII–MnIII and four of the eight equatorial MnIII–MnIII carboxylate sites have been
replaced by diphenylphosphinate groups, while the remaining equatorial sites and the four axial
MnIV–MnIII sites remain occupied by acetates. This results in a significant distortion of the
[Mn12O12]

16þ core that is reflected in the bond angles and an increase of �0.1 Å in all of the
MnIII–MnIII distances, and is most apparent as a ‘‘bowing’’ in each of the linear Mn4 units.
Additionally, the complex has three distinct Jahn–Teller isomers, two of which cocrystallize in the
same crystal emphasizing the small energy differences involved. In both cases, these ‘‘abnormally’’
oriented Jahn–Teller axes are located at the MnIII centers with H2O ligands, as has been observed
for the previously reported examples of Jahn–Teller isomerism. Magnetically, it is similar to the
all-carboxylate derivatized cluster with S= 10, D=�0.41 cm�1.

5.1.5.3.4 Hexadecanuclear cluster

The complex [Mn16O16(OMe)6(OAc)16(MeOH)3(H2O)3]�6H2O [MnIV
6MnIII

10] (76) has been
obtained upon the addition of Bun

4NMnO4 to Mn(NO3)2�4H2O.224 The presence of alkoxide bridges
here is rare in high-valent Mn clusters and probably responsible for the nuclearity obtained. The
cluster contains 6 MnIV and 10 MnIII ions held together by 14 �3-O

2�, 2 �-O2�, 4 �-OMe�, and 2
�-OAc� groups to give an approximately elliptical planar [Mn16O16(OMe)4(OAc)2]

18þ core (Figure 12).
Peripheral ligation is completed by the remaining 14 �-OAc�, 2 �-OMe�, and 3 axial water and
methanol molecules. Preliminary studies indicate presence of overall antiferromagnetic coupling
and SMM behavior is observed at low temperatures. Frequency-dependant out-of-phase AC peaks
or hysteresis data have not yet been reported for this cluster.

5.1.5.3.5 Higher nuclearity clusters

An aesthetically pleasing high-nuclearity mixed-valence complex of formula [Mn21O24-
(OMe)8(O2CCH2But)16(H2O)10] (77) [MnIV

9MnIII
12] has also been reported.225 The structure consists

of an Mn core that is approximately planar and is ligated on the periphery by 16 �-O2CCH2But groups
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and 10H2Omolecules. The complex is trapped valence, theMnIII ions lying in the outer ring. The 21Mn
ions are not all in the same plane: the 9MnIV ions and 2MnIII ions are coplanar, but the 2Mn5 crescents
at top and bottom are slightly above and below this plane The structure can further be described as
being composed of a [Mn21O24(OMe)8] core (Figure 13) as a CdI2-like [Mn9

IVO20] sheet held within a
nonplanar [Mn12

IIIO12] ring. There is thus a parallel between this cluster and the Mn12 complexes (see
above). This complex is synthesized by the methanolysis of [Mn12O12(O2CCH2But)16(H2O)4] and has
S= 13/2 and D=�0.53 cm�1, although no SMM behavior has been observed at T> 1.8K.

The largest Mn cluster known to date is [Mn30O24(OH)8(O2CCH2But)32(H2O)2(CH3NO2)4] (78)
prepared by reacting Mn(O2CCH3)2�4H2O and KMnO4, followed by addition of t-butylacetic
acid.226 The complex is comprised of a [Mn30O24(OH)8]

32þ core (Figure 14), with peripheral
ligation provided by 32 t-butylacetate ligands, 4 nitromethane molecules, and 2 terminal H2O
molecules. The oxidation states of the manganese ions can best be described as trapped-valence
[MnII

3MnIII
26MnIV]. They have been assigned on the basis of relative Mn—O distances, bond

valence sum calculations, and the presence of Jahn–Teller elongation axes on all 26 MnIII centers.
The metal ions are bridged by a combination of oxides and hydroxides. The coordination is
terminated by t-butylacetate groups showing three types of binding mode: 24 are bridging 2
manganese ions in the familiar syn,syn-bridging mode, 6 are bridging 3 manganese ions in the
syn,syn,anti-bridging mode, and 2 of them are monodentate to MnII ions. Magnetic studies
indicate S= 7, D=�0.79 cm�1 and SMM behavior is seen at T< 1.7K. However, the theoretical
model for the fitting assumes that the spin ground state is well isolated, which does not seem to be
the case here, as commonly observed in high-nuclearity systems, especially those containing MnII

for which exchange interactions are found to be weak.

5.1.5.4 Nitrogen, Oxygen, and Halide Ligands

A dinuclear bis-oxo-bridged Mn(III,IV) complex supported by two bpy ligands,
[Mn2O2(OAc)Cl2(bpy)2] (79), was synthesized where each Mn ion is bonded to a chloride ligand.173

The chloride ions are trans to each other. The Mn���Mn separation is 2.67 Å and the Mn—O—Mn
angle is about �94.5�. The Mn—Cl bond distance is 2.3 Å on average. The manganese centers are
antiferromagnetically coupled to give an S= 1/2 ground state similar to other bis-�-oxo Mn(III,IV)
complexes, and it has a multiline EPR signal in frozen solution below liquid N2 temperature.

The complex (H2Im)2[Mn4O3Cl6(HIm)(O2CMe)3]�1.5MeCN (80) (H2Im
þ= imidazolium

cation) was the first reported in this series of distorted cubane complexes containing the
[MnIII

3MnIV(�3-O)3X]6þ core by Christou and co-workers (X=Cl� (80), Br� (81)).158,227,228 All
of these complexes are prepared by the reaction of a �3-oxide Mn3

IIIcomplex with Me3SiC1,
which leads to a disproportionation to give the MnIVMn3

III complex and an MnII product. The
reaction of Mn(O2CCH3)3�2H2O with Me3SiCl followed by addition of imidazole gives
(H2Im)2[Mn4O3Cl6(HIm)(O2CMe)3]�1.5MeCN where H2Im

þ is the imidazolium cation. Reaction
of [Mn3O(O2CR)6(py)3](ClO4) (R=Me, Et) with Me3SiCl leads to [Mn4O3Cl4(O2CMe)3(Im)3]�3/2
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MeCN (82) and [Mn4O3Cl4(O2CEt)3(Im)3]�5/2MeCN (83). A similar procedure but followed by
addition of imidazole yields [Mn4O3Cl4(O2CMe)3(Im)3]�5/2MeCN. The central [Mn4(�3-O)3(�3-
C1)]6þ core of the anion in the complex consists of a Mn4 pyramid with the MnIV ion at the apex,
a �3-Cl� ion bridging the basal plane, and a �3-O

2� ion bridging each of the remaining three
faces. The MnIV ion has six oxygen atom ligands, three from the three �3-O

2� ions and three from
the bridging acetates. Typical bond distances and structural information pertaining to these
cubanes along with their biological relevance have been described in previous Section 5.1.5.3.2.
The terminal imidazole ligand has also been replaced by pyridine in an isostructural complex,
[Mn4O3-Cl4(O2CMe)3(py)3]�MeCN (84a).158,229 The yield of the reaction can be improved
if MeCOCl is used instead of Me3SiCl. A family of complexes with arene-carboxylate ligation
[Mn4O3Cl4(O2CR)3(py)3] is also reported (R= 3,5-Cl2-Ph, (85), Ph (86), 4-F-Ph (87), and 3,5-F2-Ph
(88)).230 The presence of the aromatic rings in the ligand framework provides an additional
handle for 1HNMR interpretations. Studies conducted on these complexes show that the
observed spectra can be interpreted using a spin delocalization mechanism. Contact shifts via
�-delocalization as well as dipolar shifts are contributors to the chemical shifts. Treatment of
[Mn3O(OAc)6(py)3](ClO4) in MeCN with Me3SiCl followed by addition of H2O and acetic acid
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results in crystallization of (pyH)3[Mn4O3Cl7(OAc)3]�2MeCN (89). As mentioned in the previous
section, the distorted cubane class of complexes with an S= 9/2 ground state straddle the interface
between classical and quantum mechanical behavior because they display quantum tunneling of
magnetization and quantum phase interference. In this regard, QTM can be advantageous for
some potential applications of SMMs, e.g., in providing the quantum superposition of states
required for quantum computing. However, it is a disadvantage in other applications, such as
information storage, where it would lead to information loss. Thus it is important to both
understand and control the quantum properties of SMMs. In this respect, Wernsdorfer and
co-workers have reported that [Mn4O3Cl4(O2CEt)3py3] (84b)158 behaves as a supramolecular SMM
dimer in which antiferromagnetic coupling between the two components results in quantum
behavior different from that of the individual SMMs. The experimental observations and further
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Figure 14 ORTEP representations: (a) the core and (b) complete complex [Mn30O24(OH)8(O2CCH2But)32-
(H2O)2(CH3NO2)4] (78) showing 50% probability ellipsoids.
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theoretical analysis suggest a means of tuning the QTM in SMMs. This system may also prove
useful for studying quantum tunneling of relevance to mesoscopic antiferromagnets.231

The cubanes of the type [Mn4O3X(O2CR)3(dbm)3] (X=F� (90),198 Cl� (91), Br� (92);232

R=Me, Ph) containing both oxygen and halide atoms reported by Christou and co-workers
have been prepared by a disproportionation reaction triggered by carboxylate abstraction from
the [MnIII

4] butterfly clusters. They can also be prepared by ligand exchange reactions using
Me3SiX reagents from [Mn4O3(O2CR)4(dbm)3] complexes. Both of these reactions are initiated by
treatment with Me3SiX reagents that utilize the strength of Si—O bonds over Si—X (X=Cl�,
Br�). Preparation of the F� derivative requires a stronger fluoride donor, diethylammonium
sulfur trifluoride (DAST). An analogous procedure involving addition of mineral acids (HX)
on butterfly complexes and ligand exchange reaction on carboxylate-bridged distorted cubane
clusters has also been reported.201 The results have shown that the identity of the bridging ligand,
X�, has minimal influence on the resultant structures, magnetic properties, 1HNMR and EPR
spectral properties, or the redox behavior. All the complexes display a spin ground state of S= 9/2.

Treatment of [Mn4O2(OAc)7(bpy)2](ClO4)�3H2O with Me3SiCl in acetonitrile resulted in the
high-valent [Mn11O10Cl2(OAc)11(bpy)2(MeCN)2(H2O)2](ClO4)2 (93) complex.233 The crystal struc-
ture shows that two [Mn4O3Cl]6þ cubane units are bridged by a nearly linear [Mn3O4]

þ unit to
give the [MnIII

9MnIV
2]

35þ core. The manganese centers in each cubane unit that are ligated to
bpy ligand are in the þ4 state. A schematic representation is shown in Figure 15.

5.1.6 OXIDATION STATE III

5.1.6.1 Introduction

The coordination chemistry of manganese(III) has been increasingly studied in an effort to
simulate the biological systems that have been found to contain this oxidation state or go through
this oxidation state in their catalytic cycles. However, the growth of manganese(III) chemistry has
been slow due to the fact that manganese(III) is prone to disproportionation, particularly in
aqueous solution, into manganese(IV) (as stable MnO2) and manganese(II). Similarly, the synthe-
sis of manganese(III) complexes from the oxidation of manganese(II) starting materials simply
leads to the formation of insoluble and very stable MnO2. While many of the manganese(III)
complexes that have been discovered are polynuclear, mononuclear complexes of manganese(III)
can be stabilized by Schiff base ligands, nitrogen-based ligands, and macrocyclic ligands. Di- and
polynuclear complexes of manganese(III) require detailed investigation by spectroscopic and
X-ray structural methods to confirm their structures. This is due to their propensities to be in
mixed-valence states such as manganese(II,III) or manganese (III,IV) as well as the complex
nature of the chemistry involved.

Manganese(III) has a d4 electronic configuration and thus its octahedral complexes in the high-
spin state, like those of copper(II), undergo a Jahn–Teller distortion. In fact, this distortion and the
absence of an EPR signal in the regular X-band frequency often serve to identify manganese(III)
centers in complexes with mixed valence states. There are a few examples of low-spin complexes of
manganese(III) mostly with relatively high-field ligands, such as CN�. High-spin manganese(III)
complexes have spin-allowed d–d transitions and thus have some color compared their manganese(II)
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analogues. The spin-only magnetic moment of the manganese(III) aqua ion is 4.9 �B and all
high-spin complexes of manganese(III) have magnetic moments very close to this value. In general,
manganese(III) complexes are good oxidizing agents and also act as strong Lewis acids. The labile
nature of the manganese(III) center is indicated by the high water exchange rate constant, 100 times
slower than manganese(II) center but 1,000 times faster than manganese(IV) center. The most
commonly observed coordination numbers of manganese(III) are 5 or 6.

In this section, the treatment of complexes of different nuclearities is based on the ligand systems
involved, but this is occasionally arbitrary as two different ligands may be present. The structures
and abbreviations of ligands referred to in this section are shown in Figures 2 and 3 and 16–19.
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The chemistry of manganese(III) is dominated by dinuclear, trinuclear, and tetranuclear
complexes and the core types observed are shown in Figures 20–22. Only a few complexes are
reported with nuclearities >5 and there are as yet no known examples of pentanuclear manganese
complexes. While there are three core types for dinuclear manganese(III) complexes with an (�2-
O2�) ion, no manganese(III) complexes with nuclearity >2 contain an (�2-O

2�) ion. There are no
new manganese(III) complexes with carbon or tertiary phosphine ligands reported for the period
of 1984 to the early 2000s.
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5.1.6.2 Oxygen Donor Ligands

Manganese(III) complexes with a variety of oxygen ligands comprise the largest group next
to those with mixed donor set polydentate ligands. The majority of these complexes are poly-
nuclear.
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5.1.6.2.1 Carboxylates

In order to isolate mononuclear complexes, the carboxylate has to be at least bidentate. However,
there have been no new mononuclear manganese(III) complexes of simple carboxylates reported
for the period 1984 to the early 2000s. The mononuclear complexes reported for this period are
mostly with hydroxycarboxylate or �-diketone and related ligands. Examples of the former ligand
type include (NH4)5[Mn(Ct)2]�2H2O (94) (where H4Ct= citric acid).249 The structural data for
this and other mononuclear MnIII complexes are summarized in Table 3, and magnetic and
spectroscopic data are displayed in Table 4. The manganese center in the anion of (94) is six
coordinate and is bound by two fully deprotonated citrate ligands in a distorted octahedral
fashion.

The chemistry of manganese(III) with monodentate carboxylates, such as acetate and benzoate
or their derivatives, results in the formation of complexes with nuclearities of 2, 3, 4, 6, 7, 8, 9, 10,
and 18. The chemistry of polynuclear carboxylate complexes is too extensive to detail here and
coverage is confined to a brief discussion of the structural types involved.
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(i) Dinuclear complexes

Dinuclear manganese(III) complexes with carboxylates fall into two categories: (i) those with one or
two alkoxo bridge(s) and (ii) those with an (�2-O

2�) bridge. Structural, magnetic, and spectroscopic
properties of some selected complexes are summarized in Tables 5 and 6. For both types, bridging
carboxylates (one or two) are also present (see Figure 20). With the exception of the complex

(94)

–OOC

COO–

O O

O

O

O–

O

O

O– O

O–
Mn

Table 3 Structural information of selected mononuclear manganese(III) complexes.

Compound C.N. (geometry)a Donor set
Mn–O
(Å) References

(NH4)5[Mn(Ct)2]�2H2O 6 (octahedral) O6 1.885(1)
1.945(1)
2.224(1)

249

(NEt3H)2[Mn(biphen)2
(biphenH)]

5 (trigonalbi
pyramidal)

O5 1.880(10)–1.984(9) 315

[Mn(hfacac)3] 6 (octahedral) O6 1.9063(24)–2.1469(25) 317
[Mn(Me3tacn)(acac)

(H2O)](ClO4)2

6 (octahedral) N3O3 2.005(4)
1.790(5)
2.067(5)

319

[Mn(5-NO2-sadpen)(OH)] 6 (octahedral) N3O3 1.827(3)
2.127(3)
1.920(3)

355

[Mn(bsae)](PF6) 4 (square planar) N2O2 370
[Mn(salen)Cl]�CH3CN 5 (square pyramidal) N2O2Cl 1.878(2)

1.906(2)
340

[Mn(tbbdea)Cl] 5 (square pyramidal) N2O2Cl 341
(PPh4)[Mn(thiosal)2(HIm)]�2CH2Cl2 5 (square pyramidal) NO2S2 1.948(5)

1.932(5)
327

[Mn(salen)(S-p-NO2-C6H4)]�CH2Cl2 5 (square pyramidal) N2O2S 1.875(1)
1.883(1)

328

(NEt4)[Mn(edt)2(HIm)] 5 (square pyramidal) NS4 371
[Mn(ppam)2](ClO4) 6 (octahedral) N4O2 1.856(3) 372
[Mn(3,5-iPr2pzH)

(HB(3,5-iPr2pz)3)(O2)]
6 (octahedral)b N4O2 1.851(5)

1.850(6)
332

cis-[Mn(phen)2Cl2](NO3)2�2.5CH3CO2H
6 (octahedral) N4Cl2 373

[Mn(terpy)(N3)3] 6 (octahedral) N6 1.959(3)–2.258(2) 331

a C.N.= coordination number. b This is a six–coordinate structure with a side–on peroxo adduct.
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Table 4 Selected physical properties of mononuclear manganese(III) complexes.

Compound
�eff,
(�B)

a
UV–visb

	(", M�1 cm�1), nm References

(NH4)5[Mn(Ct)2]�2H2O 428(170), 520(59),
730(25)

249

(NEt3H)2[Mn(biphen)2(biphenH)] 4.94 412(3370), 546(2080) 315
(PPh4)[Mn(thiosal)2(HIm)]�2CH2Cl2 5.11 415sh (2940),

450(2760), 500(2500)
327

[Mn(salen)(S-p-C6H4NO2)]�CH2Cl2 4.71
c

550sh, 880 328

[Mn(5-NO2-sadpen)(OH)] 5.07 363(23000) 355
[Mn(Me3tacn)(acac)(H2O)](ClO4)2 5.10 400sh (500), 530sh

(300), 1050(273)
319

cis–[Mn(phen)2Cl2](NO3)2�2.5CH3CO2H 5.07 525(167) 373
(NEt4)[Mn(edt)2(HIm)] 4.97 290sh (4490), 355(13300),

390sh (6740), 610(545)
371

[Mn(ppam)2](ClO4) 4.95 460sh, 560(25), 800(14) 372
[Mn(acac)3] 4.91 278(16491), 319(14490),

399(1941), 534(425)
374

[Mn(pic)3(H2O)] 4.90 260(17430), 428(380),
518(202)

374

a Spin only magnetic moment at around 298K for the compound in the solid state. b In solution. c Measured in solution.

Table 5 Structural parameters for dinuclear manganese(III)–carboxylato complexes.

Compound
Mn���Mn
(Å)

Mn–Ob

(Å)
Mn–Ocarb

(Å)
Mn–Ob–Mn
(deg.) References

bis(�-alkoxo)(�-carboxylato)
(TMA)3[Mn2(Lc)4(HLc)]�H2O 3.094(4) 1.88(1)

2.080(9)
2.167(9)
1.81(1)

2.13(1)
2.05(1)

99.5(4)
101.6(3)

250

[Mn2(BCSP)(OCH3)(OAc)
(CH3OH)(ClO4)]

2.921(2) 1.940(4)
1.905(5)
1.929(5)
1.925(5)

2.120(5)
2.123(6)

98.0(2)
99.4(2)

251

[Mn2(BSP)(OCH3)(OAc)
(CH3OH)](ClO4)

2.931(2) 1.953(4)
1.920(5)
1.956(4)
1.935(5)

2.159(6)
2.172(6)

97.2(2)
99.0(2)

252

[Mn2(BSP)(OCH3)(OAc)
(MeOH)2](Br)

2.943(3) 1.953(7)
1.948(9)
1.958(7)
1.946(9)

2.140(10)
2.173(10)

101.6(2)
101.6(2)

253

[Mn2(BSP)(OCH3)(OAc)
(MeOH)2](I)

2.933(2) 1.928(7)
1.943(8)
1.962(8)
1.901(7)

2.179(9)
2.128(9)

97.8(3)
99.4(3)

253

[Mn2(BSP)(OCH3)(OAc)
(MeOH)(NCS)]

2.940(3) 1.937(6)
1.934(6)
1.928(6)
1.969(7)

2.121(6)
2.209(6)

97.7(2)
99.0(3)

253

[Mn2(BSP)(OCH3)(OAc)
(MeOH)2(N3)]

2.955(3) 1.952(8)
1.960(8)
1.957(8)
1.934(9)

2.149(10)
2.084(10)

97.9(3)
99.0(4)

253

[Mn2(5-Br-SALPN)(OCH3)
(OAc)(MeOH)2](Br)

2.932 1.934(4)
1.928(5)
1.935(4)
1.920(5)

2.146(5)
2.153(2)

98.3(2)
99.3(2)

254
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Table 5 continued

Compound
Mn���Mn
(Å)

Mn–Ob
(Å)

Mn–Ocarb

(Å)
Mn–Ob–Mn
(deg.) References

Bis(�-alkoxo)bis(�-carboxylato)
[Mn2(3-OMe-spa)2(OBz)2] 2.8720(15) 1.896(2)

1.939(2)
2.216(3)
2.262(3)

256

�(oxo)(�-carboxylato)
[Mn2O(OAc)(TMIMA)2]

(ClO4)2�2CH3CN
3.2503(8) 1.784(3)

1.789(3)
2.029(3)
2.042(4)

130.9(2) 257

[Mn2O(OAc)(bispicen)2](ClO4)3 3.276(3) 1.801(3) 2.031(5) 130.8(4) 258
[Mn2O(OAc)(bispicMe2en)2](ClO4)3 3.29(1) 1.79(2) 1.90(3) 133(3) 258
[Mn2O(OAc)(bpia)2]

(ClO4)3�CH3CN
3.2544(8) 1.785(2) 2.028(2) 131.0(1) 259

(�-oxo)bis(�-carboxylato)
[Mn2O(OAc)2(bpy)2(H2O)

(S2O8)]�H2O
3.145(5) 1.735(10)

1.810(10)
1.949(12)
2.147(11)
1.933(11)
2.152(12)

125.1(6) 266

[Mn2O(OAc)2(H2O)2(bpy)2]
(PF6)2�1.75H2O

3.132(?) 1.781(5)
1.784(5)

2.142(6)
1.937(5)
1.939(5)
2.174(6)

122.9(?) 263

[Mn2O(OAc)2(H2O)2(bpy)2](ClO4)2 3.152(2) 1.793(4)
1.800(4)

2.175(4)
1.946(4)
1.939(4)
2.164(4)

122.7(2) 267

[Mn2O(O2CC6H5)2
(N3)2(bpy)2]�MeCN�4H2O

3.153(4) 1.802(4) 2.131(7)
2.043(7)

122.0(5) 267,268

[Mn2O(OAc)2Cl2(bpy)2]�
CH3COOH�H2O

3.154(4) 1.788(11)
1.777(12)

2.214(12)
2.196(13)
1.955(13)
1.934(13)

124.3(7) 267

[Mn2O(OAc)2(HB(pz)3)2]�4CH3CN 3.159(1) 1.773(2)
1.787(2)

2.044(2)
2.083(2)
2.085(3)
2.053(2)

125.1(1) 261

[Mn2O(OAc)2(HB(pz)3)2]�CH3CN 3.175(1) 1.790(3) 2.001(6)
2.133(6)

125.0(3) 261

[Mn2(�-O)(OAc)2(tacn)2](ClO4)2 3.084(3) 1.80(1) 1.94(1)
2.05(1)

117.9(2) 260

[Mn2(�-O)(OAc)2(Me3tacn)2]
(ClO4)2�H2O

? 1.810(4) 2.047(4) 120.9(1) 260

[Mn2(�-O)(OAc)2(Me3tacn)2](I3)I�H2O 3.096(2) 1.790(6)
1.787(6)

2.057(6)
2.059(6)
2.072(6)
2.063(6)

119.9(3) 262

[Mn2O(OAc)2(bpea)2](ClO4)2 3.121(6)
3.106(6)

1.79(1)
1.75(2)
1.77(2)
1.78(2)

2.00(2)–2.09(2) 125.1(8)
122.1(8)

272

[Mn2O(OAc)2(TMIP)2](ClO4)2�
CH3CN�0.5(CH3)2O

3.164(5) 1.797(11)
1.781(11)

2.115(13)
2.155(13)
1.993(13)
1.965(13)

124.4(6) 270

[(Mn2O(OAc)2)2(bbpmax)2](ClO4)4�
3CH3NO2

3.261(?) 1.834(5)
1.960(5)

2.124(5)
2.082(6)
1.984(6)
2.082(6)

118.5(3) 274

[Mn2O(XDK)(4,40–Me2bpy)2
(NO3)2]�2.5CH3OH

3.170(2) 1.781(7)
1.799(7)

1.968(8)
2.182(8)
2.185(8)
1.935(7)

124.6(4) 275
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(TMA)3[Mn2(Lc)4(HLc)]�H2O (95) (where H2Lc= lactic acid),250 all complexes with a [Mn2-
(�-alkoxo)2(�-carboxylato)]

3þ core (type I) contain a Schiff base coligand.251–254 Complex (95) can
be prepared by the reaction of tetramethylammonium permanganate ((TMA)MnO4), H2Lc, and
(TMA)OH in methanol. An excess of ligand allows for the reduction of the MnVII to MnIII. The
X-ray crystal structure of (95) provides the first example of an MnIII dimer with axial compression.The
Mn���Mn separation in (95) is 3.094 Å. The magnetic moment of (95) at room temperature is 6.80 �B.

Dinuclear complexes with Schiff base ligands, such as BSP, BCSP, and 5-Br-Salpn, have been
synthesized from the reaction of Mn(OAc)3 and the ligand in methanol. A representative structure
is shown for the cation in [Mn2(BCSP)(OAc)2](ClO4)�CH3OH (96).

The Mn���Mn separations in these complexes lie in the range 2.931–2.955 Å and the magnetic
moments at room temperature observed for these complexes vary in the range 4.21–4.29 �B with
the exchange interaction (J ) between the manganese centers in the range �10.6 cm�1 to
�13.2 cm�1. Cyclic voltammetry studies in methanol show two quasireversible reduction waves
at about �0.3V and �0.7V vs. SCE.

For the [Mn2(�-alkoxo)2(�-carboxylato)2]
2þ core (type II), only the benzoate analogues, [Mn2(spa

3-OMe-spa)2(OBz)2] (97) (where H2spa= 3-salicylideneamino-1-propanol), of the acetate complex
reported many years ago255 has been synthesized and structurally characterized.256 The Mn���Mn
separation in (97) is 2.872 Å while the bridging Mn—Oalkoxo distances are 1.896 Å and 1.939 Å.

Table 6 Magnetic properties and related parameters for dinuclear manganese(III)–carboxylato complexes.

Compound
�eff (BM)
[Temp. (K)] Temp. range (K) J (cm�1)a References

(TMA)3[Mn2(Lc)4(HLc)]�H2O 6.80[298] 250
[Mn2(BCSP)(OAc)2](ClO4)�CH3OH 4.26[292] �11.8 251
[Mn2(BSP)(OCH3)(OAc)(CH3OH](ClO4) 4.28[298.3]

3.08[81.5]
81.0–298.0 �10.6 252

[Mn2(BSP)(OCH3)(OAc)(MeOH)2](Br) 4.21[295] 80.0–300.0 �13.2 253
[Mn2(BSP)(OCH3)(OAc)(MeOH)2](I) 4.29[297] 80.0–300.0 �12.9 253
[Mn2(BSP)(OCH3)(OAc)(MeOH)(NCS)] 4.23[297] 80.0–300.0 �13.0 253
[Mn2(BSP)(OCH3)(OAc)(MeOH)(N3)] 4.29[298] 80.0–300.0 �11.8 253
[Mn2O(OAc)(TMIMA)2](ClO4)3�2CH3CN 4.99[288] þ1.33 257
[Mn2O(OAc)(bispicen)2](ClO4)3 þ19.5 258
[Mn2O(OAc)2(H2O)2

(bpy)2](PF6)2�1.75H2O
30.0–300.0 �3.4 263

[Mn2O(O2CC6H5)2
(N3)2(bpy)2]�MeCN�4H2O

6.96[320]
8.12[30]
7.45[5.0]

5.0–330.0 þ8.8 267

[Mn2O(OAc)2Cl2(bpy)2]�CH3COOH�H2O 6.33[327.7]
5.85[100]
2.09[5.0]

5.0–330.0 �5.1 267

[Mn2O(OAc)2(HB(pz)3)2]�CH3CN 4.96[300]
4.88[15.7]
4.61[5.4]

4.2–300.0 �0.2 261

[Mn2O(OAc)2(HB(pz)3)2]�4CH3CN 4.89[278]
4.77[100]
4.43[20]
4.03[6.01]

4.2–300.0 �0.7 261

[Mn2O(OAc)2(tacn)2](ClO4)2 6.16[26]
5.9[4.3]

þ9.0 260

[Mn2O(OAc)2(Me3tacn)2] (ClO4)2 þ9.0 260
[Mn2O(OAc)2(tacn)(Me3tacn)](ClO4)2 7.16[293.5]

8.21[50.6]
4.2–298.0 þ7.0 269

[Mn2O(OAc)2(BBAE)2](ClO4)2 5.04[289.7]
5.16[81.4]

81.0–290.0 �1.72 264

[Mn2O(OAc)2(mpepma)2](PF6)2�H2O 4.91[300]
5.17[52]

52.0–300.0 þ1.0 375

[Mn2O(OAc)2(TMIP)2](ClO4)2 5.01[298] 10.0–300.0 �0.2 270
[Mn2O(OAc)2(tppn)](ClO4)2�CH3CN 5.22[300]

6.05[30]
5.07[4.3]

4.3–300.0 þ11 271

a Employing H=�2JS1�S2 convention.
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Much effort has been directed towards the chemistry of complexes with [Mn2(�-O)(�-OAc)]3þ

(type III) and [Mn2(�-O)(�-OAc)2]
2þ (type IV) cores due to their relevance to biological systems (see

Table 5). However, there are only four examples of complexes with type III core reported.257–259 In
order to obtain this type of complex, tetradentate ligands, such as TMIMA, bispicen, bispicMe2en,
and bpia (see Figures 3 and 17), are generally employed.

In these complexes, the manganese(III) centers are weakly ferromagnetically coupled with
Mn���Mn separations and Mn—O—Mn angles of 3.25–3.29 Å and 130.8–131.0�, respectively.
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The solution electronic spectra of these complexes are typical of the [Mn2(�-O)(�-OAc)]3þ core
and the observed bands are due to d–d transitions.

The first complexes with type IV core contained tridentate tacn, Me3tacn, and HB(pz)3
�

ligands (Figure 2).260,261 Since the late 1980s a large number of complexes containing this core
have been prepared with various bidentate, tridentate, and polydentate polypyridyl coligands
(Figures 2, 3 and 17).262–283,375 Tridentate or hexadentate ligands complete the coordination sites of
each hexacoordinated manganese(III) center in these complexes. The use of bidentate ligands
leaves one coordination site free on each manganese(III) center to be filled by easily exchangeable
ligands, such as water, nitrate, chloride, hydroxide, or azide. While in most of these complexes
monocarboxylates such as acetate, benzoate, etc., are used as bridging ligands, dicarboxylates
such as mpdp or XDK (Figure 16) have also been employed.

The complex [Mn2O(OAc)2(ttco)2](PF6)2 (98) reported by Bolm et al.281 is an example with a
capping tridentate ligand and has been found to be catalytically active in enantioselective epoxidations.
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For the hexadentate ligands, such as tppn and bbpmax, tetranuclear complexes containing two
[Mn2(�-O)(�-OAc)2]

2þ units are obtained. In the cation of the complex [(Mn2O(OAc)2)2(bbp-
max)2](ClO4)4 (99) the two dinuclear units are related to each other by a mirror plane.
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Using a sterically crowded dicarboxylate ligand XDK, Tanase and Lippard have reported a
dinuclear complex [Mn2O(XDK)(4,40-Me2bpy)2(NO3)2] (100).
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The Mn���Mn separations in these complexes with type IV core range from 3.08 to 3.26 Å with
tacn and bbpmax complexes lying at the extremes. The Mn—O—Mn angles vary between 117.9�

and 125.1�. Based on the variable-temperature magnetic measurements for these complexes, both
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weakly ferromagnetic and antiferromagnetic interactions between the manganese(III) centers are
observed. Characteristic electronic absorption features observed for these complexes are now used
as a tool to identify new complexes.

(ii) Trinuclear clusters

Trinuclear manganese(III) carboxylate complexes all have the same core structure as manganic acetate
[Mn(�3-O)(�-carboxlato)6]

þ (triangular b, Figure 21). The one-electron reduced species (II,III,III) were
first reported in 1973 and structurally characterized in 1978255 and many more such complexes have
been made since. However, a limited number of complexes with a [Mn(�3-O)(�-carboxlato)6]

þ core has
been reported.282,284–287 The first such complex, [Mn3O(O2CCH3)6(py)3](ClO4) (101), was synthesized
and spectroscopically characterized only in 1987286 while the first crystallographically characterized
complex, [Mn3O(O2CC(CH3)3)6(py)3](ClO4)�CH3CN (102), was reported in 1998.287 To complete the
sixth coordination site on each manganese center in these complexes, three neutral ligands, either py or
3-Me-py, have been used. Examples of complexes of this type together with selected structural
parameters are summarized in Table 7. The typical Mn���Mn separation in these complexes is about
3.3 Å. While monocarboxylates are commonly used as bridging ligands, [Mn3O(mpdp)3(py)3]
(ClO4)�CH3CN ((103)�CH3CN) is an example with a dicarboxylate, mpdp.

Weatherburn and co-workers288 prepared the first and only trinuclear Mn3
III complex,

[Mn3O(OAc)2(O2)(dien)3]I3�H2O�0.33CH3OH (104), which has a bridging peroxide group (trian-
gular c, Figure 21). This complex was prepared from the reaction of either Mn(OAc)2 or
Mn(OAc)3 with dien in methanol under reflux. The Mn���Mn separations in (104) are 3.32(3) Å
and 3.14(4) Å.

(iii) Tetranuclear clusters

Tetranuclear manganese(III) carboxylate complexes have three different configurations for their
metal centers: fused open cubane, planar, or butterfly (see Figure 22). There is only one example of the
first type, namely [Mn4O2(OAc)2(BSP)2] (105).289 The Mn���Mn separations in (105) vary between
2.875(1) Å and 3.122(1) Å. Variable temperature magnetic measurements for (105) indicated weak
antiferromagnetic interactions (J=�10.0 cm�1 and J0=�3.7 cm�1) between the manganese(III)
centers. Cyclic voltammetry of (105) in methanol shows one quasireversible oxidation wave at
0.01V and two quasireversible reduction waves at about �0.4V and �0.7V vs. SCE.
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The difference between the planar tetranuclear complexes with a [Mn4O2(OAc)6]
2þ core and the

butterfly tetranuclear complexes with a [Mn4O2(OAc)7]
þ core is due to the seventh bridging

carboxylate in the latter. Interestingly, the butterfly type was discovered first. Examples of such
complexes with various bidentate coligands, such as Hhmp, Hhqn, Himac, pic, Hdbm, Hdpm,
and bpy (Figure 2 and 16), are summarized in Table 8.290–301,376 Among all the planar tetranuclear
manganese(III) carboxylate complexes, there are two with dbm or dpm ligands, [Mn4O2(O2-
CEt)6(dbm or dpm)2], that are different from the others in that these do not have two extra mono-
dentate ligands. Thus, in these complexes two of the manganese centers are five coordinate (see the
structure of [Mn4O2(O2-CEt)6(dbm)2] (106)). Interestingly, a complex with only one five-coordinated
manganese center, [Mn4O2(O2CPh)6(py)(dbm)2] (107), has also been synthesized. Formation of these
molecules with two monodentate ligands, one monodentate ligand, or no ligand is dependant on the
starting materials used. All planar complexes with a monoanionic bidentate ligand are neutral.

Table 7 Electronic spectral properties for dinuclear manganese(III)–carboxylato complexes.

Compound Solvent 	(", M�1 cm�1), nm References

(TMA)3[Mn2(Lc)4(HLc)]�H2O ? 410(730) 250
[Mn2(BSP)(OCH3)(OAc)(MeOH)2] (Br) MeOH 373(2,910),

427 sh(651), 610(137)
252

[Mn2(BSP)(OCH3)(OAc)(MeOH)2](I) MeOH 373(2,880),
420 sh(650), 610(135)

253

[Mn2(BSP)(OCH3)(OAc)(MeOH)(NCS)] MeOH 373(2,950),
430 sh(616), 611(143)

253

[Mn2(BSP)(OCH3)(OAc)(MeOH)(N3)] MeOH 370(2,870),
430 sh(624), 612(136)

253

[Mn2(BSP)(OCH3)(OAc)(MeOH)(ClO4)] MeOH 373(3,070),
433 sh(600), 611(141)

253

[Mn2O(OAc)(TMIMA)2](ClO4)3�2CH3CN CH3CN 496(405),
523(305), 733(308)

257

[Mn2O(OAc)(bispicen)2](ClO4)3 CH3CN 260, 295,
380 sh, 490(225),
532(242)

258

[Mn2O(OAc)(bpia)2](ClO4)3�CH3CN CH3CN 495(524), 527(418),
711(176)

259

[Mn2O(OAc)2(H2O)2(bpy)2](PF6)2�1.75H2O CH3CN 240(5,800), 295(5,670),
385(300), 490(146),
640(108)

263

[Mn2O(O2CPh)2(N3)2(bpy)2] DMF 280(17,000), 416 sh(492) 267
[Mn2O(OAc)2Cl2(bpy)2] CH2Cl2 492(361), 556(246) 267
[Mn2O(O2CEt)2Cl2(bpy)2]�3EtCO2H�H2O DMF 283(7,000), 468 sh(275) 267
[Mn2O(O2CPh)2Cl2(bpy)2] DMF 280(15,000), 340 sh(740),

502 sh(135)
267

[Mn2O(OAc)2(HB(pz)3)2] CH2Cl2 283(6,000), 385 sh(405),
458 sh(165), 486(210),
503 sh (190), 524 sh(175),
540 sh(165), 582 sh(95), 760(58)

261

[Mn2O(OAc)2(tacn)2](ClO4)2 CH3CN 232(3,400), 280(3,800),
495(324), 520(250),
545 sh, 560 sh, 570 sh,
665(95), 910(40)

260

[Mn2O(OAc)2(Me3tacn)2](ClO4)2�H2O CH3CN 250 sh, 300(14,000), 486(667),
521(638), 720(104), 1,000(63)

260

[Mn2O(OAc)2(tacn)(Me3tacn)](ClO4)2 CH3CN 246(11,000), 304(12,000), 481(770),
521(740), 680 sh(200)

269

[Mn2O(OAc)2(bpea)2](ClO4)2�0.5H2O CH3CN 377 sh, 487(517), 521(372),
545 sh, 569 sh, 728(112)

272

[Mn2O(OAc)2(TMIP)2](ClO4)2 CH3CN 255(23,900), 376(844), 464(330),
484(405), 497(383), 521 sh(349),
568 sh(216), 736(106)

270

[Mn2O(OAc)2(TMIP)2](PF6)2 CH3CN 249(24,900), 372 sh(840), 464 sh(360),
485(460), 502(430), 521 sh(400),
568 sh(240), 757(130)

270
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Butterfly tetranuclear manganese(III) carboxylate complexes are monoanionic with the excep-
tion of the bpy complex. An example of a butterfly core complex is (Bun

4N)[Mn4O2(O2CPh)7-
(imac)2]�5CH3CN (108).

The Mn���Mn separations in both planar and butterfly complexes are very similar and range
between 2.80 Å and 3.45 Å. The magnetic properties of these complexes have been studied
extensively, and showed antiferromagnetic interactions between the manganese(III) centers. Elec-
trochemical behavior of the butterfly complexes is summarized in Table 9 and both oxidative and
reductive processes are observed.298,299,377
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(iv) Higher nuclearity clusters

Manganese(III) carboxylate complexes of nuclearity>5 are limited and are summarized in Table 10.
The first hexanuclear complex, [Mn6O2(O2CCMe3)14] (109), was prepared from Mn(NO3)3 and
excess pivalic acid in dioxane.302 This neutral complex has an [Mn6(�4-O)2(�3-O2CCMe3)4-
(�-O2CCMe3)6]

4þ core with both bridging and monodentate pivalates. All manganese centers
have a distorted octahedral environment.

Employing asymmetric pentadentate ligands, such as H3-4-X-bhedsd (H3-4-X-bhedsd=N-(4-
X-salicylidene)-N0,N0-bis(2-hydroxyethyl)ethylenediamine and X=Cl, Br, or OMe) (Figure 18), gave
hexanuclear manganese(III) carboxylate complexes with an [Mn6(�3-O)2(�-OMe)6]

8þ core.

Table 8 Structural parameters for trinuclear manganese(III)–carboxylato complexes.

Compound Orientation of metals Mn���Mn(Å) MnOb(Å) References

[Mn3O(OAc)6(3–Me–Py)3](ClO4) triangular b 3.2754
3.3027
3.311

1.919(3)
1.881(1)
1.91(3)

285

[Mn3O(O2CC2H5)6(3–Me–Py)3](ClO4) triangular b 3.2662
3.2691
3.2800

1.883(4)
1.887(4)
1.897(4)

285

[Mn3O(O2CC3H8)6(Py)3](ClO4) triangular b 3.272
3.283
3.279

1.91(1)
1.84(1)
1.93(1)

284

[Mn3O(O2CC(CH3)3)6(Py)3](ClO4)�CH3CN triangular b 1.896(8)
1.867(8)
1.909(8)

287

[Mn3O(O2)(OAc)2(dien)3]I3�H2O�0.33CH3OH triangular c 3.32(3)
3.14(4)

1.8(1)
1.9(1)

288

O O

O

O O

O
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O O
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Mn Mn
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[Mn6O2(OAc)2(OMe)6(4-X-bhedsd)2]�2H2O (X=Cl (110) or OMe (111)) have been synthesized
and structurally characterized.303 These complexes have bridging oxo, alkoxo, and carboxylato groups.

A centrosymmetric complex, [Mn3O(O2CPh)4(PhPO3)(PhPHO2)(py)]2�2.5CH3CN (112), is a
further type of hexanuclear complex that can be viewed as being a dimer of the triangular basic
carboxylates described above (triangular b, Figure 21) linked by both phosphinate and phospho-
nate ligands.304 It appears that the phosphonate ligands displace carboxylate ligands from one
cluster and simultaneously act as a bridge to a second.

The only heptanuclear manganese(III) carboxylate complex, (NEt4) [Mn7O4(OAc)10-
(dbm)4]�3CH2Cl2�2C6H14 (113),305 has a ground spin state of 3 or 4 with a magnetic moment
of 10.06 �B at 260K. This complex was prepared from a dichloromethane solution of [Mn4O2-
(O2CPh)6(py)2(dbm)2] and Et4N�xH2O by reaction at 0�C and layering with ether–hexane. The
[Mn7(�3-O)4]

13þ core in the anion of (113) consists of two [Mn4(�3-O)2]
8þ butterfly units fused

together by sharing of one wing-tip at each manganese center.
There are two types of octanuclear complexes: one with a core structure [Mn8(�3-O)4-

(�4-O)2(�2-Cl)(�4-Cl)(�-�1,�2-carboxylato)7]
�306,307 and others which are aggregates of the planar

or butterfly tetranuclear complexes mentioned above connected by bidentate ligands, such as
pic,291,308 bpe,292 and bmpe (Figures 2 and 17).309

The octanuclear complex (NBun
4)[Mn8O6Cl6(O2CPh)7(H2O)2]�1.5CH2Cl2�2H2O (114) was pre-

pared from (Bun
4N)[Mn4O2(O2CPh)9(H2O)] and 4 equiv of Me3SiCl in CH2Cl2 in 45–60% yield.
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Table 9 Structural parameters for tetranuclear manganese(III)–carboxylato complexes.

Compound
Orientation
of metals Mn���Mn(Å) Mn–Ob(Å) References

[Mn4O2(OAc)2(BSP)2] fused open
cubane

2.933(1)
3.122(1)
2.875(1)

1.934(4)
1.889(5)
1.888(5)
1.941(4)
2.359(5)
2.142(4)
2.168(4)
1.892(4)

253,289

[Mn4O2(OAc)6(Py)2(dbm)2] planar 2.8749(11)
3.308(1)
3.398(1)

1.877(2)
1.885(2)
1.894(2)

294

[Mn4O2(O2CPh)6(Py)(dbm)2] planar 2.820(2)–3.425(2) 1.859(5)–1.892(5) 294
[Mn4O2(O2CEt)6(dbm)2]�hexane planar 295
[Mn4O2(O2CEt)6(NO3)

(bpy)2](ClO4)�1.5CH2Cl2

planar 2.854(3) 1.858(8)–1.900(8) 295

[Mn4O2(O2CCF3)8
(bpy)2]�CF3CO2H

planar 301

[Mn4O2(3,5�F2-C6H3CO2)6
(py)4Cl2]�2Et2O

planar 2.875(2)–3.418(2) 1.864(5)–1.922(5) 293

[Mn4O2(O2CPh)6(EtOAc)2(dbm)2] planar 292
[Mn4O2(O2CPh)6(dpm)2] planar 2.841(1)–3.362(1) 1.865(3)–1.922(3) 296
[Mn4O2(O2CPh)6(Pic)2(MeCN)2] planar 3.282(1)

2.892(2)
3.390(1)

1.859(5)
1.887(5)
1.905(6)

291

[Mn4O2(OAc)7(bpy)2](ClO4)�3H2O butterfly 2.848(5)
3.312(5)
3.385(5)
3.371(5)
3.299(5)

1.918(12)
1.911(15)
1.844(13)
1.889(13)
1.930(13)
1.804(16)

297,376

(Bun
4N)[Mn4O2(OAc)7

(hqn)2]�2CH2Cl2

butterfly 3.349(4)
2.818(4)
3.414(4)
3.399(4)
3.319(4)

1.907(6)
1.875(7)
1.882(6)
1.894(7)
1.879(6)
1.861(6)

298

(Me4N)[Mn4O2(O2CPh)7(hmp)2] butterfly 3.325(7)
2.829(7)
3.404(7)
3.386(7)
3.301(7)

1.892(12)
1.889(12)
1.857(12)
1.891(12)
1.907(11)
1.874(13)

298

(Bun
4N)[Mn4O2(OAc)7

(Pic)2]�CH3CN
butterfly 3.308(2)

2.842(2)
3.386(2)
3.406(2)
3.313(2)

1.890(5)
1.910(5)
1.908(4)
1.888(5)
1.847(5)
1.840(5)

299

(Bun
4N)[Mn4O2(O2CPh)7

(imac)2]�5CH3CN
butterfly 2.816(1)–3.446(1) 1.848(3)–1.915(3) 300

(Bun
4N)[Mn4O2(O2CPh)9(H2O)] butterfly 2.816(4)

3.367(4)
3.296(4)
3.302(4)
3.365(4)

1.900(11)
1.913(10)
1.823(11)
1.909(10)
1.905(11)
1.825(10)

306
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Table 10 Electrochemical properties for tetranuclear manganese(III)–carboxylato butterfly complexes.

Compound Solvent E1/2
ox (�Ep) E1/2

red (�Ep) References

(Bun
4N)[Mn4O2(OAc)7(hqn)2]�2CH2Cl2 CH2Cl2 þ0.35

þ0.81
�1.6 298

(Me4N)[Mn4O2(O2CPh)7(hmp)2] CH2Cl2 þ0.25
þ0.95

�1.5 298

(NBun
4)[Mn4O2(OAc)7(Pic)2]�CH3CN CH2Cl2 þ0.52(180) �0.86 299

(NBun
4)[Mn4O2(O2CPh)7(dbm)2] CH3CN þ1.17

þ0.48
�0.66 377
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It has a ground spin state of 11 with a magnetic moment of 13.8 �B at 300K. The core structure
in the anion of (114) can be considered as arising from the addition of an eighth MnIII ion
connected to the [Mn7(�3-O)4]

13þ unit in (113) by two additional bridging O2� ions. The struc-
tures of the complexes of pic and bmpe ligands, [{Mn4O2(OAc)6(pic)2}2] (115) and [Mn4O2-
(O2-CEt)7(bmpe)]2(ClO4)2 (116) are shown.
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The nonanuclear complex [Mn9O7(O2CPh)13(py)2] (117) was prepared from the reaction of
[Mn3O(O2CPh)6(py)2(H2O)] with PhIO in acetonitrile.310 The room temperature magnetic
moment of this compound is 13.2 �B. The other nonanuclear manganese complexes
[M2Mn9O7(O2CR)15(L)2] ((118): M=Na, R=Ph and L=CH3CN;306,307 (119): M=K, R=C(CH3)3)
and L= (CH3)3CCO2)

311 can be considered as mixed-metal clusters. The sodium salt was synthe-
sized from the reaction of (NBun

4)[Mn4O2(O2CPh)9(H2O)] with (PhCO)2O2 in the presence of
NaClO4. Based on the variable temperature magnetic measurement, the compound was found
to have a ground spin state of 4. All nonanuclear complexes contain two types of bridging
acetates: �2-�1-acetato and �-�1,�2-acetato but in different ratios. Reactions of [Mn4O2-
(O2CPh)6(pic)2(H2O)2] with Hpic or Hdbm result in the decanuclear complexes [Mn10O8

(O2CPh)6(pic)8] (120) and [Mn10O8(O2CPh)6(pic)6(dbm)2] (121), respectively.
312 Both have the same

[Mn10(�3-O)6(�4-O)2]
14þ core, but differ in the nature of the chelated ligands at two positions.

The simulation of the magnetic data at 320–2K for (121) indicates a ground spin state of 0;
however, a ground spin state of 1 or 2 with very low lying excited state cannot be ruled out
without data measured below 2K. Interestingly, reactions of the corresponding butterfly
tetramer, such as (NBun

4)[Mn4O2(O2CPh)9(H2O)], with potassium hydrogen phthalate or 4,40-bpy
result in the octadecanuclear complexes [K4Mn18O16(O2CPh)6(phth)2(H2O)4] (122)313 and
[(Mn9O7(O2CC6H4(OMe))13(4,4

0-bpy))2] (123)314, respectively. While the former is a mixed-metal
cluster, the latter is a dimer of the derivative of the nonanuclear complex reported by Low et al.310

The mixed-metal cluster has 18 MnIII ions held together by 16 �3-O
2� ions to give an [Mn18O16]

22þ

core. The two phthalate groups each bridge a total of four Mn atoms with each of their oxygen
atoms terminally ligated. The [Mn18O16]

22þcore can be described as arising from the fusion of five
[Mn4(�3-O)2)]

8þ units. The central [Mn10O6]
18þ unit, which results from the body-to-body fusion of

three such units, connects after two [Mn4O2]
8þ units at the six ‘‘wing-tip’’ positions. It has an S= 0

ground state based on the magnetic measurements for the temperature range 320–2K. This is
unusual for polynuclear MnIII complexes, and may be explained in terms of the spin frustration
that is likely to be present in the [Mn4O2]

8þ butterfly building blocks.

5.1.6.2.2 Alkoxide and aryloxide ligands

If 2,20-biphenol (biphenH2) is deprotonated (using NEt3 base) prior to reacting with trinuclear
basic carboxylates in acetonitrile, it forms a mononuclear manganese(III) complex (NEt3H)2
[Mn(biphen)2(biphenH)] (124).315 An X-ray structure determination indicated a trigonal bipyr-
amidal geometry around the metal center. This is a rare example of five-coordinate
manganese(III) surrounded by five oxygen atoms. It has a magnetic moment of 4.94 �B and
shows two absorptions in the electronic spectroscopy at 412 nm and 546 nm (see Tables 3 and 4
for details).

The dinuclear complex Ba2[Mn2(�-D-Manf)2]�13H2O ((125)�13H2O) (where Manf=
mannofuranose) is an example of a homoleptic coordination compound of mannofuranose
pentaanions with manganese(III).316 The Mn���Mn separation and the average Mn—O—Mn
angle in the anion of (125) are 3.323(3) Å and 103.4�, respectively. In (125) the high-spin
manganese(III) centers are weakly antiferromagnetically coupled (J=�3 cm�1).

5.1.6.2.3 Diketones and related ligands

A number of mononuclear manganese(III) complexes of diketones (mostly acac or its derivatives)
have been reported (see Tables 3 and 4).317–320,372,374 However, most of the products resulted from
attempts to prepare complexes with higher nuclearity, and [Mn(acac)3] (126) and [Mn(acac)2-
(H2O)2](ClO4) (127) are the most studied complexes in this category. For the [Mn(Me3tacn)-
(acac)(H2O)](ClO4) complex (128) the Mn—OH2 distance (1.790(5) Å) is shorter than those
for the acac ligand (2.005(4) Å and 2.067(5) Å). All these complexes show magnetic behavior
typical of manganese(III) ions. The hfacac analogue, Mn(hfacac)3 (129), where
hfacac= hexafluoroacetylacetone, has been reported.317 The Mn—O distances in (129) vary
between 1.91 Å and 2.15 Å.

The chemistry of the doubly hydrated form of hexafluoroacetylacetone, 1,1,1,5,5,5-hexafluoro-
pentane-2,2,4,4-tetraolato (hfpt), is worth mentioning. A dinuclear manganese(III) complex
(pyH)2[Mn2(hfpt)(hfacac)4] (130) was formed from a mixture of [Mn3O(OAc)6(py)3](ClO4),
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hfacacH, hfptH4, and pyridine (py) in a 1:6:1.5:9 ratio in CH2Cl2 in a 58% yield.317 Two
Mn(hfacac)2 units in the anion of (130) are bridged by the hfpt4� group; acting as a bidentate
chelate ligand. A variable-temperature magnetic study over the range 5–320K shows weak
ferromagnetic interaction between the MnIII centers for a fitting of the data with
J=þ0.21 cm�1, D= 0.9 cm�1, g= 1.99. Vacuum thermolysis of this molecule at 111–150�C yields
(pyH)[Mn(hfacac)3] and lesser amounts of cis-[Mn(py)2(hfac)2], [Mn(hfac)3], the tetraol, and
manganese oxides. The initiation of the thermolysis is by proton transfer from pyHþ to the
tetraolate oxygen to which it is hydrogen bonded, causing cleavage of the carbon–oxygen bonds.

A simple example of a bis(�-alkoxo) manganese(III) complex with diketones as coligands is
[Mn2(OCH3)2(dbm)4] (131).321 It is obtained by controlled oxidation and aggregation from slow
diffusion of methanol vapor into a chloroform solution of the brown solid isolated from the
reaction between MnCl2, NaOMe, and Hdbm (in a 1:1:4 ratio) in dry methanol. The two
manganese(III) centers (the Mn���Mn distance is 3.1037(6) Å) are related by an inversion center
and symmetrically bridged by two methoxide ions. Variable-temperature magnetic measurement
and its analysis for (131) provide a realistic set of parameters for tetragonally elongated manga-
nese(III) complexes with D=�2.5(4) cm�1, J= 0.28(4) cm�1, and g= 1.983(2).
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A hexanuclear manganese(III)-alkoxo complex with the same ligand set as (131), [NaMn6

(OMe)12(dbm)6](BPh4)�2CHCl3 (132), was made in a similar manner to (131) except that the brown
solid was recrystallized from a solution of chloroform/methanol mixture in the presence of
NaBPh4.

322 The [Mn6(OMe)12] ring in (132) displays a 12-metallacrown-6 structure and acts as
a host for the sodium ion, which has a trigonally distorted octahedral environment. With an
average Mn���Mn separation of 3.21(2) Å in (132), the observed geometry of the managanese ions
and the UV–visible spectra in the solid state are both typical of Jahn–Teller-distorted high-spin
manganese(III). Detailed magnetic studies for (132) indicate that it has ground spin state of 12.

Christou, Hendrickson and co-workers have synthesized and structurally characterized the non-
alkoxo hexanuclear manganese(III) clusters [Mn6O4X4(Me2dbm)6] ((133): X=Cl; (134): X=Br),
with ground spin states of 12.378 These clusters were synthesized by slow evaporation of MeCN/
CH2Cl2 solutions of the corresponding mononuclear complexes [MnX(Me2dbm)2] (X=Cl or Br),
presumably via their hydrolysis. The structure of (133) consists of a core comprising a Mn6

III

octahedron whose four nonadjacent faces are bridged by �3-O
2� ions and the other four faces

bridged by �3-Cl� ions. Chelating Me2dbm groups complete the octahedral geometry around each
metal center. The Mn���Mn separations in (133) are 3.204(9) Å and 4.531(3) Å. Compound (134) is
isostructural with (133), except that the chlorides are replaced by bromides.

5.1.6.2.4 Other oxygen ligands

Two mononuclear complexes with phosphate ligands have been reported: [Mn(H2O)6]-
[Mn(ATP)2]�10H2O�2DPA (135)323 where ATP= adenasine-50-triphosphate and DPA= 2,20-
dipyridylanine and [Mn(Ph2P(O)NP(O)Ph2)3]�CH2Cl2 (136).324

5.1.6.3 Sulfur Donor Ligands

Manganese(III) complexes with sulfur ligands are very rare. This is due to the fact that manga-
nese(III) ions tend to oxidize sulfur ligands with the formation of manganese(II) complexes.
Nevertheless Henkel et al.325 have prepared the complex (Ph4P)2 [Mn(tdt)2][Mn(tdt)2(MeOH)]
(137) from the reaction of MnCl2�4H2O with Na2tdt (where tdt= toluene-3,4-dithiolate) in the
presence of oxygen and [Ph4P]Br. Complex (137) has two mononuclear manganese(III) anions,
one with tetrahedral geometry and the other with trigonal bipyramidal geometry. The
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one-electron oxidized species of the anion, [Mn(tdt)2], is square planar. A mononuclear complex
of 1,2-dithioethane (edt), (NEt4)[Mn(edt)2(HIm)] (138), was isolated from the air oxidation of a
mixture of manganese(II) salt, edt2�, and HIm.326,371 It has a square pyramidal geometry with S4N
donor set. The anion of (138) contains high-spin manganese(III) and exhibits interanion anti-
ferromagnetic exchange interactions (J=�0.15 cm�1, g= 1.91) propagated by interanion NH���S
hydrogen bonds. Attempts to mimic the active site of manganese(III) acid phosphatase have
resulted in two mononuclear manganese(III) complexes containing sulfur ligands. Both complexes,
(PPh4)[Mn(thiosal)2(HIm)]�2CH2Cl2 (139)327 and [Mn(salen)(S-p-C6H4NO2)]�CH2Cl2 (140)328, are
square pyramidal with NO2S2 and N2O2S donor sets, respectively. The magnetic moment of the
former complex measured in solution (5.11�B at 298K) and that of the latter measured on a solid
sample (4.71�B at 281K) are close to the expected values for manganese(III) complexes.

5.1.6.4 Nitrogen Donor Ligands

The chemistry of manganese(III) with nitrogen ligands other than macrocycles (see Section 5.1.7)
or mixed N,O donors is still quite limited (see (Figures 3 and 17) for ligands described below). The
synthesis and characterization of [Mn{N(SiMe3)2}3] (141) provides the first well-characterized
example of a three-coordinate Mn compound.329 It was prepared by treatment of
[Mn{N(SiMe3)2}2] with one equivalent of BrN(SiMe3)2. The violet compound was characterized
by X-ray diffraction, UV–visible and 1HNMR spectroscopy, and magnetic studies. It has a
trigonal planar MnN3 framework with an Mn—N distance of 1.890(3) Å. The corresponding
manganese(II) complex is dinuclear. Most other complexes have been generated either from
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the reaction of manganese(III) halides or pseudohalides with mono-, bi-, or tridentate ligands or
the reaction between oxo-bridged dinuclear complexes and NaN3 (see Table 3). Octahedral
mononuclear complexes, [Mn(tacn)(N3)3] (142)330 and [Mn(terpy)(N3)3] (143),331 result from the
latter reaction and show a strong tetragonal elongation as a result of the Jahn–Teller distortion
expected for a high-spin manganese(III) complex.

The first mononuclear manganese(III) peroxo species without a porphyrin ligand, [Mn(3,5-
Pri2pzH)(HB(3,5-Pri2pz)3)(O2)] (144),332 was prepared from the reaction of [{MnII(HB(3,5-
Pri2pz)3)}2](OH)2 with excess of H2O2 (10–20 equivalents) in the presence of 3,5-Pri2pzH
(2 equivalents) at room temperature. It is a six-coordinate complex with a ‘‘side-on’’ peroxo group.

The only �-oxo-bridged dinuclear manganese(III) complex with a non-Schiff base ligand,
[Mn2O(bpia)2Cl2](ClO4)3�2CH3CN (145),259 was reported by Pecoraro and co-workers (see Section
5.1.6.5.3 for other such complexes with a Schiff base ligand). It was prepared by reacting a DMF
solution of [Mn2O(OAc)2(bpia)2Cl2](ClO4)3 with a 0.12M solution of HCl in acetonitrile. The
bridging oxygen atom lies on a crystallographic inversion center generating a linear Mn—O—Mn
unit, with Mn���Mn and Mn—O distances of 3.5326(9) Å and 1.7663(5) Å, respectively. The cyclic
voltammogram of (145) exhibits two quasireversible oxidation waves (E1/2 values of 1.09V and
1.54V vs. SCE) and one quasireversible reduction wave (E1/2 value of 0.63V vs. SCE).

Compared to numerous bis(�-oxo) dimanganese(III,IV) complexes, there are only a few examples
of the corresponding dimanganese(III,III) species. N-donor ligands, such as the tetradentate poly-
pyridyl ligands bpen, bpmpa, bped, and bispicMe2en, as well as a hindered tris(pyrazolyl)borate
ligand stabilize the manganese(III) oxidation state (see Table 11).333–336

In these complexes, the manganese(III) centers are strongly antiferromagnetically coupled with
Mn���Mn separations and Mn—O—Mn angles in the ranges 2.674–2.699 Å and 92.1–97.0�,
respectively. All complexes with tetradentate ligands have octahedral geometry around the manga-
nese centers. However, steric crowding of the tridentate ligands resulted in five-coordinate manga-
nese. The solution electronic spectra of these complexes are typical of the [Mn2(�-O)2]

2þ core.

5.1.6.5 Mixed Donor Polydentate Ligands

Most of the polydentate ligands that stabilize manganese(III) are Schiff bases. In this section,
complexes containing various polydentate ligands are summarized (see (Figures 3, 18 and 19) for

Table 11 Magnetic and structural parameters for higher nuclearity (>Mn5) manganese(III)–carboxylato
complexes.

Compound
Ground
spin state (S)

�eff (�B)
[temp., K] Mn���Mn(Å) References

(NEt4)[Mn7O4(OAc)10(dbm)4]�
3CH2Cl2�2C6H14

3 or 4 10.06[260] 2.849(4)– 3.380(3) 305

(NBun
4)[Mn8O6Cl6(O2CPh)7

(H2O)2]�1.5CH2Cl2�2H2O
11 13.8[300]

20.60[15]
17.7[5]

2.791(3)–3.625(2)
306,307

[Mn4O2(OAc)6(Pic)2]2 2.876(7)–3.450(7) 291,308
[Mn4O2(O2CPh)6(dbm)2(bpe)]2 292
[Mn4O2(O2CEt)7(bmpe)]2

(ClO4)2�4CH2Cl2

309

[Mn9O7(O2CPh)13(Py)2] 13.2[298] 2.869(6)–5.533(6) 310
[Na2Mn9O7(O2CPh)15

(MeCN)2]�3MeCN
4 12.23[320]

6.94[5]
2.871(3)–3.393(3)

306,307
[K2Mn9O7(O2CCMe3)15

(HO2CCMe3)2]
2 3.26–3.36 311

[Mn10O8(O2CPh)6(pic)8]�6CH2Cl2 0 14.28[320]
4.94[2]

2.956(3)–3.645(3) 312

[Mn10O8(O2CPh)6
(pic)6(dbm)2]�3CH2Cl2

2.992(2)–3.668(2) 312

[K4Mn18O16(O2CPh)22(phth)2
(H2O)4]�MeCN

0 15.1[320]
1.73[2]

2.740(2)–3.478(2) 313

[Mn9O7(O2CC6H4(p–OMe))13(4,4
0–bpy)]2 2 11.68[300] 2.880

2.872
314
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Table 12 Structural parameters for dinuclear noncarboxylato–manganese(III) complexes.

Compound Mn���Mn(Å) Mn–Ob(Å) Mn–Ob–Mn(deg.) References

(�–alkoxo)
[Mn2(2–OH–5–Cl–SALPN)) 2

(MeOH)]�MeOH
3.808(1) 2.317(4)

1.900(4)
128.9(2) 359

[Mn2(2–OH–SALPN)2(THF)] 3.756(2) 2.353(3)
1.883(3)

128.9(2) 360

bis(�–alkoxo)
[Mn(spa)Cl(CH3OH)]2 3.011(1) 1.926(3)

1.955(4)
101.8(1) 338

[Mn2(SDSP)2]�2CH3CN 3.243(2) 1.939(6)
2.265(7)

100.7(3) 362

[Mn2(3,5–Cl2(SALPN))2(OCH3)2] 3.192(3) 1.899(5)
2.209(5)
2.220(5)
1.910(5)

101.1(3)
101.4(2)

350

[Mn2(BSP)(OCH3)Cl2(MeOH)2] 3.006(2) 1.937(5)
1.944(5)
1.942(5)
1.938(5)

101.6(2)
101.6(2)

253

[Mn2(BSP)(OCH3)(NCO)2(H2O)2] 2.980(3) 1.962(9)
1.935(9)
1.942(10)
1.926(9)

99.5(5)
101.0(5)

253

[Mn2(OCH3)2(dbm)4] 3.1037(6) 1.874(1)
2.136(1)

321

[Mn2(OCH3)2(Sal)2(CH3OH)4] 3.00 1.917(3) 102.5(1) 337
Ba2[Mn2(�–D–ManfH�5)2]�13H2O 3.323(3) 1.970(8)

2.189(9)
2.055(7)
2.244(9)

103.9(4)
103.0(4)

316

bis(�–phenoxo)
[Mn(EtOH)4][Mn2(Sal)4(Py)2] 3.247(1) 1.911(3)

2.320(3)
99.78(13) 339

[Mn2(amen)2(H2O)2](ClO4)2 3.318(1) 1.912(3)
2.305(2)

? 352

[Mn2(Salmp)2]�2CH3CN 3.111(1) 2.239(3)
1.900(3)

97.1(1) 363

[Mn2(salen)2(H2O)2](ClO4)2�H2O 3.361(2) 2.490(3)
1.891(3)

351

(�–oxo)
[Mn2O(5–NO2-Saldien)2] 3.490(2) 1.757(4)

1.751(4)
168.4(2) 357

[Mn2O(bpmsed)2](ClO4)2 3.516(2) 1.758(2) 180 358
[Mn2O(bpia)2Cl2](ClO4)3�2CH3CN 3.5326(9) 1.7663(5) 180 259
bis(�–oxo)
[Mn2O2(BPEN)2](ClO4)2�H2O 2.676(3) 1.814(8)

1.853(9)
1.830(9)
1.863(8)

94.5(4)
92.1(4)

333,334

[Mn2O2(BPMPA)2](NO3)2�6H2O 2.674(4) 1.818(9)
1.841(6)

93.9(3) 334

[Mn2O2(BPED)2](ClO4)2�7H2O 2.686(1) 1.855(4)
1.851(4)
1.839(4)
1.824(4)

93.3(2)
93.9(2)

334

[Mn2O2(HB(3,5–iPr2pz)3)2] 2.696(2) 1.806(5)
1.813(6)
1.808(6)
1.787(6)

96.5(3)
97.0(3)

335

[Mn2O2(bispicMe2en)2](ClO4)2�5H2O 2.699(2) 1.846(4)
1.851(4)

93.8(2) 336
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structures of ligands). Complexes with carboxylates are not included here, as these have been
already covered in Section 5.1.6.1. Structural data and some physical properties of such
complexes are listed in Tables 11–17.

5.1.6.5.1 Bidentate and tridentate

Dinuclear MnIII complexes with alkoxide or aryloxide ligands are detailed in Table 11. Examples
of bis(�-alkoxo) complexes with bidentate or tridentate ligands are [Mn2(OCH3)2(Sal)2(CH3OH)4]
(146) (where H2Sal= salicylic acid)337 and [Mn(spa)Cl(CH3OH)]2 (147).338 The Mn���Mn separ-
ations in (146) and (147) are very similar (about 3.00 Å). Magnetic susceptibility data for (146)
have been measured in the temperature range 80–300K and indicated that an antiferromagnetic
spin-exchange interaction operates between the manganese(III) centers (J=�10.33 cm�1). In the
absence of any methoxide ligand, a bis(�-phenoxo) complex, [Mn(EtOH)4][Mn2(Sal)4(py)2]

Table 13 Magnetic properties and related parameters for dinuclear non–carboxylato–manganese(III)
complexes.

Compound
�eff (�B)

[temp. (K)]
Temp. range
(K) J (cm�1) References

[Mn2(2–OH–SALPN)2 (MeOH)]�MeOH 4.85[298] �3.55 359
[Mn2(SDSP)2]�2CH3CN 5.08[280]

5.56[81]
80.0–300.0 þ4.5 362

[Mn2(BSP)(OCH3)Cl2(MeOH)2] 5.16[292] 80.0–300.0 �15.6 253
[Mn2(BSP)(OCH3)(NCO)2(H2O)2] 4.08[202] 80.0–300.0 �16.5 253
[Mn(EtOH)4][Mn2(Sal)4(Py)2] 3.14[298] 339
[Mn2(amen)2(H2O)2](ClO4)2 4.84[298]

1.70[4.4]
4.2–300 �1.68 352

[Mn2(salmp)2]�2DMF 2.0–300.0 �13 363
[Mn2(salen)2(H2O)2](ClO4)2�H2O 5.0[298] 77.0–292.0 351
[Mn2O(5–NO2-Saldien)2] 1.44[280] 6.0–280.0 �120.0 357
[Mn2O2(BPEN)2](ClO4)2�H2O 3.05[298]

1.17[30]
4.0–296.0 �86.4 333,334

[Mn2O2(bispicMe2en)2](ClO4)2�6.5H2O 2.72[298]
0.36[30]

4.0–296.0 �100.5 356

a Employing H=�2JS1�S2 convention.

Table 14 Electronic spectral properties of dinuclear non–carboxylato–manganese(III) complexes.

Compound Solvent 	(", M�1 cm�1), nm References

[Mn2(BSP)(OCH3)Cl2(MeOH)2] MeOH 374(2860),
430 sh(775),
627(145)

253

[Mn2(BSP)(OCH3)(NCO)2(H2O)2] MeOH 377(2910),
433 sh(765),
610(160)

253

[Mn(EtOH)4][Mn2(Sal)4(Py)2] DMSO 282(16,500),
323(8400), 424(336),
460 sh (274), 522(215)

339

DMF 282(16,500), 323(8400),
460(271), 534(235)

[Mn2(3–OtE–Salmp)2] DMF 332(16200) 363
[Mn2(Salmp)2]�2DMF DMF 332 sh(20200),

480 sh(4080)
363

[Mn2O2(BPEN)2](ClO4)2�H2O ? 461(141), 545 333,334
[Mn2O2(BPMPA)2](NO3)2�6H2O 443(361), 575(249) 333,334
[Mn2O2(HB(3,5�iPr2pz)3)2] C7H8 468(315) 335
[Mn2O2(bispicMe2en)2](ClO4)2�6.5H2O H2O 308 sh(503), 475(294),

492(323), 575 sh(145),
760(113)

336
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Table 15 Structural parameters of selected trinuclear manganese(III)–Schiff base complexes.

Compound
Orientation
of metals Mn���Mn(Å) Mn–Ob(Å) References

[Mn3(BBDP)2(OCH3)2(CH3OH)
(EtOH)](ClO4)�CH3OH

Triangular a 3.141(3)
3.686(3)
3.686(3)

2.195(10)
2.205(10)
1.894(9)
1.891(9)
1.981(9)
1.940(9)
2.066(8)
2.144(10)

364

[Mn3O(bamen)3](ClO4)�2H2O Triangular d 3.2999(6)
3.2952(6)
3.3026(6)

1.908(2)
1.909(2)
1.898(2)

368

Table 16 Structural parameters of selected tetranuclear manganese(III)–Schiff base complexes.

Compound
Orientation
of metals Mn���Mn(Å) Mn–Ob(Å) References

(�3–alkoxo)

[Mn4(bsamp)2(OCH3)4(CH3OH)]
(ClO4)2�4CH3OH

Linear 3.485(3)
3.127(2)

1.885(2)
2.169(2)
1.876(5)
2.177(5)

353

(�3–oxo)

[Mn4O2(Saltren)2][MnCl4]�2CH3CN Fused open
cubane

2.992(2)
2.898(2)
3.035(2)

1.900(4)
1.944(4)
1.920(3)
2.093(4)
1.893(4)
2.273(3)
2.304(3)

369

(�4–oxo)

[Mn4(O)(Salen)4(Na(diglyme))2] Oxo–centered
tetrahedral

? 2.073(6)
2.059(6)

354

Table 17 Magnetic and structural parameters of selected higher nuclearity (>Mn4) noncarboxylato–
manganese(III) complexes.

Compound
Ground
spin state (S)

�eff(�B)
[temp., K] Mn���Mn(Å) References

[Mn6O4Cl4(Me2dbm)6] 12 16.01[320]
13.69[2]

3.204(9)
4.531(3)

378

[Mn6O4Br4(Me2dbm)6] 12 3.212(11)
4.541(4)

378

[NaMn6(OMe)12(dbm)6](BPh4)�2CHCl3 12 3.2258(10)
3.20119(11)
3.1972(10)

322

366
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(148),339 is formed. The Mn���Mn separation in (148) (3.25 Å) is longer than that observed for
(146) and (147). At 298K the value of the effective magnetic moment for (148) is 3.14�B.

5.1.6.5.2 Tetradentate

The most common tetradentate Schiff base ligands used are Salen (where H2Salen=N,N0-ethylene-
bis(salicylideneamine) and its derivatives (see (Figures 3, 18 and 19) for structures).

Square planar and square pyramidal mononuclear manganese(III) complexes with tetradentate
ligands have been investigated extensively in the context of the enantioselective epoxidation of
unfunctionalized olefins. In particular, tetracoordinate manganese(III) complexes with various
tetradentate ligands of the general formula LMn, where L= a tetradentate dianionic ligand, such
as base (see Figure 18), or pentacoordinate manganese(III) complexes with various tetradentate
ligands of the general formula LMnX, where L= tetradentate dianionic ligand, such as tbbdea
(see Figure 18), and X= halide, have been studied in depth.340–346,370 This topic is covered in more
detail in Volume 9 of this work.

[Mn2(3,5-Cl2(SALPN))2(OCH3)2] (149) is the first bis(�-alkoxo) dinuclear Mn(III) complex
having John–Teller distortions along two of the Mn–OMe bonds. It contains a pseudo C2 axis
with a highly distorted [Mn2(�-OCH3)2] core. The Mn���Mn separation in 149 is 3.19 Å.350

[Mn2(salen)2(H2O)2](ClO4)2�H2O ((150)�H2O)351 and [Mn2(amen)2(H2O)2](ClO4)2 (151)352 are
examples of bis(�-phenoxo) complexes. The Mn���Mn separations in (150) is 3.361(2) Å and
3.318(1) Å, respectively. Variable-temperature magnetic measurements for (151) at 4.4–298K indicate
weak antiferromagnetic coupling between the metal centers (J=�1.68 cm�1).

Tetranuclear complexes [Mn4(bsamp)2(OCH3)4(CH3OH)](ClO4)2�4CH3OH ((152)�4CH3OH)353

and [Mn4(O)(salen)4(Na(diglyme))2] (153)354 have been synthesized. Complex (152) is an example
of linear tetranuclear manganese(III) complex while (153) is an oxo-centered tetrahedral complex
with no bridging ligands between the manganese centers.

5.1.6.5.3 Pentadentate

A remarkably stable mononuclear manganese(III) hydroxide, [Mn(5-NO2-sadpen)(OH)] (154), is the
only example with this class of ligand (see Figures 18 and 19 for structures) reported to date.355 It
should be noted that the porphyrin ligands do not stabilize a mononuclear species and form hydroxo-
bridged dimers.356 Two �-oxo dinuclear manganese(III,III) complexes have been reported with
pentadentate Schiff base ligands [Mn2O(5-NO2Saldien)2] (155) and [Mn2O(bpmsed)2](ClO4)2
(156).357,358 Complex (155) reported by Armstrong and co-workers shows very strong antiferromag-
netic interaction between the metal centers (J=�120.0 cm�1) that are separated by 3.490(2) Å with an
Mn—O—Mn angle of 168.4(2)�. In contrast, the Mn���Mn separation and the Mn—O—Mn angle in
(156) are 3.516(2) Å and 180�, respectively. Due to the linearity of the Mn—O—Mn vector, the
antiferromagnetic interaction between the manganese centers in (158) is �108 cm�1.

Three �-alkoxo dinuclear complexes with pentadentate ligands have been reported: [Mn2-
(2-OH-5-Cl-SALPN)2(MeOH)]�MeOH ((157)�MeOH),359 [Mn2(2-OH-SALPN)2(THF)] (158),360

and [Mn2(2-OH-SALPN)2(H2O)]�3MeOH (159).361 It is unexpected that the two metal centers
in this complex are not equivalent. The Mn���Mn separation in (159) is the longest yet reported
for a monoalkoxy-bridged species.

Several bis(�-alkoxo) complexes have been reported for various pentadentate ligands. Some
examples are [Mn2(2-OH-3-NO2-SALPN)2]�2DMF (160�DMF),347 [Mn2(2-OH-5NO2-
SALPN)2)](161),

348,349, [Mn2(SDSP)2]�2CH3CN (162),362 [Mn2(BSP)(OCH3)Cl2(MeOH)2] (163),253

and [Mn2(BSP)(OCH3)(NCO)2(H2O)2] (164).253 An example of a bis(�-phenoxo) complex with a
pentadenate ligand is [Mn2(Salmp)2]�2CH3CN ((165)�2CH3CN).363

Employing the pentadentate ligand H3bbdp, a trinuclear complex with a triangular core (see
Figure 21), [Mn3(bbdp)2(OCH3)2(CH3OH)(EtOH)](ClO4)�CH3OH (166) was prepared from
Mn(OAc)2�4H2O in a mixture of MeOH/EtOH in the presence of triethylamine.364 The manganese
centers at the base of the isosceles triangle are bridged by two methoxide ions resulting much
shorter Mn���Mn distance (3.141(3) Å) compared to the other two Mn���Mn separations
(3.686(3) Å). At 298K, the value of effective magnetic moment of (166) was 7.31�B. Analysis of
variable temperature magnetic susceptibility measurements for (166) indicated antiferromagnetic
interactions between the metal centers.
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The nuclearity of the manganese(III) metallamacrocycles with the unsymmetrical ligands shown
in (Figure 19) depends on the R group. For H3fshz, H3ashz, and H3pshz ligands, hexanuclear
complexes [Mn6(Rshz)6(solvent)6]�4solvent ((167): R=H, solvent=MeOH; (168): R=CH3, sol-
vent=DMF; (169): R=C2H5, solvent=DMF) were formed.365,366 The H3bshz ligand generated
a decanuclear complex [Mn10(bshz)10(MeOH)10] (170).367 Due to the meridional coordination of
the ligands to the metal center, the ligands are not only bridging the ring metal ions using a
hydrazide N—N group but also enforcing a propeller-like configuration. The sixth coordination
site on each manganese center contains a solvent molecule. All complexes are neutral. Structures
of complexes (167) and (169) are shown.

5.1.6.5.4 Hexadentate

There are only trinuclear and tetranuclear manganese(III) complexes reported with hexadentate
Schiff base ligands. Two such hexadentate ligands, bamen and Saltren (Figure 19), form unique
core structures.

The trinuclear complex [Mn3O(bamen)3](ClO4)�2H2O (171), where H2bamen= 1,2-bis(biacetyl-
monoximeimino)ethane, is of great interest, as it is a triangular d-type Figure 21 molecule without
any bridging carboxylates.368 It was prepared from the reaction of Mn(ClO4)2�6H2O with
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H2bamen in methanol in the presence of triethylamine. The structure of (171) consists of a
symmetric planar {MnIII

3(�-O)} unit, where each hexadentate N4O2 donor ligand binds all
three manganese centers. The N4O3 coordination sphere around each manganese center is very
close to pentagonal bipyramidal. The average Mn���Mn separation in (171) is 3.30 Å. Cyclic
voltammetry of (171) in MeCN shows three oxidation responses at E1/2= 0.87V, 1.45V, and
1.98V vs. Fcþ/Fc. The first two responses are very close to reversible processes and the last one is
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irreversible. Analysis of variable-temperature magnetic susceptibility measurements for (171)
indicates ferromagnetic interactions between the metal centers (J= 22.3 cm�1, g= 2.06).

Use of the tripodal ligand Saltren creates a tetranuclear complex [Mn4O2(Sal-
tren)2][MnCl4]�2CH3CN (172)369 having a fused open cubane structure without a carboxylate
group. At 300K the value of the effective magnetic moment for (172) is 5.1 �B, which decreases to
2.0 �B at 4.2K. The redox properties of (172) in propylene carbonate have been studied by cyclic
voltammetry. Two oxidation responses are observed at E1/2=�0.32V and 0.43V vs. SCE.

5.1.7 COMPLEXES WITH MACROCYLIC LIGANDS

5.1.7.1 Oxidation States IV, V, and VI

5.1.7.1.1 Nitrogen donor macrocycles

Manganese is used by nature to catalyze a number of important biological reactions that include
the dismutation of superoxide radicals, the decomposition of hydrogen peroxide, and the oxida-
tion of water to dioxygen. The dinuclear manganese centers that occur in Lactobacillus plantar-
aum catalase379 and Thermus thermophilus catalase380,381 have attracted considerable attention
and many model compounds have now been synthesized that attempt to mimic aspects of these
biological systems.382 The catalases have at least four accessible oxidation states (MnIIMnII,
MnIIMnIII, MnIIIMnIII, and MnIIIMnIV); it is believed that the MnIIMnII/MnIIMnIII redox
couple is effective in catalyzing the disproportionation of water.383

The tetranuclear manganese(IV) complex [Mn4O6(1,4,7-triazacyclononane)4](ClO4)4�2H2O in
which the macrocycles are present as capping ligands, has been characterized by X-ray diffrac-
tion.384 Each manganese ion is in a distorted octahedral environment comprised of three facially
coordinated amine nitrogen atoms and three oxygen atoms with the [Mn4O6]

4þ core correspond-
ing to an adamantane skeleton.

Individual ligands from a series of eight N-substituted 1,4,7-triazacyclononanes (L) incorporat-
ing combinations of H, Me, Et, or Pr substituents on the nitrogens have been employed to
prepare both dinuclear MnIII [Mn2(�-O)(�-CH3COO)2L2]X2 (X=ClO4 or PF6) complexes and
MnIV complexes of type [Mn2(�-O)3L2]

2þ (the latter starting from L, a MnII salt and a counterion
and subsequently treated with alkaline hydrogen peroxide).385 The crystal structure of [MnIV

2-
(�-O)3L2][PF6]2�0.5KPF6 (L= 1,4,7-trimethyl-1,4,7-triazacyclononane) was determined. The
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(MnIV
2�-O)3 core is near identical to that of the known tri-Et analogue. The Mn—Mn distance is

exceptionally short at 2.295 Å and the value for the Mn—O—Mn bond angle of 77.9� is also low.
The ability of particular triazacyclononane derivatives to stabilize manganese in its higher

oxidation states has resulted in the use of such complexes as oxidation catalysts.382 One reaction
of this type is the epoxidation of alkenes or alkynes, for which hydrogen peroxide is employed as
the terminal oxidant. The use of such complexes to overcome the problems of hydrogen peroxide
disproportionation has enabled the development of efficient epoxidation protocols. In one such
study the catalytic activity of a higher-valent manganese complex of chiral 2,6-dimethyl-1,4,7-
trimethyl-1,4,7-triazacyclononane, generated in situ from manganese(II), for the hydrogen
peroxide (enantioselective) epoxidation of styrene was successfully demonstrated.386 Other 2,6-
substituted derivatives of the parent trimethylated parent ring were also shown to be effective
ligands for similar asymmetric epoxidation reactions.386 In a related study, the epoxidation of a
considerable number of olefins with hydrogen peroxide using tris-N-substituted (methyl, 2-hydroxy-
butyl, or carboxymethyl) 1,4,7-triazacyclononane manganese species has been performed.387

The synthesis, structure, and characterization of the mixed-valence MnIIIMnIVcomplex [MnO-
(cyclam)]2(ClO4)3�2H2O (where cyclam= 1,4,8,11-tetraazacyclotetradecane) has been reported.388

The X-ray structure of the cation (as its triflate salt) shows that the Mn2O2 core remains relatively
unchanged in this complex from other related (�-oxo) complexes prepared previously from different
organic ligands.388 A number of nitridomanganese(V) and (VI) complexes incorporating aza
macrocyclic ligands have been generated. Photolysis of trans-[MnIII (cyclam)(N3)2](ClO4) in metha-
nol at �35 �C with light at �350 nm produced blue [{trans-[MnV(cyclam)(N)]}2-
(�-N3)](ClO4)3�3H2O and dinitrogen.389 Several six-coordinate complexes of type trans-
[MnV(cyclam)(N)Y]nþ (Y=Cl, n= 1; Y=MeCN, n= 2; Y=ClO4

�, n= 1;Y=CF3CO2
�, n= 1)

were also prepared. Each contains the nitridomanganese(V) (M	N) unit and displays a
temperature-independant paramagnetism corresponding to the presence of a low-spin d2 configura-
tion. Cis-[MnV(cyclam)(N)(CN)](ClO4) was also isolated in this study from a solution of [{trans-
[MnV(cyclam)(N)]}2(�-N3)](ClO4)3�3H2O in methanol after the addition of sodium cyanide.
Trans-[MnV(cyclam) (N)(MeCN)]2þ was demonstrated to undergo an electrochemically reversible
one-electron oxidation to give a stable nitridomanganese(VI) species (d1 configuration) which was
characterized by UV–visible and EPR spectroscopy. In this study photolysis of [MnIII(1,4,7-tri-
methyl-1,4,7-triazacyclononane)(N3)3] in acetonitrile at 20 �C with light at 253.7 nm was also
investigated and shown to lead to photoreduction to afford colorless crystals of [{MnII(1,4,7-tri-
methyl-1,4,7-triazacyclononane)(N3)}2(�-N3)2];

389 in contrast, photolysis with 350 nm light at�35 �C
yielded the blue photooxidation product [MnV(1,4,7-trimethyl-1,4,7-triazacyclononane)-(N)(N3)2].

Photolysis of the monoazido species [MnIIIL1(acac)L]BPh4 (where L is 1,4,7-triazacyclononane,
L1 is its N-methylated derivative, and acac is pentane-2,4-dionate) in the solid state has been
demonstrated to yield the six-coordinate nitrido species [MnVL(N)(acac)]BPh4.

390

An anilino radical complex of manganese(IV) has been prepared for comparison with its
phenoxyl analogue.391 The pendant arm aniline ligand 1,4,7-tris(2-amino-3,5-di-t-butylbenzyl)-
1,4,7-triazacyclononane (L) yields the anilido complex [MnIVL]X (X=ClO4 or BPh4). The cyclic
voltammogram of this species displays three ligand-centered one-electron-transfer oxidation
waves corresponding to complexes incorporating one-, two-, and three-coordinated anilino radi-
cals, respectively. These anilino radical species were characterized by UV–visible, EPR, and
resonance Raman spectroscopy.

Manganese-oxo species of both salen392,393 and porphyrin ligands394 have been implicated as
reaction intermediates in O-transfer processes. Groves et al. have demonstrated the formation of
both MnIV and MnV oxo-porphyrins.394,395 Following earlier studies in which synthetic ligand
species gave rise to stable MnV oxo complexes396–399 but did not yield useful O-atom transport
agents,396,398 the related tetraamide macrocyclic anionic complex (173) incorporating MnV was
demonstrated to be activated towards O-atom transfer by the addition of secondary ions.400 The
effect of different activating ions on the reactivity was initially studied for the conversion of Ph3P
to Ph3PO but then extended to a number of other reaction types. Overall, the system provides a
mild, selective and stable catalyst for undertaking such O-atom transfers.

5.1.7.1.2 Mixed donor macrocycles

Under mildly basic conditions the manganese(II) species [MnLH3][MnCl4] [where LH3=N,N0N00-
tris[(2S)-2-hydroxypropyl]-1,4,7-triazacyclononane (LH3)] partially deprotonates and on aerial
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oxidation yields the mixed-valence dimer [MnIILH3L MnIV](PF6)3 in which the manganese(II)
and manganese(IV) sites show different coordination geometries, with the manganese(II) environ-
ment being trigonal prismatic and that of manganese(IV) pseudooctahedral.401 Weighardt et al.
suggested that the reason a manganese(II)/manganese(IV) complex is formed rather than a
manganese(III) species arises because of the exacting stereochemical requirements of this ligand
type. Manganese(III) would be expected to be Jahn–Teller distorted but it appears that this ligand
will not favor the adoption of such a tetragonal distortion; this appears to be the driving force
behind the stabilization of the relatively less-common manganese(IV) oxidation state in this case.
Under the influence of a strong base, further oxidation of the above mixed-valence species occurs
to yield a new manganese(IV) species which was assumed to be of type [MnL]þ.

As a consequence of the presence of bulky Pri groups (and in contrast to the methyl substituted
ligand species), the more sterically hindering ligand, N,N0N00-tris[(2R)-2-hydroxy-3-methylbutyl]-
1,4,7-triazacyclononane has been postulated to be unable to form a mixed-valence dinuclear
species.402 Rather, the corresponding monomeric complex of type [MnIVL]PF6 was obtained
and characterized by X-ray diffraction.

It is noted that a similar manganese(IV) complex cation, [MnL]þ, where LH3 is N,N0,N00-tris(2-
hydroxyethyl)-1,4,7-triazacyclononane, may be produced directly as its perchlorate salt on oxida-
tion of a solution of manganese perchlorate and ligand with hydrogen peroxide or by oxidation
using a solution of ‘‘manganese(II) acetate’’ and ligand in air. This product was shown by X-ray
diffraction to have a pseudooctahedral geometry.401

There has been considerable interest in the potential of polynuclear manganese complexes to
oxidize water to molecular oxygen catalytically and in doing so to thus act as models for
photosystem II. Thus, with an aim of providing models for the photoactive components along
the electron-transfer pathway of photosystem II, heterooligonuclear complexes incorporating one,
two, or three manganese ions, oxidizable (radical forming) phenolates, and tris(2,20-bipyridyl)-
ruthenium(II)-derived units (as photosensitizers) have been prepared403 and an example is the
bridged 1,4,7-triazacyclononane derivative (174). The tris(dipyridyl)ruthenium(II) units were
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employed because of their ability to induce light energy driven charge separation and thus act as
mimics for the P680 reaction center in photosystem II. In general, the manganese ions in these
complexes exist in the II, III, or IV oxidation states and readily undergo metal-centered reversible
one-electron transfer steps.

In photosystem II an intermediate tyrosyl radical is formed which then repetitively oxidizes an
adjacent manganese cluster leading to a four-electron oxidation of two water molecules to
dioxygen. In broad detail, the model compounds403 described above were demonstrated to
undergo similar reactions on photochemical excitation of the respective ruthenium centers.

Linear homo- and heterotrinuclear complexes incorporating manganese(III/IV) with tris-
(dimethylglyoximato)metalate(II) tetraanions (dimethylglyoximato= dmg) as bridging ligands
have been prepared.404 Two series of complexes, MnIIIMIIMnIII and MnIVMIIMnIV, where MII

(metalate) may be MnII, NiII, CuII, or ZnII in individual complexes. 1,4,7-Trimethyl-1,4,7-triaza-
cyclononane (L) acts as a capping ligand for the terminal MnIII or MnIV ions. The X-ray
structures of [LMnIII{(�-dmg)3MnII}MnIIIL](ClO4)2 and [LMnIII{(�-dmg)3CuII}MnIIIL](ClO4)2
have been determined. All these trinuclear complexes are quasi-isostructural, with the terminal
manganese ions showing distorted N3O3 octahedral geometries, and the divalent metal ions MII

being six-coordinate (with MIIN6 coordination spheres).

5.1.7.2 Oxidation State III

5.1.7.2.1 Nitrogen donor macrocycles

A number of studies of the interaction of the nine-membered, N3-donor ring 1,4,7-triazacyclono-
nane and its N-substituted derivatives manganese(III) have appeared.

Paramagnetic, dinuclear manganese(III) complexes incorporating the capping ligands 1,4,7-
triazacyclononane (L) and 1,4,7-trimethyl-1,4,7-triazacyclononane (L0) have been investigated
using 1HNMR spectroscopy.405 It was demonstrated that this technique can be employed to
follow a slow interconversion starting from symmetric [MnIII

2(�-O)(�-CH3OO)2L2]
2þ and

[MnIII
2(�-O) (�-CH3OO)2L

0
2]

2þ to asymmetric [LMnIII(�-O)(�-CH3OO)2MnIIIL0]2þ. The X-ray
structure of the latter complex has been determined: each manganese(III) ion has facial octahedral
coordination involving an O3N3 donor set, with the Mn���Mn distance being 3.121(3)Å. The
latter is a typical separation for complexes of this type.406

Cohydrolysis of MnLCl3 (L= 1,4,7-triazacyclononane) and RuL0Cl3�H2O (L0= 1,4,7-trimethyl-
1,4,7-triazacyclononane) in equimolar amounts in methanol containing an excess of sodium
acetate gives rise to the asymmetric heterodinuclear species [L0Ru(�-O)(�-CH3COO)2MnL]PF6

on addition of sodium hexafluorophosphate. A model to interpret the strong spin-exchange
coupling in this complex was presented.407

Pseudooctahedral complexes of the N4 donor cyclam of type [Mn(cyclam)X2]Y, where X and Y
are a range of monovalent anions, have been reported.408 The efficacy of a complex of this type
(with X=Y=Cl) as an oxidation catalyst has been probed. In another study both manganese(II)
and manganese(III) complexes of the tetraaza macrocycle (175) have been characterized and were
shown to be of types [MnLCl2]�0.5HCl and [MnL(N3)2]N3. The trans-octahedral structures of
both species have been confirmed by X-ray diffraction studies.

NH HN

NH HN

Me

Me

(175)
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The characterization, redox properties, and pulse radiolysis study of manganese(III) complexes
of type [MnLCl2]

þ (where L= cyclam, meso-, and rac-5,7,7,12,14,14-hexamethylcyclam (tet a and
tet b, respectively)) have been reported.409 An X-ray crystal structure of the meso-5,7,7,12,14,14-
hexamethyl-1,4,8,11-tetraazacyclotetradecane complex shows that the coordination geometry of
the ‘‘tet a’’ complex is close to octahedral with the macrocycle coordinated equatorially and the
chlorides occupying trans axial sites.

The effect of solvent on the charge-transfer bands of thiocyanato-tetraazamacrocycle manga-
nese(III) complexes has been investigated and shown to be influenced by the donor and acceptor
(H bonding) properties of the respective solvents.410

The synthesis of the manganese(III) complex of the hexaaza macrocyclic ligand (176), derived
from 2,3-butanedione and diethylenetriamine, and its use as a catalyst for the epoxidation of
olefins using iodosylbenzene as oxidant has been reported.411
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N N
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Mixed-metal complexes of tri- and tetraaza macrocycles incorporating manganese(III) and a
second metal ion have been synthesized.412,413 For example, the synthesis, ESR spectrum, and
magnetic properties of the heterobinuclear complex [LFeIII(�-O)(�-CH3COO)2MnIIIL]2þ, formed
by hydrolysis of a 1:1 mixture of FeLCl3 and MnLCl3 (where L=N,N0,N00-trimethyl-1,4,7-
triazacyclononane) in aqueous sodium acetate solution, have been reported.412 The dinuclear
complex displays strong intramolecular antiferromagnetic exchange coupling reflecting the pre-
sence of a doublet ground state.

Reaction of cyclam with Mn(ClO4)2 coupled with air oxidation results in formation of the formally
MnIII MnIV species [Mn(cyclam)(�-O)]2(ClO4)3.

414 In this complex, the manganese ions are in fact
crystallographically equivalent with each adopting a close to octahedral coordination geometry.

5.1.7.2.2 Mixed donor macrocycles

The 1:1 complex of the tris-N-propionate derivative of 1,4,7-triazacyclononane has been synthe-
sized and X-ray diffraction has confirmed that all ligand donors are bound to the manganese(III)
ion; surprisingly there was no evidence for a Jahn–Teller distortion of the type expected for a
high-spin d4 system of this type.415

Manganese(III) complexes of a number of phenolate pendant arm macrocycles related to the
above have also been reported. Thus, both 1,4,7-tris(2-hydroxybenzyl)-1,4,7-triazacyclononane
and 1,4,7-tris(3-t-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane, on tris-deprotonation, afford
monomeric pseudooctahedral complexes with this ion.416

The potentially tetradentate macrocycles 1,4-dimethyl-7-(3-t-butyl-5-methoxy-2-hydroxyben-
zyl)-1,4,7-triazacyclononane (L) and 1,4-diisopropyl-7-(3,5-di-t-butyl-2-hydroxybenzyl)-1,4,7-tri-
azacyclononane (L0), on loss of a proton, yield very stable octahedral complexes of type
[MnIIIL(Ph2acac)]ClO4 and [MnIIIL0(Bu2acac)]ClO4 when prepared in the presence of the biden-
tate coligands 1,3-diphenyl-1,3-propanedionate (Ph2acac) or 1,3-dimethyl-1,3-propanedionate
(Bu2acac), respectively. In this study, the corresponding neutral manganese(II) complex
[MnIIL0(Bu2acac)], was also isolated.417
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A sodium ion template reaction employing sodium 2,6-diformyl-4-chlorophenolate and N,N-
bis(2-aminoethyl)-N-hydroxyethylamine followed by an in situ transmetalation using Mn(ClO4)2
yields a mononuclear manganese(III) complex of a 21-membered asymmetric [2þ 2] Schiff base
macrocycle.418 In this species a hydroxyethyl group of the amine was eliminated such that ring
contraction of one ‘‘cavity’’ of the macrocycle occurred with the formation of an imidazolidine
ring. X-ray diffraction indicates that the manganese(III) ion in the resulting complex has a
distorted octahedral coordination geometry.

The binuclear complex [Mn2L(�-CH3OO)]2þ (where L= (177)) has been shown to be a ‘‘valence
trapped’’ MnII/MnIII species using a combination of ESR, electrochemistry, magnetic suscept-
ibility measurements, and X-ray diffraction.419,420 Each manganese ion adopts a distorted octa-
hedral coordination geometry involving three nitrogens of one N3-cyclononane fragment, an
oxygen from a bridging phenoxy ion, and two oxygens from each of two bridging acetate ligands.
The above mixed-valent species undergoes one-electron oxidation as well as one-electron reduc-
tion to form MnIII/MnIII and MnII/MnII species, respectively.
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Other mixed-valence MnII/MnIII species involving macrocyclic complexes have been
reported.421–424

The complexes [Mn2LCl2Br]�H2O, [Mn2LBr3]�0.5CH2Cl2, and Mn2LCl2 have been reported,
where LH2 is the macrocyclic ligand formed by the [2þ 2] Schiff base condensation product of
1,3-diaminopropane and 2,6-diformyl-4-t-butylphenol.425,426 The X-ray structure of the latter
complex shows the bound macrocycle to be essentially planar; however, each manganese(II)
ion is displaced 0.69 Å on either side of the ligand plane towards a bound chloro ligand such
that the geometry of each metal center is distorted square pyramidal. The Mn���Mn distance is
3.168 Å. The structure of [Mn2LCl2Br]�H2O has also been determined and confirms that this
complex is ‘‘valence trapped’’ with the manganese(III) ion showing an average Mn—O length of
1.936 Å while the manganese(II) ion exhibits Mn—O lengths of 2.129 Å and 2.386 Å. The former
ion has two chloro ions in axial positions and lies 0.15 Å out of the donor atom plane; the
manganese(II) ion is displaced 1.25 Å from the donor plane (but to its opposite side) towards a
coordinated bromo ligand; it also interacts with one of the chloro ions coordinated to the
manganese(III) center. The cyclic voltammograms of the species [Mn2LX2] (X=Cl or Br) in
CH3CN/CH2I2 each show two one-electron oxidation waves at ca. þ0.6V and ca. þ1.2V vs.
NHE. The variable-temperature magnetic susceptibilities yield magnetic exchange parameters of
þ0.24 cm�1, �2 cm�1, and �1 cm�1 for complexes [Mn2LCl2], [Mn2LCl2Br]�H2O, and
[Mn2LBr3]�0.5CH2Cl2, respectively. Similar ESR data are found for I and II. At 7.5K a glass
of II gives an X-band spectrum with a broad g= 2 signal and apparent fine structure signals at
g= 29.0, 7.4, 5.4, and 5.1. It was noted that relatively weak antiferromagnetic interactions are
seen for such binuclear MnIIMnIII complexes, which contrasts with the strong antiferromagnetic
interactions that are generally observed for binuclear MnIIIMnIV complexes.

Crystals of [Mn2(H2L)(�-CH3COO)(�-OH)(MeOH)2][ClO4]2�2MeOH were obtained from con-
densation of 2,6-diformyl-4-methylphenol and 2,6-bis(aminomethyl)-4-methylphenol in the pre-
sence of Mn2þ and dioxygen.427 The manganese(III) centers show identical distorted octahedral
environments. The magnetic moment per manganese is 4.61 �B at room temperature and falls to
1.8 �B at 10K, in accordance with the presence of weak antiferromagnetic coupling.

The synthesis as well as spectral and electrochemical properties of a series of unsymmetrical
bis(phenoxo)-bridged macrocyclic binuclear manganese(III) complexes based on (178), incorpor-
ating dissimilar coordination sites, have been reported.428 The bis(phenoxo)-bridged complexes
yielded two reduction waves in the region 0.00V to �1.60V assigned to the process Mn2

III!
MnIIMnIII!Mn2

II]. In the positive region (0.00V to þ1.00V), two oxidation couples were
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present corresponding to Mn2
III!MnIIIMnIV!Mn2

IV]. Small variations in the electronic and
structural coordination environment of each manganese ion were demonstrated to be reflected in
corresponding changes in the redox potentials of the individual complexes.

OH NN

N OH N

(CH2)n

(178)

5.1.7.3 Oxidation State II

5.1.7.3.1 Nitrogen donor macrocycles

Since the early 1980s there has been a large number of studies involving coordination of
manganese(II) to a wide variety of synthetic macrocyclic ligand types. In particular, nitrogen
donor macrocycles have collectively formed the major ligand category employed for these studies.

As for the higher oxidation states of manganese, a significant number of investigations invol-
ving pendant arm, polyaza macrocycles have been carried out.

A number of reports of the interaction of the nine-membered, N3 donor ring 1,4,7-triazacyclo-
nonane and its derivatives with manganese(II) have appeared. For example, hydrolysis of a
solution containing equimolar amounts of the mononuclear complexes L0RuCl3.H2O and
LMnCl3 (where L= 1,4,7-triazacyclononane and L0= 1,4,7-trimethyl-1,4,7-triazacyclononane) in
methanol with an excess of sodium acetate yields the asymmetric, heteronuclear species [L0Ru-
(�-O)(�-CH3COO)2MnL)]2þ as its dihexafluorophosphate salt on addition of sodium hexafluoro-
phosphate.407 This complex has an S= 3/2 electronic ground state and the X-ray structure shows
it to contain a (�-oxo)bis(�-CH3COO)Ru core, with the ruthenium ion capped by the tridentate
macrocycle L0 and the manganese ion capped by L. Assignment of the metal oxidation states in
this complex is not trivial but on the basis of the results of physical measurements, the complex
was formulated as a [RuIIIOMnIII]2þ species. The product exhibits strong spin exchange coupling
and also undergoes reversible one-electron electrochemical oxidation. Chemical oxidation
employing Na2S2O8 in aqueous solution yields [L0Ru(�-O)-(�-CH3COO)2MnL)]3þ.

A manganese(II) complex of the bis-pendant-arm ligand 1,4-bis(2-pyridylmethyl)-1,4,7-triaza-
cyclononane (L) of type [MnLCl]ClO4 has been demonstrated by X-ray diffraction to adopt a
coordination geometry in the solid state that lies between octahedral and trigonal prismatic.429 An
electrochemical investigation indicated that this complex undergoes a one-electron oxidation from
manganese(II) to manganese(III) followed by a further oxidation step to manganese(IV) at a
significantly more positive potential. A related dinuclear complex, [Mn2L

0Cl2](CLO4)2�2DMF, in
which L0 is the dinucleating ligand formed by the attachment of 2-pyridylmethyl arms to each of
the four secondary amines in a species of type ethylene-N,N0-linked bis(1,4,7-triazacyclononane)
(L0), has also been reported. A number of analogues of this latter (dimeric) complex, incorporating
various other bridging linkages, also have been synthesized. Electrochemical measurements indi-
cate that as the metal–metal separation increases, electrostatic repulsions are reduced and oxida-
tion of the respective complexes occurs at lower potentials.

Tris-N-functionalization of 1,4,7-triazacyclononane has yielded a variety of sexadentate
ligands, which form stable complexes with manganese(II). For example, the 1,4,7-tris(2-pyridyl-
methyl) derivative gives a complex of type [MnL](ClO4)2 in which the manganese ion has a
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distorted prismatic, N6 environment. The cyclic voltammogram of this species in acetonitrile
shows a quasireversible, one-electron MnII/MnIII couple.430 A related complex of type [MnLCl]þ,
where L= 1,4-bis(2-pyridylmethyl)-1,4,7-triazacyclononane, has also been characterized.431 The
corresponding species [MnL(H2O)]2þ exhibits a reversible MnIII–MnII couple, which is less posi-
tive than that for the 1:1 complex of 1,4,7-tris(2-pyridylmethyl)-1,4,7-triazacyclononane, indicat-
ing greater stabilization of the MnIII state in the case of the former system.

A study of manganese(II) complexation by the linked 1,4,7-triazacyclononane moiety, 1,2-bis
(1,4,7-triaza-1-cyclononyl)ethane (L), in which two potentially tridentate N3 units are joined by
an ethane bridge linked to a nitrogen of each ring, has been reported.432 Reaction of MnCl2�4H2O
with this species (in a 2:1 ratio) gives colorless [Cl2Mn(L)MnCl2]�0.5H2O. Addition of sodium
hexafluorophosphate to an aqueous solution of this complex yielded the monomeric species
[MnL](PF6)2 which may be oxidized in alkaline solution with oxygen, yielding the tetrameric
manganese(IV) complex [Mn4(L)2(�-O)6]

4þ. In each of these complexes the respective N3 units are
postulated to occupy three facial coordination sites about each metal center—a mode of coordin-
ation well documented to occur for the parent single ring, 1,4,7-triazacyclononane.433

A series of structural, spectroscopic, and electrochemical studies were reported for mono- and
dinuclear manganese(II) complexes of type [MnLCl]þ (where L= 1,4-bis(2-pyridylmethyl)-1,4,7-
triazacyclononane)) and [Mn2L

0Cl2]
2þ (where L0 represents a series of bis(pentadentate) ligands

derived from bis(1,4,7-triazacyclononane) macrocycles linked by ethylene, propylene, butylene,
m-xylylene, and 2-hydroxypropylene bridges joining an amine on each 1,4,7-triazacyclononane
fragment, with 2-pyridylmethyl arms attached to the two remaining secondary ring nitrogens of
each ring).434 X-ray structures of the above complexes show the geometry of each manganese center
to be intermediate between octahedral and trigonal prismatic and, for the dinuclear complexes,
there is a systematic increase in the M���M distance as the length of the alkyl chain is increased.

Electrochemical, ESR, and H2O2 reactivity studies have been reported for the above mono-
nuclear and binuclear complexes. Cyclic and square-wave voltammetric studies show that a one-
electron oxidation (from MnII to MnIII) occurs for the mononuclear complex, followed by a
further oxidation to MnIV at a significantly more positive potential. The binuclear manganese(II)
complexes are each oxidized to the manganese(III) species in two unresolved one-electron steps
and then to manganese(IV) species. In an extension of these studies, reaction of hydrogen
peroxide with the dinuclear complex incorporating an ethylene bridge yielded an oxo-bridged
MnIIIMnIV intermediate with a characteristic 16-line ESR signal.

The use of the N,N,N00,N000-tetramethylcyclam derivative, 1,4,8,11-tetramethyl-1,4,8,11-tetraa-
zacyclotetradecane (tmc), leads to formation of the five-coordinate manganese(II) derivative
[Mn(tmc)Cl]BPh4�CH3CN in which the macrocycle is coordinated in an equatorial fashion with
the chloro ligand occupying an axial site.435 The divalent oxidation state of the manganese was
confirmed by a variable-temperature magnetic susceptibility study (S= 5/2). The cyclic voltam-
mogram of this complex showed two reversible waves that were interpreted in terms of the
presence of a chemical equilibrium between isomeric species.

The binding for the cross-bridged macrocycle (179) to act as a proton sponge and hence inhibit
metal ion binding was overcome by the use of vigorously dried acetonitrile.436 Thus reaction of
[Mn(pyridine)2Cl2] with (179) in an inert atmosphere in this solvent yielded [MnLCl2] (L= (179))
whose distorted octahedral structure, incorporating the macrocycle in a folded configuration, was
confirmed by an X-ray diffraction study. Magnetic susceptibility data for this complex indicated
its d5 high-spin nature.

N

N N
Me

Me

(179)

The redox behavior of [MnLY], where L is the dianionic form of dibenzotetramethyltetra-
aza[14]annulene and Y is tetrahydrofuran or nothing, has been investigated.437 A two-electron
oxidation and one- and two-electron reductions have been determined for this complex. The
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former behavior yielded a variety of functionalized species of type [MnIIILX] (X=Cl, I or NCS)
as well as cationic species that included one of type [MnLY2]

þ (Y= tetrahydrofuran).
High-spin, five-coordinate complexes are known of type [MnLX]PF6 (X=F, Cl, Br, or I and L= 2,9-

dimethyl-3,10-diphenyl-1,4,8,11-tetraazacyclotetra-1,3,8,10-tetraene). Electrochemical investigation
of these complexes revealed that they are surprisingly resistant to oxidation in dimethylsulfoxide.438

Other aza-donor macrocyclic ligand complexes of manganese(II) have been synthesized using
metal template procedures.439–442

Stability constants represent primary data when considering a ligand type for use in a medical
application. Stability constant determinations have been undertaken for the N4 donor macrocyclic
ligand derivatives (180) and (181) with a range of divalent first-row transition and post-transition
metal ions (including Mn2þ).443,444 In all cases the ‘‘natural’’ (Irving–Williams) stability order was
observed to obtain for the 1:1 (M:L) complexes.

N
NH HN

H
N

N
N N

N

R

RR

R' = Me, R = H
R' = R = H
R' = R = CH2COOH
R' = H, R = CH2COOH

(180) (181)

There have been a number of other reports of the use of largely unsaturated, N4 donor
macrocycles to generate 1:1 manganese(II) complexes.445–451 The majority of these have been assigned
octahedral geometries in which two monodentate ligands occupy the remaining positions in the
coordination sphere.

Two manganese(II) complexes have been reported of type [MnL](ClO4)2 that incorporate the
12-membered N4 donor ‘‘cyclen’’ macrocycle functionalized with four and three pyridyl donor
pendants, respectively (namely 1,4,7,10-tetrakis(2-pyridylmethyl)-1,4,7,10-tetraazacyclododecane
and 1-methyl-4,7,10-tris(2-pyridylmethyl)-1,4,7,10-traazacyclododecane). In the first of these the
manganese ion is eight-coordinate with all donor nitrogens of the ligand bound to the central ion
to yield a distorted square prism coordination geometry. The metal ion in the second complex is
seven-coordinate with a distorted monocapped octahedral geometry with again all of the nitrogen
donors of the ligand bound to the manganese ion.452

The potentially octadentate, pendant arm ligand 1,4,7,10-tetrakis(pyrazol-1-ylmethyl)-1,4,7,10-
tetraazacyclododecane (L; (182)) gives [MnL][PF6]2�Me2CO with manganese(II).453 The crystal
structure of this complex shows that the central metal is coordinated by eight nitrogens of L.
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Within the overall context that manganese(II) species are potentialNMR contrast agents, struc-
ture–function relationships underlying the observed 1HNMR relaxation enhancement for the protons
of coordinated water have been investigated for a series of manganese(II) complexes of pentaaza
macrocyclic ligands with 15- to 18-membered rings showing various degrees of unsaturation.454 The
ligands range from a fully saturated, 15-membered pentaazacrown through to Schiff base derivatives
formed between 2,6-diacetylpyridine and triethylenetetramine or its longer-chain analogues.

Manganese(II) complexes of a number of other polyaza macrocyclic ligands have also been
investigated as solvent proton relaxation reagents.455–457 For example, over 20 such complexes of
1,4,7,10,13-pentaazacyclopentadecane have been investigated to examine the effects of substitu-
ents on the nuclear magnetic relaxation of water protons.457 Enhanced relaxation rates were
observed for those complexes incorporating hydrogen bonding substituents, such as hydroxyalkyl
or aminoalkyl groups, on the carbon backbone of the macrocycle.

In a major series of papers, Riley et al.458–466 have demonstrated that the manganese(II) com-
plexes of particular polyaza macrocycles, such as 1,4,7,10,13-pentaazacyclopentadecane, act as
highly active and stable mimics of superoxide dismutase. This research group has developed a
wide-ranging program to design, synthesize, and test complexes of this type in chosen disease
models (both in vitro and in vivo) as potential pharmaceutical agents. The superoxide dismutase-
like activity of other manganese(II) complexes of a aza macrocycles has been reported.467,468

Manganese(II) complexes of pentaaza macrocyclic ligand types have been reported, with these
typically being assigned six-coordination469 or seven-coordination470 geometries. These include
the six-coordinate complex, [MnLCl][BF4]�4H2O (where L is a 1,10-phenanthroline-containing,
unsaturated system incorporating peripheral hydroxyethyl tails),471 and a complex of the flexible
aliphatic macrocycle, 1,4,7,10,13-pentaazacyclopentadecane, for which the complex cation also is
of similar stoichiometry to the above. This latter species has been demonstrated to promote
1HNMR relaxation enhancement of coordinated water molecules. For this system it was con-
cluded that water is rapidly exchanged in the coordination sphere of the manganese ion.472

The X-ray structure of [MnLCl](PF6), incorporating the topologically constrained high-spin
(�= 5.96 �B) pentadentate ligand (183), shows that the manganese ion adopts a pseudooctahedral
coordination geometry in which five donors of the organic ligand and a chloride ion occupy the
coordination sphere.469 In part, the ligand is ‘‘preorganized’’ for metal coordination and the
above manganese complex is remarkably kinetically stable in 0.1M HNO3—the visible spectrum
of the solution being unchanged after more than two weeks. The complex exhibits weak ferro-
magnetism; it reacts with t-butyl hydroperoxide and hydrogen peroxide to yield the t-butyl
peroxyl and hydroperoxyl radicals, as shown by ESR spectroscopy.

N

N N

N

N
Me

(183)

Other studies involving ligands of the above general type describe a seven-coordinate manga-
nese(II) species473 of the macrocycle formed in situ from reaction of 1,10-phenanthroline-2,9-
dicarboxaldehyde dihydrazone with 2,6-bis(bromomethyl)pyridine. The magnetostructural behavior
of a second seven-coordinate (distorted pentagonal bipyramidal) species of the 15-membered
Schiff base macrocycle derivative obtained from diacetylpyridine and triethylenetetramine has
also been reported.474. With respect to this latter ligand type, it is noted that complexes (including
manganese complexes) of Schiff base macrocycles derived from heterocyclic dicarbonyls were
reviewed by Fenton in 1986.475

The complex [MnL](PF6)2, where L is the pendant arm ligand (184), also based on a N5 diimine
macrocycle, was obtained directly by a template procedure.476. The coordination geometry is
pentagonal bipyramidal with the pendant amino groups occupying the axial sites. The aqueous
1HNMR relaxation rate enhancement in the presence of this complex is small in comparison to
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those obtained for other complexes (see above)—indicative of relaxation via an outer-sphere
mechanism only.

N

NN

N N

H2NNH2

(184)

A number of pendant arm ligand derivatives based on hexamine macrocyclic backbones have
been reported.477 One such species was formed by the [2þ 2] Schiff base condensation between
3,3-iminobis(propylamine) and diformyl-p-cresol followed by sodium borohydride reduction of
the four imine functions so generated. Potentiometric studies indicate that a range of both
mononuclear and dinuclear species are formed in solution with manganese(II) incorporating
various both protonated and nonprotonated forms of the ligand.

The observation of a strong infrared absorption at below 2,000 cm�1 for the dinuclear complex
of (185) incorporating manganese thiocyanate was taken as indicating that rare (single atom)
N-bound NCS bridges occur in this manganese(II) species.478,479

N
N N

NN
N

(185)

Stability constants for the manganese(II) complexes of two polyaza cycloalkanes incorporating
six and eight secondary nitrogens atoms have been reported for aqueous media at 25 �C along
with the corresponding enthalpy changes determined using a microcalorimetric technique. The log K
values for the 1:1 complexes of the above ligands are 10.50 and 6.27, respectively, indicating a
substantial stability loss for the larger ring complex.480

Transition metal ion cryptates of the tris(2-aminoethyl)amine-capped cryptand (186) showed
enhanced stability of the þ2 oxidation state compared with a related tighter-capped cage
ligand.481 An X-ray structure determination of the former showed that the cationic manganese(II)
cryptate adopts a pseudooctahedral geometry with the capping nitrogens remaining unprotonated
(while cryptates of smaller, more highly Lewis acidic cages, are obtained in a protonated form).
The manganese(II) ion was found to be symmetrically placed within a slightly elliptical cryptand
structure, which is present in an overall lel conformation.
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A heterobinuclear complex of type PbMnL(NCS)4] containing the 24-membered macrocycle
(187) (n= 5) has been synthesized. The X-ray structure shows a Pb—Mn separation of 4.857 Å,
with the metals bridged by two —NCS— groups.482
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The Schiff base complex [SrL](BPh4)2 (L= (188)) was obtained by an in situ metal template
procedure.483 This species undergoes a transmetallation reaction in dry ethanol to yield
[Mn2NCS4] (L= (188)). No evidence for a magnetic exchange interaction was observed in this
case.

Ring opening of the cryptand derived from condensation of the branched tetraamine ‘‘tren’’
with 2,6-diacetylpyridine (in a 2:3 molar ratio) in the presence of manganese(II) acetate, NaBF4,

484

and NEt3 yielded the dinuclear complex Mn2L(CH3COO)](BF4)3 (where L=XH5) which was
proposed as a structural model for active sites in natural systems. The Mn—Mn separation is
4.82 Å compared with that of 4.9 Å found in the D-xylose isomerase from Streptomyces rubiginosus.

Reaction of lead(II) (as a template), 3,6-diformylpyridazine, and 1,3-diaminopropane in 1:1:1
and 2:2:1 ratios yielded the corresponding lead(II) complexes of (189a) and (189b), respectively.485

Transmetallation of either of these products by reaction with manganese(II) perchlorate in the
presence of excess sodium thiocyanate gave [Mn2L(NCS)4] (where L= (189a)). The X-ray struc-
ture of this product confirmed that it contained the corresponding [2þ 2] Schiff base condensa-
tion product. The two manganese ions are non-equivalent, with one having a six-coordinate and
the other a seven-coodinate geometry. An unusual single nitrogen bridge involving the nitrogen of
one thiocyanate group occurs between the manganese ions.

Polyaza macrocycle derivatives have been employed in a number of analytical applications.486,487

For example, polymer-immobilized cyclam has been employed for the preconcentration of manganese
in seawater prior to analysis.487
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5.1.7.3.2 Phosphorus donor macrocycles

Macrocyclic complexes of type [MnLX2] (where L= (190) and X=Cl, Br, I, and NCS) have been
synthesized.488 These complexes appeared exceptionally stable relative to other manganese(II)
phosphine complexes. They can be manipulated in air for minutes without decomposition, a
finding that was ascribed to the steric protection afforded by this macrocyclic ligand species.

5.1.7.3.3 Oxygen donor macrocycles

Mass spectrometry studies have demonstrated the formation of a number of 1:1 crown polyether
complexes of manganese(II) as cationic species in the gas phase.489,490
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A number of solvent extraction experiments have demonstrated that individual crown
ethers in combination with a lipophilic sulfonic acid (such as didodecylnaphthalene sulfonic
acid) are efficient, synergistic phase transfer agents for manganese(II) from aqueous solution
into an organic phase.491,492 The X-ray structure of the manganese di-t-butylnaphthalenesul-
fonate with cyclohexano-15-crown-5 ether as its toluene solvate has been reported.493

5.1.7.3.4 Sulfur donor macrocycles

An electrospray mass spectrometric study of the interaction of manganese(II) salts with the
tetrathia analogue of cyclam showed the utility of this technique for detecting complex formation
for both manganese and a series of other metal cations.488

5.1.7.3.5 Mixed donor macrocycles

Manganese(II) has been commonly employed as a templating metal ion for the synthesis of a wide
range of other mixed donor (oxygen/nitrogen) Schiff base macrocycles (and/or their imine-
reduced derivatives).494–510

Log K values (25 �C; I= 0.1) for the manganese(II) complexes of the, 12- to 14-membered tetraaza
rings of type (191) incorporating N-pendant, tetracaboxymethyl groups have been reported as 20.20,
16.74, and 11.27, respectively, for formation of the fully deprotonated ligand species of type [MnL]2�;
values for the 2:1 [Mn2L] as well as for protonated-ligand complex species were also determined.511

The corresponding stabilities of the 1,7-diacetic acid and 1,4-diacetic acid derivatives of the
12-membered 1,4,7,10-tetraazacyclododecane ring are 11.29 and 11.07, respectively.512

Potentiometric titrations of the 1,7-disubstituted derivatives of the 12-membered ring 1,4,7,10-
tetraazacyclododecane incorporating bis(methanephosphoric acid) or bis(methanephosphoric acid
monoethylester) pendant arm substituents (192a) and (192b) with base in the presence of man-
ganese(II) confirm the 1:1 stoichiometries of the corresponding complexes in aqueous solution.
The former ligand also demonstrated an ability to yield species of type MnHLþ and MnH2L

2þ

(where H2L is the neutral ligand).513
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Formation constants for the manganese(II) complexes of the 12- and 13-membered, N4 macro-
cyclic systems incorporating two carboxymethyl arms (193a) and (193b) have been reported as
(log) 5.07 and 5.10.514 The X-ray structure of [MnL(H2O)] (L= (193b)) shows that the metal has a
highly distorted trigonal prismatic geometry with two carboxylate oxygens, an amide oxygen, and
two tertiary nitrogens bound to the central metal ion.
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The new 13-membered macrocycle 4,7-bis(carboxymethyl)-12-hydroxy-2,9-dioxo-1,4,7,10-tetra-
azacyclotridecane (L) has been synthesized and shown to yield a manganese(II) complex of type
ML�4H2O which occurs as two crystallographically nonequivalent forms in the solid state.515 The
first of these has a seven-coordination geometry in which six donors from the macrocycle form a
trigonal prism around the manganese, with a water oxygen forming a cap above one of the square
faces of the prism. In the second form five macrocyclic donors and an oxygen atom from a water
molecule coordinate to the central manganese; if an amide oxygen atom that weakly interacts at a
distance of 3.188 Å from the metal is included in the coordination sphere, then the coordination
geometry may be described as distorted caped trigonal prism. The ESR hyperfine structure of the
above complex in a glass matrix exhibited the so-called forbidden-transition (�mI= 1) lines at
intermediate fields between the allowed transition (�mI= 0) lines.

The stability constant (I= 0.1, 25 �C) has been reported for the 1:1 manganese(II) complex of
the related amide-containing, 15-membered macrocycle 1,4,7-trimethylcarboxy-9,14-dioxo-
1,4,7,10,13-pentaazacyclopentadecane as 14.7 (log value).516

LogK values for the 1:1 manganese(II) complexes of (194a) and (194b) are 5.11 and 5.07
(I= 0.1, 25 �C), respectively.517 The X-ray structure of the related dinuclear MnII complex of
(195) shows that two crystallographic equivalent metal ions are located outside of the macrocyclic
cavity with each manganese ion adopting a seven-coordinate geometry, being bound to two amine
nitrogens, two pendant carboxylato oxygens, a water molecule, and two amide oxygens.518
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Solution studies involving a tetracarboxymethyl pendant arm derivative of an 18-membered, N6

donor macrocycle incorporating two pyridyl and four tertiary amine donors demonstrated that
this ligand coordinates well to a wide variety of metal ions (including manganese) in various
oxidation states.519 In part, this coordination versatility was attributed to the flexibility of the
ligand framework allowing it to accommodate readily the coordination sphere preferences of the
respective metals in relation to both their oxidation states and their ionic radii.

The stability constants of a series of the 1:1 complexes between divalent first-series transition
metal ions (including Mn2þ) and the 15- to 17-membered rings 1,4-oxa-4,7,10,13-tetraazacyclo-
pentadecane, 1,4-dioxa-7,11,13-triazacyclopentadecane, 1,4-dioxa-7,11,14-tetraazacyclopenta-
decane, and 1,4-dioxa-7,11,15-triazacycloheptadecane, incorporating either an N4O or an N3O2

donor set, have been determined.520 In all cases the Irving–Williams stability order was observed,
with the complexes of the 15-membered ring (N4O donor set) yielding the highest stabilities across
the series. A significant drop in stability was observed for all metal complexes of the 17-membered
ring; this drop was especially evident for larger metal ions such as manganese(II).

The interaction of manganese(II) with (196) (n= 1 or 2), each containing an N3O2 donor set,
has been investigated.521 Conductometric titrations of the 1:1 manganese(II) complexes with
chloride ion indicated the formation of a 2:1 complex—presumably through bridging of a chloride
ion. The stabilities of the complexes were investigated in 95% methanol; each showed a log K
value of <4. The X-ray structure of [MnLBr(EtOH)]ClO4 (where L= (196), n= 1) shows that the
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metal is seven-coordinate and lies within the macrocyclic cavity. The donor set comprises the five
macrocyclic donor atoms, a bromide anion, and an ethanol molecule to yield a distorted
pentagonal bipyramidal coordination arrangement.

The unsaturated ligands (197) (L, where Z=O or S), synthesized in situ, yielded mononuclear,
high-spin complexes of type [MnL(H2O)]X2 (X=Cl, OAc) in which the metal was formulated to
be six-coordinate on the basis of physical measurements.522

Dinuclear manganese(II) complexes of the deprotonated form of the potentially octadentate
Schiff base product from the in situ condensation of 2,6-diformyl-4-methylphenol and 1,3,dia-
mino-2-hydroxypropane in a 2:2 molar ratio have been synthesized.523,524 The macrocycle
employs only six of its donors for binding manganese(II), with the two alcohol functions
remaining protonated and uncoordinated. Two phenoxy bridges form between adjacent metal
ions in these discrete binuclear units. The complexes with chloro, bromo, nitrato, and thiocyanato
counterions are five coordinate, with each metal having a distorted square pyramidal geometry in
which the four basal positions are occupied by N2O2 donors from the macrocycle and the axial
position filled by an anionic ligand. In [Mn2L(CH3COO)2]�MeOH each manganese is six coordin-
ate with the acetato groups present as bidentate ligands.
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The logK value (25 �C, I= 0.10M) for the 1:1 complex of manganese(II) of the 13-membered
ring derivative 7,11-bis(carboxymethyl)-1,4-dioxa-7,11-diazacyclotridecane is 8.03. It is expected
that this ligand will give rise to one six-membered chelate ring in the above complex.525 The latter
is significantly less stable than that the corresponding complex of the analogous 12-membered ring
derivative 7,10-bis(carboxymethyl)-1,4-dioxa-7,10-diazacyclodecane, which will yield all five-
membered rings and for which the value of logK is 10.72.526

The 14-membered oxatriaza macrocycle 4,12-bis(carboxymethyl)-1-oxa-4,8,12-triazacyclotetra-
decane yields nickel(II) and copper(II) complexes showing relatively high ML logK values of 14.7
and 17.62, respectively, while that for manganese(II), at 7.08 (I= 0.1, 25 �C), is only moderate, as
might be expected from the position of manganese in the Irving–Williams series.527 Such
behavior is also typical of the other pendant-arm derivatives just discussed. Appending a third
carboxymethyl arm to the above system to yield 4,8,12-tris(carboxymethyl)-1-oxa-4,8,12-triaza-
cyclotetradecane results in the expected increase in the logK value—in this case to 9.18.528

The thermodynamic stabilities of the manganese(II) complexes of the O3N2 donor (198a) and
O4N2 donor (198b) macrocyclic rings incorporating two pendant caboxymethyl groups have been
determined to be 12.11 and 8.66 (logK values), respectively.529,530 As also occurs with other metal
ions, (198a) thus gives more stable complexes than (198b) and this has been shown to be a
reflection of more favorable heats of reaction for the complexes of the former ligand.

LogK values for a number of tricarboxymethyl pendant arm derivatives of mixed oxygen–
nitrogen donor macrocycles have been reported. These include values of 16.09,531 12.11,532

14.44,533 and 9.47533 for the ring systems (199), (200), (201a), and (201b), respectively.
In other work, solution complex formation of the pendant-arm ligands 1,4,10,13-tetraoxoa-

7,16-diazacyclooctadecane-7-malonate and 1,4,10,13-tetraoxoa-7,16-diazacyclooctadecane-7,16-
bis(malonate) has been investigated with a range of both transition and nontransition metal
ions;534 the 1:1 manganese(II) complexes of these species have been reported to show stabilities
(logK values) of 7.41 and 5.60, respectively, in water (I= 0.15, 25 �C).
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The potentially sexadentate macrocyclic ligands 1,4,7-tris(3,5-dimethyl-2-hydroxybenzyl)-1,4,7-
triazacyclononane (L0H3), 1,4,7-tris(3,5-di-t-butyl-2-hydroxybenzyl)-1,4,7-triazacyclononane
(L00H3), and 1,4,7-tris(3-t-butyl-5-methoxy-2-hydroxybenzyl)-1,4,7-triazacyclononane (L000H3)
form the stable complexes of type [MnIVL00]PF6, [MnIVL000]PF6; [MIIIL000]; [MnIVL0]2(ClO4)3-
(H3O)(H2O)3.

535 These complexes were investigated by spectroelectrochemistry and were shown
to undergo metal- and ligand-centered redox processes; a phenoxyl radical MnIV complex,
[MnIVL000]2þ, was found to be accessible.
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Reaction of a methanol solution of 4,7-bis(2-hydroxybenzyl)-1-oxa-4,7-diazacyclononane (LH2)
with manganese(II) perchlorate yields colorless crystals of [Mn2(LH)2(�-OH)]ClO4.

536 Variable-
temperature magnetic susceptibility and ESR measurements indicate that the corresponding
tetraphenylborate salt exhibits intermolecular antiferromagnetism with a J value of �2.65 cm�1.
Deprotonation of the above dinuclear species using N(Et)3 in acetonitrile yields the monomeric
five-coordinate [MnIIL] species. The related manganese(III) species [MnLIIIX] (X=Cl, NCS or
N3) have also been synthesized by heating a solution of manganese(III) acetate with LH2 in
methanol then adding the respective X anions as their lithium or sodium salts.

Other high-spin, mononuclear manganese(II) complexes of mixed oxygen–nitrogen macrocycles
have been reported.537,538

A dinuclear complex of type Mn2L(NO3)4�2MeOH�H2O has been isolated incorporating the
bis-pyridine-N-oxide derivative (202) which shows weak antiferromagnetic coupling.539
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O HNN

OH

NNH
N

HO

O
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The solution complexation properties of a range of pendant arm derivatives of mixed oxygen–
nitrogen donor macrocycles have been investigated. A comparison of the logK values of the ML
complexes of manganese(II) with (203a) and (203b) yielded values of 3.0 and 7.73 (I= 0.1, 25 �C),
respectively, clearly demonstrating that the pendant caboxymethyl groups play a very significant
role in stabilizing each resulting complex.540 The values for the latter systems were compared with
those obtained for the triaza macrocycle 1,4,7-triazacyclononane (log K= 5.8) and its
N,N0-dicaboxymethyl derivative (logK= 14.3). A parallel comparison was also carried out between
the manganese complexes of the corresponding 12-membered N4 and N3O ring derivatives. As
might be predicted, the replacement of one nitrogen atom by an oxygen in the macrocyclic backbone
was shown to have a pronounced effect on both the kinetics of complex formation (faster equilibra-
tion) as well as on the thermodynamic stability of the resulting complexes (lower stability).

NN
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HH
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The solution complexation behavior of manganese(II) and selected other transition and post-
transition metal ions with 1-carboxymethyl-1,4,7-triazacyclononane has been investigated by
potentiometric titration, with the stabilities of the 1:1 complexes found to follow the usual
Irving–Williams stability order.541

Relative to the behavior of the 1,4,7-tris(carboxymethyl)-1,4,7-triazacyclononane ring, the
contribution to KML values of the 1,4,7-triazacyclononane fragment in the corresponding 1,4-
bis(carboxymethyl)-1,4,7-triazacyclononane macrocycle is greater towards softer metal ions than
towards harder ones such as manganese(II).542

The N,N0N00-tris(carboxymethyl) derivative of the 12-membered macrocycle 1,5,9-triazacyclo-
dodecane yields a complex of type [MnL]� in aqueous solution which is approximately two orders
of magnitude less stable than the corresponding complex of 1,4,7-tris(carboxymethyl)-1,4,7-tria-
zacyclononane, as might be expected for the substitution of three six-membered chelate rings in
the former for three five-membered chelate rings in the latter.543

N,N0N00-tris[(2S)-2-hydroxypropyl]-1,4,7-triazacyclononane (LH3) forms the air-stable mangane-
se(II) species [MnLH3][MnCl4] when conditions are such that the ligand remains fully protonated.
The X-ray structure indicates the presence of a trigonal prismatic coordination geometry.401
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The stability of the complex of the triply deprotonated form of the tetraaza macrocyclic ligand
(204) (LH3), incorporating three N-methylcarboxy pendant groups, has been reported. The logK
value for the [MnIIL]� complex is 18.59 (25 �C, I= 0.10).544

Manganese(II) complexes of triazamacrocyclic ligands bearing L-lactate-like functions were
prepared for testing as model compounds able to disproportionate the superoxide radical.545 The
capacity of the macrocyclic ligands N,N0,N00-tris[2(S)-hydroxybutyric acid]-1,4,7-triazacyclononane
and N,N0,N00-tris[2(S)-hydroxybutyric acid]-1,5,9-triazacyclododecane to bind the manganese(II)
ion was determined potentiometrically. The first of these ligands binds most strongly to this ion and
the superoxide-scavenging activity of the corresponding manganese(II) complex was investigated
using a cytochrome c assay. This system was demonstrated to be a potent SOD mimic.

In part motivated by the desire to model biological redox processes, there have been many
studies in which Robson-type macrocycles (205) (R=H)532 have been employed to form dinuclear
manganese species.497,547,548 For example, a novel macrocyclic heterodinuclear catalase-like model
complex of type (206) has been reported.549 This complex can dismute hydrogen peroxide to
dioxygen in basic aqueous solution.

In one study of this type a range of high-spin complexes given by [Mn2LX2], (H2L= (205),
R=H, OH; X=Cl, Br), [Mn2L(CH3COO)]ClO4 (H2L= (205), R=H, OH), and [Mn2L

�]ClO4
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(H2L= (205), R=O�) were prepared and characterized using infrared and ESR spectra as well as
variable-temperature magnetic susceptibility measurements.548 The complexes of the first type are
composed of isolated binuclear units in which each manganese ion attains a distorted square
pyramidal geometry, with the manganese ion displaced from the macrocyclic plane towards an
apical halide ligand. The second group of complexes contain binuclear units that are bridged by
acetato groups into infinite chains. The metal ions are displaced from the macrocyclic ligand
plane towards an acetato oxygen such that the coordination geometry of each metal is essentially
square pyramidal. A weak intramolecular antiferromagnetic exchange is present in both com-
plexes. The final complex appears to consist of tetranuclear species made up of two binuclear
units bridged through alcoholate anions. Once again the high-spin manganese ions are involved in
an antiferromagnetic exchange interaction.

The mononuclear species [Mn(LH2)](ClO4)2 and the heterodinuclear species [Mn(H2O)
LCuCl](ClO4) (where L= (207), n= 2, m= 3), have been synthesized and investigated.550 The
latter species exhibits antiferromagnetic spin exchange between the heterometals with
J=�31 cm�1. Related to the above, the heterodinuclear di(�-phenoxo) CoIIMnII complexes
[CoMnL(CH3COO)]ClO4 and [CoMnL(NCS)]ClO4, where L is the dianionic form of (208),

O– NN

Me

O– NN

Me

(CH2)n(CH2)m
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OH NN

N OH N

CH3

CH3
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have been synthesized.551 The first of these species undergoes reversible oxygenation at 0 �C in
dimethylformamide. An X-ray structure of the product, [{CoMnL(CH3COO)}2(O2)]
[ClO4]2�4MeCN, confirms that the cobalt resides in the ‘‘salen’’ site while the manganese
occupies the ‘‘saldien’’ site. The peroxo group bridges two {CoMnL(CH3COO)} units at their
cobalt centers. Each cobalt site has a pseudooctahedral coordination geometry, while the
manganese sites are best described as distorted six-coordinated.

The structure, properties, and catalase-like activity of [Mn2L(CH3COO)2], (where L= (207),
n=m= 4) have been investigated.552 This complex incorporates two manganese(II) ions bridged
by two phenolic oxygens in the equatorial plane and two acetate groups via the axial sites.
A pseudooctahedral geometry is assumed for each manganese ion. A strong antiferromagnetic
interaction is present in this complex. The catalytic function was postulated to occur through a
process involving interconversion between MnIIMnIII(OH) and MnIIMnIV(¼O) species.

The binucleating macrocycle (209) incorporating six- and four-coordination sites has been
synthesized.553 The doubly deprotonated form L of this ligand gives rise to the following mono-
nuclear and binuclear complexes: [MnLZnCl]PF6, [ZnLMnCl]PF6, [MnLMnCl]PF6, and the
mixed-valence species [MnL(�-Cl)MnCl]PF6. X-ray structures of the latter two complexes reveal
that each six-coordinate site has an unsymmetrical arrangement of the donors that appears to
reflect the presence of macrocyclic ligand strain. All of the complexes are effective catalysts for the
epoxidation of styrene using iodosobenzene. In subsequent studies554 the work has been extended
to include an investigation of a related binucleating chiral macrocyclic ligand formed by employing
a chiral diamine, (1S,2S)-trans-1,2-bis(aminomethyl)cyclopentane, for the macrocycle ring-closing
Schiff base reaction; this induces topological chirality about the six-coordinate site. A range of
complexes related to those mentioned above have been isolated and characterized. The presence
of the chiral diamine induces the formation of a single diastereoisomer in the
C2-symmetric complexes.
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Transmetallation of [Ba(LH2)(H2O)2](ClO4)2 with manganese acetate in methanol yields either
the pentamanganese(II) complex [Mn5L2(CH3COO)2(ClO4)2](ClO4)2 or the tetramanganese(II)
complex [Mn2(L)(CH3COO)]2(ClO4)2 (2), where H2L is a macrocyclic ligand formed by a [2þ 2]
condensation of 2,6-diacetylpyridine and 1,3-diaminopropan-2-ol.555 The complex obtained
appears to depend on the pretreatment of the methanol solution of manganese(II) acetate before
addition to the barium precursor complex. The X-ray structure of the pentamanganese complex
contains two folded binuclear macrocyclic units, which are bridged by a six-coordinated manga-
nese ion and two acetato groups. The structure is centrosymmetric with one of the manganese
ions being located on an inversion center. This manganese is bonded to two deprotonated
alkoxide oxygens from each macrocycle as well as to both acetato groups. The latter each bridge
three manganese ions, one from each macrocyclic unit and the one located at the inversion center.
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Transmetallation reactions using manganese(II) formate yielded only the tetramanganese complex
[Mn2(L)(HCO2)]2(ClO4)2. X-ray diffraction studies show that both this and the other tetraman-
ganese complex incorporate bridging carboxylate groups as well as Mn4(alkoxide)4 cubane cores.

The localized mixed-valent MnII
2MnIII

2 complexes of the tetranucleating macrocycle
(210) (LH4), formed by the [2þ 2] Schiff-base condensation of diformyl-4-methylphenol and
1,5-diaminopentan-3-ol, have been reported.556 The X-ray structures of [Mn4(L)O(CH3COO)3Cl
(MeOH)] and [Mn4(L)O(CH3COO)4(H2O)] have been determined. The observed redox states for
the individual metal centers have been rationalized in terms of the transmission of geometric
constraints between metal centers through the ligand framework. Such geometric control of redox
levels has been proposed to proceed via the overlapping of coordination spheres—a process that
appears likely to occur for polynuclear redox-active sites in metalloenzymes.

OH NN
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OH NN
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Dinuclear manganese(II) complexes of type [Mn2L(R0COO)]ClO4 (where L is the deprotonated
form of (211) (R=Me) and R0 is a substituted aryl ring) have been synthesized.557 The crystal
structure of the species with R equal to 2-O2NC6H4 showed the existence of two crystallographic
independant complex cations with slightly different conformations—attributed to crystal packing
differences. The complexes were observed to catalyze the disproportionation of hydrogen per-
oxide. Interestingly, the activities showed a characteristic V-shaped dependence on the pKa of the
carboxylic acid that is in accordance with protonation occurring prior to dissociation of RCO2

�.
A series of complexes have been reported of type [Mn2L(R0CO2)]ClO4, where LH2 is (211)

(with R=OMe, H, F, Br for R0=Me and R=Br for R=CF3).
558 The electrochemical redox

chemistry of these species was shown to be effectively controlled by the nature of R and R0. The
X-ray structure of the derivative with R=R0=Me shows that each manganese(II) ion has a
highly distorted octahedral geometry.

Template reaction of 2,6-diformyl-4-methylphenol, 1,8-diamino-3,6-dialkyl-3,6-diazaoctane
(alkyl=Me, Et), and manganese benzoate in a 1:1:2 molar ratio gives complexes of type
[Mn4L(BzO)6] where LH2 is the [2þ 2] condensation product between 2,6-diformyl-4-methyl-
phenol and 1,8-diamino-3,6-dialkyl-3,6-diazaoctane (alkyl=Me or Et).559 The structure of
[Mn4L(BzO)6(Me2CHOH)2]�2CH2Cl2 (for alkyl=Et) shows that it contains two pairs of six-
coordinated manganese(II) ions that are bridged by a phenolic oxygen and two benzoate groups.
The manganese ions in each pair are nonequivalent. One is bound to a phenolic oxygen, an imine
nitrogen, two oxygens of two bridging benzoate ligands, and two amine nitrogens. The other is
bound to a phenolic oxygen, an imine nitrogen, two oxygens from two bridging benzoate ions and
a monodentate benzoate ion, as well as an oxygen from a propan-2-ol molecule. A weak
antiferromagnetic interaction exists between the manganese ions. Dinuclear manganese(II)
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complexes of type [Mn2L(Z)](ClO4), where L is one of a series of variously substituted derivatives
of the above type and Z is a monodentate anionic ligand, have been reported.560 The effect of the
ligating anion on the catalase activity of these Schiff base manganese(II) complexes was shown to
depend on the nature of the ligand Z�.

The pendant arm ligand (212) (LH2), formed by a metal template reaction, gives rise to a
dinuclear species of type [Mn2L](ClO4)2.

561 An X-ray study has revealed an unusual structural
arrangement in which each manganese ion is bound to the donors of a pendant arm as well as to four
donors from the macrocycle—two (bridging) phenoxy oxygens and two imine nitrogens. Both
pendant arms are orientated on the same side of the macrocycle. Each metal ion is essentially
high spin, with only a very weak antiferromagnetic interaction between ions being evident. This
complex shows moderate activity as a catalyst for the decomposition of hydrogen peroxide.
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The large ring diphenol macrocycle (213) incorporating four pyridylmethyl groups yields the
tetranuclear species [Mn4L(CH3COO)4](ClO4)2�3H2O (where L is the doubly deprotonated form of
(213)) which shows antiferromagnetic interactions between the ligand-encapsulated metal centers.562
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Complexes incorporating copper(II) or nickel(II) and manganese(II) in heterodinucleating
macrocycles have been reported.563–566 For example, a complex of type [CuIIMnIIL](CH3-
COO)(BPh4), where L= (214), has been prepared and its X-ray structure determined.563 The
CuII and MnII ions lie in the four- and five-coordinate sites of the ligand, respectively. Once
again, antiferromagnetic spin exchange occurs between the metal centers.
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In addition to the systems mentioned already, a range of other heterobimetallic complexes in
which manganese(II) occupies one of the macrocyclic ligand sites has been reported.566 For example,
spin exchange coupling in [(VIVO)LMnII (�-CH3COO)(H2O)](ClO4)�H2O, where LH2= (215), has
been investigated. The observed magnetic behavior is characteristic of an antiferromagnetically
coupled system (with J=�14.2 cm�1). In a further example, solution studies involving potentio-
metric titrations showed that (216) interacts with manganese(II) in a stepwise fashion to form the

OH HNNH

NHNH OH
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corresponding dinuclear complex.567 In a an extension of this study, the presence of a 1:1:1 ratio of
(216):MnII:ZnII in the solution was demonstrated to result in the formation of the corresponding
species of stoichiometry [MnZnL]2þ (where L is the doubly deprotonated form of (216)).

Oxamidato-bridged CuII
3MnII tetranuclear complexes have been reported.568,569 For example,

[CuII
3MnII(�-L)3](N3)2�EtOH, incorporating the macrocyclic oxamide (217), has been synthe-

sized.569 The X-ray structure shows tetranuclear units in which the central MnII atom lies on a
twofold axis and is linked to each external CuII atom ion via exo-cis-arranged O atoms of the
oxamidato ligands.

OH HNNH

NN

NH HNOH

(216)

N N

N N

O

O

Cu

H

H

(217)

A high-spin manganese(II) complex of the sulfur containing, potentially pentadentate Schiff
base derivative (218) has been reported.570
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Mixed donor macrocycles have been employed in a number of applications involving the separa-
tion or analysis of manganese(II). These include examples of use of such a ligand as the extractant in
solvent extraction processes571,572 and as the ionophore in membrane transport studies.573,574

The stability constants (I= 0.1, 25 �C) of the deprotonated forms of the pendant arm macro-
cyclic species 1-thia-4,7-diazacyclononane-N,N0-diacetic acid and 1-thia-4,8-diazacyclodecane-
N,N0-diacetic acid, have been reported for a wide range of divalent metal ions.575 The ML logK
values for manganese(II) with these ligand species do not differ greatly at 9.25, and 8.97; as
expected, both are significantly higher than the value (8.48) for the related open-chain derivative
2,5-diazahexane-N,N0-diacetic acid.
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The host–guest interaction of manganese(II) with a range of ferrocene-containing species,
which included the dithia derivative (219), has been investigated in acetonitrile.576 Complexation
gave rise to a bathochromic shift of the lowest-energy ferrocene-centered d–d transitions.
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5.1.7.4 Oxidation State I

5.1.7.4.1 Nitrogen donor macrocycles

Reaction of 1,4,7-triazacyclononane with Mn(CO)5Br has been reported to yield orange-yellow
[MnL(CO)3]Br.577

5.1.7.4.2 Phosphorus donor macrocycles

The synthesis of a manganese(I) complex of the macrocyclic phosphine ligand 1,5,9-triethyl-1,5,9-
triphosphacyclododecane (L) has been reported.578 Thus, reaction of L with Mn(CO)5Br yields
MnL(CO)2Br whose six-coordinate structure was confirmed by X-ray diffraction.

5.1.7.4.3 Sulfur donor macrocycles

The reaction of [Mn(CO)5X] (X=Cl, Br, I) with 1,4,7-trithiacyclononane (L) in DMF yielded
products of type [MnL(CO)3]X in which the manganese is present in a pseudooctahedral
environment with three facially coordinated thioether donors and the three carbonyl groups
frilling the remaining positions.579 Reaction of this species with hydrazine hydrate gives rise to
[MnL(CO)2(NCO)] which reacts further with 5M HCl to form [MnL(CO)2Cl]. With NOBF4, the
[MnL(CO)3]

þ entity generates [MnL(CO)2(H2O)]þ as its tetrafluoroborate salt.
The related manganese(I) complexes of type fac-[MnL(CO)3] (where L is one of the tetrathia

macrocycles 1,4,7,10-tetrathiacyclododecane, 1,4,8-11-tetrathiacyclotetradecane, or 1,4,7,10,13-
pentathiacyclopentadecane) were obtained by reaction of fac-[Mn(CO)3(CH3COO)3]

þ with L in
acetonitrile.580 These species are readily decarbonylated with Me3NO to yield the corresponding
cis-[Mn(CO)2(L)]þ species. The facial arrangements in the products containing the 12- and
15-membered ring macrocycles were confirmed by X-ray structure determinations.

5.1.8 BIOINORGANIC CHEMISTRY

5.1.8.1 Introduction

Manganese is an essential metal cofactor in enzymes that cover the entire range of enzyme
functionality. It is only possible to include some of the more important and better-characterized
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examples of manganese ions in biological systems in this section. In many cases the references
given are to reviews and not to the original literature. The reader who desires greater detail is
referred to the review articles, to two handbooks,581,582 to a volume in the series Metal Ions in
Biological Systems devoted to manganese,583 and to reviews of manganese-containing enzymes584–591

that provide much greater detail than is possible here.
Manganese is an essential element with a recommended daily intake by humans of between 2

and 5mg. A 70 kg human contains about 20mg of manganese distributed approximately equally
between the soft tissue and bone. The distribution of manganese within the body is not uniform;
the concentration within the central nervous system is orders of magnitude greater than in most
other organs. Dietary manganese deficiency is rare in humans; in animals it results in impairment
in oxidant defences, cardiovascular and insulin production systems, altered lipoprotein metabo-
lism, arteriosclerosis, and diabetes. If the deficiency occurs during early development, there are
pronounced skeletal abnormalities and an irreversible ataxia. Manganese toxicity in humans
occurs in individuals with exposure to high levels of airborne manganese or where manganese
excretory pathways are compromised.592 The levels of manganese intake associated with adverse
effects are uncertain.

5.1.8.1.1 Manganese coordination spheres in proteins

Mn2þ is usually six-coordinate in proteins but examples of four- and five-coordinate Mn2þ have
been reported. The coordination environments of Mn2þ and Mn3þ in all structurally character-
ized proteins contain oxygen donor atoms and frequently oxygen is the only donor to Mn2þ. In
addition to protein side chain donor groups Mn2þ is frequently bound to one or more phosphate
oxygens of enzyme substrates such as ATP. Mn3þ in all structurally characterized examples is
bound to at least one histidine residue. There are only two structurally characterized examples of
Mn2þ bound to the sulfur of a cysteine or a methionine side chain. Both examples are described
below. Mn porphyrin complexes exhibit biological activity; however, there are no examples of Mn
being bound to a heme or a corrin ring in any proteins.593

5.1.8.1.2 Acquisition of Mn

Studies on how metal cofactors are transported into a cell, distributed to diverse locations within
the cell, and subsequently supplied to the correct metalloenzymes are very active areas of research.
A family of metal receptor proteins known as ‘‘metallochaperones’’ that acts in the intracellular
trafficking of metal ions has been recognized.594 The proteins responsible for the influx of Mn2þ

into bacterial cells, bacterial permeases, are members of the ‘‘ABC’’ (ATP binding cassette)
superfamily of transporter proteins.595,596 A cell surface protein of the pathogenic bacterium
Streptococcus pneumoniae involved in the uptake of Mn2þ and possibly Zn2þ has been structurally
characterized. The protein consists of two (�/
)4 domains linked by a single helix. The metal
binding site is four-coordinate, formed by the side chains of two histidines, a glutamate, and an
aspartate. In this structure the metal present is probably Zn2þ and when Mn2þ binds to this
protein the coordination geometry may well be different.597

Studies with Saccharomyces cerevisiae have shown that the uptake of any one metal ion is often
mediated by two or more specific transport systems.598 High-affinity systems are active in metal-
limited cells, whereas low-affinity systems operate when the metal ion is more abundant. These
systems are tightly controlled, and both transcriptional and posttranscriptional regulatory
mechanisms have been identified.599 Within the cell our knowledge of what happens to the
metal ions is sparse but it is known that in S. cerevisiae, a cell surface protein, Smf2p, is involved
in transport of Mn2þ to manganese superoxide dismutase and other manganese dependant
enzymes in the Golgi.600 Transport of Mn2þ into the secretory pathway of S. cerevisiae is
accomplished by an ATPase known as Pmr1p.601 Another protein, Atx2p, is a manganese home-
ostasis factor in intracellular vesicles602 and uptake of both Fe2þ and Mn2þ into intracellular
vesicles is accomplished by a protein Ccc1p.603

The uptake of manganese by plants and its transport within plants has been reviewed.604,605

Reviews describing Mn speciation in the blood and the transport kinetics of Mn into the central
nervous system of mammals have appeared.606,607 Manganese has a unique capacity to be taken
up via the olfactory pathways and pass trans-neuronally to other parts of the brain.608,609
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5.1.8.2 Enzymes with Mononuclear Active Sites

A listing of the enzymes and proteins believed to be Mn activated has been published but
undoubtedly other examples exist.589 Structurally characterized, Mn-activated enzymes and pro-
teins which are not included here include dioxygenases,610 integrins,611 muconate cycloisome-
rase,612 and isocitrate dehydrogenase.613

5.1.8.2.1 Manganese peroxidase

Peroxidases are heme proteins that are able to catalyze the oxidation of a large variety of
substrates through a reaction with hydrogen peroxide. A general review of the structural proper-
ties of peroxidases has been published614 and a review specific to manganese peroxidase (MnP)
has also appeared.615 The intense interest in these enzymes is due to their ability to degrade lignin
and recalcitrant pollutants.616–618 Each molecule of MnP contains about 360 amino acids, one
iron protoporphyrin IX prosthetic group, and two Ca2þ ions and is able to bind one Mn2þ. MnP
occurs in the extra cellular medium of a wide variety of white rot fungi. It oxidizes MnII to a
MnIII complex using H2O2 and the MnIII complex oxidizes the lignin or other compounds. The
ligands bound to the MnIII in vivo are not known. The crystal structure of MnP from the white
rot fungus, Phanerochaete chrysosporium, has been determined.619 The overall polypeptide fold is
similar to other peroxidases. The Mn2þ binding site is six-coordinate with two water molecules,
and four carboxylate ligands, Glu-35, Glu-39, Asp-179, and a propionate residue attached to the
heme (Figure 23). Electron transfer is assumed to take place via the propionate ligand although
Glu-35 and Asp-179 residues influence the electron transfer from Mn2þ to the enzyme.620

5.1.8.2.2 Superoxide dismutase

Superoxide dismutase (SOD) catalyzes the reaction shown in Equation (1):

2O2
– + 2H+       H2O2 + O2

ð1Þ

It is believed that MnSOD plays a pivotal role in many diseases.621,622 There have been many
reviews of the biochemistry of MnSOD623,624 and focusing on the structural aspects of the
enzyme.625 Four different types of SOD are known, a Cu/Zn-containing SOD, a FeSOD, a
NiSOD, and MnSOD. MnSODs, which are structurally related to the FeSODs, have a Mr of
�23,000 (�200 amino acids) and function as a dimer or as a tetramer. MnSOD catalyzes the
dismutation reaction by cycling between the þ2 and þ3 oxidation states. One proton is taken up
by the system in each step (Equation (2)):

MnIIISOD + O2
– + H+           MnIISODH+ + O2

MnIISODH+ + H+ + O2
–         MnIIISOD + H2O2   

ð2Þ
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Figure 23 Schematic representation of the active site in Manganese peroxidase.
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Crystal structure determinations of MnSODs from organisms ranging from E. coli to humans
have been reported. Structural determinations of note include those by Jameson et al. on the
E. coli enzyme and mutant forms of this enzyme with atomic resolution,626–628 a cambialistic
superoxide dismutase from Porphyromonas gingivalis,629 and mutant forms of the human
enzyme; the Y34F,630,631 Q143N,632 and Q143A mutants.633 The coordination sphere of the
Mn in the active site of these MnSODs is illustrated in Figure 24. Glu-143 in human manganese
superoxide dismutase forms a hydrogen bond with the coordinated water (or OH) molecule.
Crystal structures reveal that the Q143A mutation makes no significant change in the overall
structure of the enzyme. Two water molecules in this MnSOD are situated at positions nearly
identical with the O and N groups of the replaced Gln-143 side chain and maintained the
hydrogen-bonded network connecting the manganese-bound solvent molecule to other residues
in the active site.633

One area of research interest has been the metal ion specificity of the MnSOD and FeSOD
molecules. The tertiary structures of these molecules are very similar and the ligands coordinated
to the metal ions are identical. Many organisms contain both forms of the enzyme and each form
has an absolute specificity for its metal ion, the enzyme is completely inactive if the wrong metal
ion is present. Cambialistic enzymes that occur in some organisms are active with either metal ion
present in the active site. Comparisons of the structures of the MnSOD, FeSOD, and the
cambialistic enzymes have not revealed any single obvious structural differences that could
explain this phenomenon.634

Vance and Miller et al. have shown that the inactivity of enzyme is due to changes in the
redox potentials of the enzyme. In order to dismute O2

� the redox potential of the enzyme
must lie between the E � values for the reactions shown in Equation (3). The E � value of the
E. coli MnSOD enzyme is 0.290V and that for the FeSOD is 0.220V. The Fe-substituted form
of the Mn enzyme has E �=�0.240V635 and Mn-substituted FeSOD has E �> 0.960V.636

These values are outside the required range and the changes in redox potentials are not due
to changes in the metal ligands. Mutations of His-30 and Tyr-34, two conserved residues in
the immediate vicinity of the metal binding site, do not alter the redox potential of the enzyme
either:637

O2
– + 2H+ + e–           H2O2   E° = 0.89 V

O2 + e–          O2
–   E° = –0.16 V   

ð3Þ

Wild type E. coli MnSOD has a glycine at position 77, and a glutamine at position 146. Gln-
146 is hydrogen bonded to the coordinated water molecule or OH� group. Most FeSOD
molecules have a glutamine at a position equivalent to 77 of the E. coli enzyme and this
glutamine is hydrogen bonded to the coordinated solvent. A (G77Q, Q146A) double mutant
of E. coli MnSOD with the active site Gln in the location characteristic of Fe-specific SODs has
an active site that is spectroscopically similar to that of MnSOD. The Fe-supported activity of
this mutant is at least 7% that of FeSOD, in contrast to wild type Fe-substituted MnSOD,
which has no activity. Thus, this mutation has converted the Mn-specific SOD into a cambia-
listic SOD and the Gln residue is an important, but not the only, determinant of metal ion
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Figure 24 Active site of the MnSOD molecule. Active site residues are numbered in accordance with the
E. coli enzyme.
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specificity. The active site of Fe3þ-substiturted MnSOD differs from that of Fe3þ-SOD
with respect to the EPR signals produced at both neutral and high pH, suggesting different
coordination environments for Fe3þ.638 A 15NNMR study of the Fe2þ forms of the enzymes has
drawn similar conclusions.639

Other mutagenesis studies of E. coli MnSOD have shown that the highly conserved Tyr-34,
which is hydrogen bonded to Gln-146, is not essential for catalysis.631 In E. coli MnSOD,
Glu-170 of one monomer is hydrogen bonded to the Mn ligand, His-171, of the other
monomer, forming a double bridge at the dimer interface. The E170A mutant protein was
found to occur as a mixture of dimer and monomer species, to be devoid of SOD activity, and
to contain exclusively iron as the metal cofactor. The manganese-containing form of this mutant
is also inactive.640 In human MnSOD His-30 is partially exposed to solvent, and its side chain
participates in a hydrogen-bonded network that includes the active-site residues Tyr-166 and
Tyr-34, and extends to the Mn-bound water molecule. Other position 30 mutants and the
mutant containing Phe-166 showed a 10–40-fold decrease in kcat. This is the same magnitude
of decrease in kcat obtained by replacing Tyr-34 by Phe, suggesting that interrupting the active-
site hydrogen bond network at any of the sites of these three participants (His-30, Tyr-34, and
Tyr-166) leads to an equivalent decrease in kcat and probably less efficient proton transfer to
product peroxide.641

5.1.8.2.3 3-Deoxy-D-arabino-heptulosonate-7-phosphate synthetase

3-Deoxy-D-arabino-heptulosonate-7-phosphate synthetase (DAHPS) is the initial enzyme in the
pathway responsible for the synthesis of aromatic compounds in microorganisms and plants. It
catalyses the reaction shown in Equation (4):

O

H

H

CO2
O

H
OPO3

OH

OH
O

CH2
OH

OH
OH

CH2PO3

COOH

DAHP

PO4OH2 ++
+O3P

ð4Þ

The structure DAHPS from E. coli with Mn2þ and the substrate analogue, 2-phosphoglycolate
(PGL), in the active site has been determined. Mn2þ, the most efficient metal activator of
DAHPS, is coordinated by four amino acid side chains; the PGL and a water molecule complete
the octahedral coordination (Figure 25).642 This structure is notable for the fact that it contains a
rare example of a Mn—S bond in a protein. The Mn—S bond is quite long, 2.74 Å, and
spectroscopic evidence for the formation of this bond is lacking.643
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Figure 25 Schematic of the active site of DAHPS with the substrate analogue PGL bound to Mn2þ.
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5.1.8.2.4 Inorganic pyrophosphatase

Inorganic pyrophosphatases (PPiase) are found in almost all living cells, where they catalyze the
hydrolysis of P2O7

4� to phosphate. All known PPiases require a divalent metal ion for cata-
lysis,Mg2þ usually has the highest activity. Crystal structures of theMg2þ-activated enzymes from
a number of organisms, Sulfolobus acidocaldarius,644 S. cerevisiae645–647 and E. coli648–650 have
been determined with Mn2þ bound in the active site and these structural studies have been
reviewed.651 The active site structure formed by �15 amino acid residues and the three or four
metal ions are highly conserved in these different enzymes. The ligands to the metal ions in these
structures are aspartate and glutamate side chains, water molecules, and phosphate oxygens.

In 1998 the long-known Bacillus subtilis inorganic pyrophosphatase was characterized and
found to have much greater activity than the above enzymes, to have a completely different
amino acid sequence, not to be inhibited by F� and to be activated by Mn2þ.652–656 This form of
the enzyme has since been recognized as being present in many more bacterial species. Crystal
structures of the enzymes from Streptococcus mutans657 and from Streptococcus gordonii658 have
been determined. The active site geometry is shown in Figure 26. The preference for Mn2þ

overMg2þ is explained by the histidine ligands.

5.1.8.2.5 Oxalate decarboxylase

Oxalate decarboxylase converts oxalate to formate and CO2 and requires dioxygen and Mn2þ for
activity.659 Structurally the enzyme from Bacillus subtilis belongs to the cupin superfamily of
enzymes, having a �-sandwich domain with one seven-stranded �-sheet and one five-stranded
�-sheet within a �-barrel structure. The molecule has two domains, each domain contains one
Mn2þ binding site, the two sites are separated by 26 Å. A schematic diagram of the metal binding
site is shown in Figure 27. Both Mn ions are coordinated to four protein residues, three histidines,
and a glutamate carboxylate. One metal completes its octahedral coordination with two water
molecules and the other completes its coordination with a water molecule and a formate ion.660

The metal coordination sphere is almost identical to that in oxalate oxidase discussed below and
very similar to the five-coordinate manganese in superoxide dismutase.

5.1.8.2.6 Oxalate oxidase

Oxalate oxidase catalyzes the reaction shown in Equation (5):

C2O4
2– + O2 + 2H+          H2O2 + 2CO2

ð5Þ
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Figure 26 Schematic of the Mn2þ coordination sphere in manganese inorganic pyrophosphatase.
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Germin, a plant protein involved in seed germination, is an oxalate oxidase. Germin isolated
from Hordeum vulgare has both an oxalate oxidase and a superoxide dismutase activity.661 In
contrast, a germin-like protein isolated from the moss Barbula unguiculata has superoxide dis-
mutase activity but no oxalate oxidase activity.662 The structure of the enzyme from Hordeum
vulgare revealed the same Mn2þ coordination sphere as the Mn2þ in oxalate decarboxylase
described above.661 Reasons for the different activities of oxalate oxidase and oxalate decarbox-
ylase given their structural similarity have been discussed.660 One appealing explanation is that
the active site of oxalate oxidase lacks a proton donor whereas oxalate decarboxylase has several
possible residues able to donate protons.

5.1.8.2.7 Isopentenyl diphosphate isomerase

Isopentenyl diphosphate isomerase catalyzes the isomerization of isopentenyl diphosphate to
dimethylallyl diphosphate (Equation (6)):663,664

PPO PPO ð6Þ

These two compounds constitute the basic building blocks of isoprenoids, a family of com-
pounds that is extraordinarily diverse in structure and function. The enzyme requires one Mn2þ

orMg2þ ion to fold into its active conformation. Crystal structures of the enzyme from E. coli
have been reported and the active site is shown in Figure 28.665,666 Two critical residues, Cys-67
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Figure 27 Schematic of one active site of oxalate decarboxylase from Bacillus subtilis. The other active site
is similar but a water molecule replaces the formate.
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Bonanno et al.666 the bidentate glutamate is monodentate and theMn2þ has a distorted square pyramidal geometry.
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and Glu-116, face each other within the active site, close to the metal binding site. The mechanism
is believed to involve protonation of the carbon–carbon double by the cysteine, with the
antarafacial rearrangement ultimately achieved by one of the glutamates involved in the metal
coordination sphere.

5.1.8.2.8 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase

2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase catalyses the conversion of 4-diphospho-
cytidyl-2-C-methyl-D-erythritol 2-phosphate to 2-C-methyl-D-erythritol 2,4-cyclodiphosphate
(MECDP) (Equation (7)). This reaction is part of the isoprenoid biosynthesis pathway in many
plants and bacteria. The structure of the E. coli enzyme bound to Mn2þ, cytosine monopho-
sphate, and 2-C-methyl-D-erythritol 2,4-cyclodiphosphate has been determined.667 The enzyme in
the crystal and probably in solution is trimeric, three monomers are packed in a circular assembly
with three-fold symmetry. The active site is at the interface of two adjacent monomers; all the
ligands bound to the Mn2þ come from one monomer and a MECDP molecule. The structure of
this active site is shown in Figure 29:
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5.1.8.3 Enzymes with Binuclear Active Sites

Enzymes with binuclear Mn2þ active sites that have not yet been structurally characterized
include a glycohydrolase responsible for regulating the activity of the nitrogenase enzyme;668,669

�-glutamylcysteine synthetase which catalyzes the first and rate-limiting step in glutathione
biosynthesis;670 the major sperm protein of Ascaris suum;671 many sugar transferases;589 a thio-
sulfate oxidizing enzyme;672 a Mn2þ activated alkaline phosphatase;673 amidohydrolases related
to arginase,674 arginine deaminase;675 agmatinase;676 formiminoglutamase;677 the MutT enzyme
that catalyses the hydrolysis of nucleoside triphosphates to yield nucleoside monophosphate and
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Figure 29 Schematic view of the metal binding site of MECDP synthase.
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pyrophosphate;678,679 ribonucleotide reductase from Corynebacterium ammoniagenes;680 and the
enzymes responsible for the cleavage of peptide bonds in proline-containing dipeptides and
tripeptides, prolinase and prolidase.681,682 Structurally characterized examples not included in
the discussion below include endonucleases;683–685 a phosphotriesterase from Pseudomonas dimin-
uta that catalyzes the hydrolysis of organophosphate nerve agents;686 and lectins.687,688

5.1.8.3.1 Aminopeptidases

Aminopeptidases catalyze the hydrolysis of the amino end of polypeptides and proteins.689

The cyclic structure of proline imposes conformational constraints on proline-containing
polypeptides. These constraints provide protection against nonspecific proteolytic cleavage but
proline-containing polypeptides can be sequentially degraded by two Mn2þ-dependant amino-
peptidases.681 Human clostridial aminopeptidase cleaves any N-terminal amino acid residue
including proline from polypeptide chains, but does not cleave the N-terminal peptide bonds
involving a prolyl nitrogen. Aminopeptidase P cleaves such prolyl nitrogen bonds.690–692 A form
of the human enzyme apparently contains only a single Mn2þ ion.693 The binuclear enzyme has
been structurally characterized and studied using EPR, EXAFS, and XANES.694 The active site,
in the C-terminal domain, contains a binuclear manganese center (the Mn—Mn distance is
3.3 Å). A representation of the structure of the active site is shown in Figure 30. The bridging
H2O or OH� apparently acts as the nucleophile in the attack on the scissile peptide bond of the
substrate.

5.1.8.3.2 Arginase

Arginase is a binuclear Mn2þ-activated enzyme that catalyzes the hydrolysis of L-arginine to
L-ornithine and urea. A number of reviews of the behavior and structure of arginase have
appeared.585,695–697 Structures of arginase from B. caldovelox698 and the rat liver enzyme699–703

have been determined. Both forms contain a binuclear active site and forms of the enzyme that
contain only one Mn2þ have very low activity.704 The Mn2þ ions are located at the bottom of a
15 Å deep cleft in the monomer, separated by 3.3 Å, and are bridged by a OH� ion and two
aspartate residues. Figure 31 shows the metal coordination sphere. The mechanism for the
hydrolysis reaction is believed to involve the arginine substrate hydrogen bonding to four
amino acid side chains via the guanidine group. This places the carbon atom of the guanidine
group directly over the bridging OH group at a distance of 2.25 Å and ideally placed for
nucleophilic attack.

5.1.8.3.3 Proclavaminate amidino hydrolase

Proclavaminate amidino hydrolase (PAH) is one of a number of enzymes that are Mn2þ activated
and whose amino acid sequence shows strong homology with arginase.677 PAH catalyzes the
hydrolysis of a guanidino group to give proclavaminate and urea (Equation (8)):
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Figure 30 Schematic view of the active site of the aminopeptidase P from E. coli.
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Arginine is capable of binding in the active site of PAH but it is not an enzyme substrate.
Crystal structures of PAH from Streptomyces clavuligerus show that the metal binding site is very
similar to that of arginase and the Mn—Mn distance is 3.3 Å The main difference between
arginase and PAH is in the binding pocket at the ‘‘
-amino-terminus’’ of the substrate.705

5.1.8.3.4 Catalase

Catalases catalyze the conversion of hydrogen peroxide to dioxygen and water. Two families of
catalases are known, one having a heme cofactor and the second a structurally distinct family,
found in thermophilic and lactic acid bacteria.706 The manganese enzymes contain a binuclear
active site and the functional form of the enzyme cycles between the (MnII)2 and the (MnIII)2
oxidation states. When isolated, the enzyme is in a mixture of oxidation states including the
MnIII/MnIV superoxidized state and this form of the enzyme has been extensively studied using
XAS, UV–visible, EPR, and ESEEM spectroscopies.707 Multifrequency EPR and microwave
polarization studies of the (MnII)2 catalytically active enzyme from L. plantarum have also been
reported.708

Crystal structures of manganese catalases (in the (III)2 oxidation state) from Lactobacillus
plantarum,709 its azide-inhibited complex,624 and from Thermus thermophilus710 have been deter-
mined. There are differences between the structures that may reflect distinct biological functions
for the two enzymes, the L. plantarum enzyme functions only as a catalase, while the T. thermo-
philus enzyme may function as a catalase/peroxidase.709 The active sites are conserved in the two
enzymes and are shown schematically in Figure 32. Each subunit contains an Mn2 active site,
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accessed by a single substrate channel lined by charged residues. The active site is enclosed within
a web of hydrogen bonds that radiates out from the metal centers. The Mn2O2 core is not planar,
the oxygen bridging atoms arch about 12 � above the Mn—Mn vector. The Mn—Mn separation
is 3.03 Å and the Mn—O bonds to the bridging oxygens trans to the histidines are longer,
consistent with an OH� bridge. In the (II)2 form of the enzyme it is known from EXAFS studies
that the Mn—Mn separation is significantly longer (3.53 Å) so that the groups bridging the Mn
atoms may change with oxidation state.709

5.1.8.3.5 Protein phosphatases

Phosphorylation of serine, threonine, and tyrosine side-chain OH groups of proteins by kinases
and their dephosphorylation by protein phosphatases provides an important mechanism for
biological regulation. Tyrosine phosphatases are not metalloenzymes but the serine/threonine
phosphatases contain a bimetallic site.

(i) Purple acid phosphatase

Purple acid phosphatase (PAP) or tartrate-resistant phosphatase is not thought to be a protein
phosphatase but it has a very similar dimetallic active site structure to that found in protein
phosphatases.711,712 PAPs have been identified in bacteria, plants, mammals, and fungi.713 The
molecular weights (animal �35 kDa, plant �55 kDa) are different and they exhibit low sequence
homology between kingdoms but the residues involved in coordination of the metal ions are
invariant.714 There has been considerable debate as to the identity of the metal ions in PAPs
in vivo. Sweet potato, Ipomoea batatas, has been shown to possess two different PAP enzymes715 and
the active site of one of them has been shown to contain one Fe3þ and one Zn2þ ion.716,717 Another
report has established that the active site of a PAP from sweet potato contains one Fe3þ and one
Mn2þ.718 The well-characterized red kidney bean enzyme and the soybean enzyme contain Fe3þ and
Zn2þ.719 Claims that PAP from sweet potato has 2Fe ions or 2Mn ions have been discussed
elsewhere.584 One explanation is that these are different forms of the enzyme, another is that because
the metal ions are labile and are rapidly incorporated into the active site, the enzyme contains a
mixture of metal ions in vivo and the form isolated depends on the conditions of isolation.

Crystal structures of PAP from red kidney beans,720 rat,721 and pig722 are available. A crystal
structure determination of the Fe/Mn sweet potato enzyme has been carried out.723 The structures
of the active sites are shown in Figure 33.

(ii) Protein phosphatases

In mammalian tissues four different types of protein phosphatases, known as PP1, PP2A, PP2B (or
calcineurin), and PP2C, have been identified. Except for PP2C, these enzymes are evolutionary
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related. These protein phosphatases are responsible for the hydrolysis of serine and threonine esters;
they have two active site metal ions and many are activated by Mn2þ.586,712,724–727 Mn2þ is probably
not the native metal in most PP1 and PP2B enzymes but it is a potent activator of both enzymes and
may be the in vivo metal ion in some species.728 The rabbit muscle PP1 becomes Mn2þ dependant
upon long storage and when expressed in E. coli.729 In many organisms the native metals are
probably Fe/Zn but the crystals used in the crystal structure determination of the human PP1
enzyme contained manganese and the metals were modeled as one Mn and one Fe atom in the
refinement. Both metal ions are five coordinate, one has a square pyramidal geometry and the other has
trigonal bipyramidal coordination. A later determination of the structure of human PP1 modeled the
metal ions as manganese.730 Human PP2A occurs in a number of forms, a Fe/Zn-activated form and a
Mn-activated form,731,732 but a crystal structure is not yet available. The sole structure of P2B was
modeled with Zn2þ/Fe3þ in the active site.733 PP2C enzymes exist in at least five different forms (
, �, �,
�, and ) and all appear to be Mn dependant. Human PP2C contains a binuclear Mn2þ active site. The
metal ion coordination differs considerably from the other protein phosphatases. Protein architecture is
similar in the PP1, PP2A, PP2B, and PP2C enzymes despite the lack of sequence similarity. The active
sites of the PP1, PP2B, and PP2C enzymes are shown in Figure 34. The metal binding sites in PP1 and
PP2B are similar, both metal ions are five-coordinate, one metal ion is bound to two histidines and a
glutamine residue, the other is bound to a histidine, an aspartate, and a water molecule. A bridging
monodentate aspartate joins the two metal ions and there is another bridging group, the identity of
which may be dependant on the isolation conditions of the crystal. The metal-binding site in PP2C is
quite different, the metal ions are six-coordinate and the ligands are all oxygen atoms.

A protein phosphatase from bacteriophage 	 is also Mn2þ dependant with a high- and low-
affinity binding site for Mn. Analysis of mutant forms has shown that the high-affinity site has
His-186 and Asn-75 as ligands and His-22 is a ligand to the lower-affinity binding site.734 This
phosphatase has been structurally characterized.735 There are three molecules in the asymmetric
unit and the active site is very similar to the active sites of PP1. There are two differences in the
coordination sphere of the metals; both Mn ions are six-coordinate, the low-affinity binding site
Mn has two coordinated water molecules and there is a sulfate ion coordinated to the high-
affinity metal center. In two of the molecules in the asymmetric unit the sulfate is coordinated as a
monodentate ligand to the Mn ion in the high-affinity binding site; in the third molecule the
sulfate acts as a tridentate bridging ligand between the Mn atoms.

5.1.8.3.6 Phosphoglycerate mutase

There are two types of phosphoglycerate mutase, one form from plants and some bacteria is Mn2þ

dependant, the other form, from mammals, yeast, and some bacteria, is not activated by metal ions.
These enzymes catalyze the interconversion of 3-phosphoglycerate and 2-phosphoglycerate. The enzyme
fromBacillus stearothermophilus has been structurally characterized and has a globular shape containing
two domains with similar folds. The two metal ions are located in a cleft between the two domains. One
Mn ion is bound to the protein via Asp-403, His-409, and His-462 and bound to two phosphate oxygens
from 2-phosphoglycerate present in the active site. The other Mn ion is bound to Asp-12 (bidentate),
Ser-62, His-444, and His-445. Both metal ions have a distorted square pyramidal geometry. There is a
weak interaction (3.33 Å) from the second Mn to one of the phosphate oxygens bound to the
other Mn2þ.737–739 A schematic view of this active site is shown in Figure 35. The Mn—Mn distance
is 4.92 Å. The mechanism of the reaction suggested by these structures has one domain that
participates in a phosphatase reaction and the formation of a phosphoserine enzyme intermediate.
The other domain is involved in the phosphotransferase reaction regenerating phosphoglycerate.738

5.1.8.3.7 Glutamine synthetase

Glutamine synthetase catalyzes the conversion of L-glutamate, ATP, and ammonia into
L-glutamine, ADP, and PO4

3�. Divalent metal ions are required for activity and Mn2þ orMg2þ

are the in vivo activators. Two different types of glutamine synthetase have been identified in the
cyanobacterium Synechocystis sp. PCC 6803. The second type has a different amino acid sequence
from the prokaryotic and the eukaryotic glutamine synthetases. This enzyme is composed of six
identical subunits with an apparent molecular mass of 80 kDa and is strongly stabilized in the
presence of Mn2þ but not by other divalent cations and its structure is unknown.740
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X-ray crystal structures of glutamine synthetase from both Salmonella typhimurium741 and
Mycobacterium tuberculosis742 are very similar. Structures of wild type enzymes and of active
site mutants have been determined. All structures have been solved with Mn2þ in the active site.
There are twelve identical subunits arranged in two face-to-face symmetrical hexamers. The active
sites are in funnel-shaped open-ended cavities located between adjacent subunits of the hexamer.
These cavities are �45 Å long, 30 Å wide at the outer end, and 10 Å wide at the inner end and the
active site with the two Mn2þ ions is approximately halfway down the cavity. The metal–metal
distance is 5.8 Å. The more tightly bound Mn2þ is coordinated to the side chains of Glu-131, Glu-
212, Glu-220, and two water molecules, one of which is shared by both metal ions. Glu-129, Glu-
357, His-269, and two additional water molecules are bound to the Mn2þ at the lower affinity site.
A schematic view of the active site metal coordination is shown in Figure 36.
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The proposed mechanism involves the binding of ATP adjacent to one Mn2þ and glutamate
adjacent to the other Mn2þ followed by glutamate attack on the �-phosphorus atom of ATP,
producing a �-glutamyl phosphate intermediate and releasing ADP. Ammonia then attacks the
�-glutamyl phosphate intermediate, forming another intermediate from which inorganic phos-
phate and glutamine are released.

5.1.8.3.8 Isomerases

Many sugar isomerases are activated by Mn2þ.589 Three Mn2þ activated sugar isomerases have been
structurally characterized, xylose isomerase, fucose isomerase, and rhamnose isomerase. Xylose
isomerase catalyzes the interconversion of D-xylose and D-xylulose (Equation (9)) and also the
interconversion of D-glucose and D-fructose. This latter activity is the basis of the important commer-
cial application of this enzyme.743 Xylose isomerase is widely distributed in bacteria and plants and the
catalytic and metal binding sites are conserved.Mg2þ, Co2þ, and Mn2þ are the activating cations.
Mn2þ gives the highest activity in Escherichia, Bacillus, and Lactobacillus species, in Paenibacillus sp.,
and in barley.744,745 EPR studies of the Mn2þ forms of the enzyme have been reviewed.746 The
generally agreed mechanism involves ring opening as the first step followed by a proton shuttle
involving a structural water molecule, and then a rate-determining hydride shift step. The role of
metal ions in the catalytic process has been discussed in detail.747
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Crystal structure determinations of xylose isomerases with Mn2þ in the active site have been
reported from many different bacteria.748 The structures from different bacterial species are
similar, each monomer consists of an eight-stranded �/
 barrel and a C-terminal domain
which loops around the barrel of a neighboring molecule. The active site, located near the
center of the barrel, contains two metal ions and the metal-binding ligands are conserved in
all species investigated. The metal ions are bridged by a glutamate residue and are 4.9 Å apart
in the substrate-free form of the enzyme. A schematic view of the active site is shown in
Figure 37.

L-Rhamnose isomerase catalyzes the interconversion of L-rhamnose and L-rhamnulose.
L-Rhamnose, a deoxy sugar, is found in bacteria and plants and it plays an essential role in
many pathogenic bacteria. The pathway for the metabolism of this sugar does not exist in
humans, and this makes enzymes of this pathway attractive targets for therapeutic interven-
tion.749 Rhamnose isomerase from E. coli is a tetramer of (�/
)8-barrels similar to xylose
isomerase.750 The binuclear metal center in rhamnose isomerase appears to bind one Zn2þ

and one Mn2þ. The metal-mediated hydride-shift mechanism outlined above is also feasible
for L-rhamnose isomerase.

L-Fucose isomerase catalyzes the interconversion of L-fucose to L-fuculose and D-arabinose
to D-ribulose. It has neither sequence nor structural similarity with the other aldose–ketose
isomerases. A crystal structure of the E. coli enzyme with an L-fucitol bound in the active
site shows that the active site is located in a 20 Å deep pocket, at the bottom of which is a
single Mn2þ ion. Mn2þ is bound to O1 and O2 of L-fucitol; the side chains of a monodentate
Glu-337, a bidentate Asp-361 (with long bonds to both oxygens), His-528; and a water
molecule.751

5.1.8.3.9 Transferases

Proteins and lipids are frequently modified by attachment of carbohydrate groups and add-
itional sugar residues can then be added to the attached sugars to form complex oligosacchar-
ide structures. These glysolated molecules have a wide range of roles including the
determination of protein structure and folding, the determination of membrane and cell wall
structures, and they can provide recognition elements in cell–cell interactions. Many different
enzymes catalyze these glysolation reactions; 12 different groups and 5 families of galactosyl-
transferases and 27 families of glycosyltransferases have been recognized on the basis of sequence
comparisons. In most cases these enzymes catalyze the transfer of a nucleotide sugar residue to a
hydroxyl group on the target protein, lipid, or carbohydrate although some use lipid-based
dolichol phosphate sugars. Many glycosyltransferases require divalent metal ions for activity.
The concentration of Mn2þ required in vitro to give maximum activity with these enzymes is
usually >1mM and such a high concentration would normally exclude them from consideration
as Mn2þ-activated enzymes. However, Mn2þ is often the only divalent metal ion that shows
activity. Our understanding of the behavior of these enzymes has advanced rapidly since the
late 1990s as a result of a number of crystal structure determinations. In many of the determined
structures the Mn2þ is bound to the substrate (often in a bidentate fashion) and is attached to the
protein by only one carboxylate side chain.
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(i) Ribosyltransferases

Structures of Mn2þ-activated ribose sugar transferases, hypoxanthineguanidine phosphoribosyl-
transferase from Trypanosoma cruzi752,753 and Toxoplasma gondii,754–756 and quinolinic acid
phosphoribosyltransferase from Mycobacterium tuberculosis,757 are available. The binuclear
Mn2þ binding sites in the hypoxanthineguanidine phosphoribosyltransferases are almost identical
and are illustrated in Figure 38. One Mn2þ is coordinated by two ribose hydroxyl groups, two

- and �-pyrophosphate oxygens, and two water molecules, while the other Mn2þ is bound to
four water molecules and to 
- and �-pyrophosphate oxygens. The active site in the quinolinic
acid phosphoribosyltransferase757 is similar except that Asp-193 is replaced by a water molecule.

(ii) Galactosyltransferases

UDP-galactose:�-galactosyl-
-1,3-galactosyltransferase catalyzes the transfer of galactose from
UDP
-D-galactose to an acceptor having LacNAc(Gal�1,4GlcNAc) as the terminal disacchar-
ide. This enzyme, which requires two Mn2þ ions for activity, is expressed in most mammals, but
is absent from humans. Natural antibodies are directed at its product, the 
-galactose epitope
and these antibodies present a major barrier to the use of nonhuman organs for xenotransplanta-
tion in humans. The structure of the bovine enzyme has been solved and the active site is in a
deep tunnel inside the molecule.758–760 Only one Mn2þ ion could be identified in the crystals
studied. The metal ion coordination is shown in Figure 39. Mn2þ is bound to the 
- and
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�-phosphates of UDP, two aspartate residues, one monodentate and the other bidentate, and a
water molecule. These aspartates form part of the DVD sequence motif known from mutagen-
esis studies to be essential for enzymatic activity. The other Mn2þ binding site has not been
identified.

Bacterial pathogens, such as Neisseria meningitides, can express lipooligosaccharides that mimic
human cell surface glycoconjugates, enabling the bacteria to attach to host receptors and to evade
the immune response. A key enzyme in this process catalyzes the transfer of 
-D-galactose from
UDP-galactose to a terminal lactose. Crystal structures of the complex of this enzyme with Mn2þ

and UDP 2-deoxy-2-fluoro-galactose (a donor sugar analogue) in the presence and absence of the
acceptor sugar analogue 40-deoxylactose have been determined.761 In these structures Mn2þ is six-
coordinate with a monodentate and bidentate aspartate, a histidine, and two phosphate oxygens
as ligands.

�-1,4-Galactosyltransferase I (�4Gal-T1) is a bifunctional enzyme. It transfers galactose (Gal)
from UDP-galactose (UDP-Gal) to N-acetylglucosamine (GlcNAc). In the presence of 
-lactal-
bumin (LA), �4Gal-T1 transfers Gal to glucose (Glc), so that it is both a galactosyltransferase
and a lactose synthase. Crystal structures of the Gal-T1LA complex with UDP-GlcMn2þ have
been determined. The Mn2þ is five-coordinate with two phosphate oxygen donors from the UDP;
a carboxylate oxygen from an aspartate, nitrogen from a histidine, and sulfur from a methionine
residue making up the coordination sphere.762,763

(iii) Glucosyltransferases

X-ray crystal structures of bacteriophage T4 �-glucosyltransferase,764 Bacillus subtilis
SpsA,765,766 and rabbit N-acetylglucosaminyltransferase I767 have been solved and a commen-
tary on these structures has appeared.768 SpsA is a glycosyltransferase implicated in the
synthesis of the spore coat of Bacillus subtilis, whose homologues include cellulose synthase
and many lipopolysaccharide and bacterial O-antigen synthases. Structures of uncomplexed
SpsA and in complex with both M-UDP and M-dTDP (M=Mg2þ and Mn2þ) have been
determined.765,766 In the Mn-UDP complex the Mn binding is very similar to the coordination
sphere of the Mn2þ in �-1,3- galactosylytransferase (Figure 39), The UDP is a bidentate ligand
binding via 
- and �-phosphate oxygens. The only point of attachment of the metal ion to the
protein is a monodentate aspartate, as opposed to a bidentate attachment in �-1,3-galactosyly-
transferase. There is a water molecule in the vacated coordination site. Another point of
difference is that there is anMg2þ ion in the active site; it is bound to an 
-phosphate oxygen
of UDP, four water molecules, and an OH of a glycerol molecule. A schematic view of the active
site is shown in Figure 40.

Two other structurally characterized transferases have the same or almost the same mode of
Mn2þ coordination as Mn2þ in Bacillus subtilis glycosyltransferase SpsA described above.
N-acetylglucosaminyltransferase I which serves as the gateway from oligomannose to hybrid and
complex N-glycans and plays a critical role in mammalian development, has the same active site
structure except theMg2þ ion and the glycerol are not present.767 � 1,3-Glucuronyltransferase I

O

D99

OH

OH

Mn
O

OH2

O

O

OH2

P
O P

O

O
O

O

O

O
N

NH

O

OHOHMg

H2O

OH2

OH2

OH2

OH H2O

Figure 40 Active site of the Mn-UDP complex of SpsA.

Manganese 107



is the transferase responsible for the formation of the � 1,3-glycosidic bond in the first step in
the formation of proteoglycans with side chains such as heparan sulfate and chondroitin
sulphate. The Mn2þ has octahedral coordination, the 
- and �-phosphates of UDP, a bidentate
aspartate (Asp-196), and two water molecules. A second unidentified metal ion, with tetrahedral
coordination geometry, is bound to a different 
-phosphate oxygen, His-308, and two water
molecules.769

5.1.8.4 Enzymes with Trinuclear Active Sites

Enzymes that probably require three metal ions for full activity include the Tetrahymena group I
ribozyme,770,771 a Mn2þ-activated bifunctional enzyme with inositol monophosphatase and fruc-
tose 1,6-bisphosphatase activities described below,772 and some endonucleases.773,774 Inorganic
pyrophosphatases from E. coli and S. cerevisiae are well characterized both structurally and
mechanistically. BothMg2þ and Mn2þ are activating metal ions and the enzyme from E. coli is
most active with just three metal ions in the active site.775 These enzymes have been described in
Section 5.1.8.2.4.

5.1.8.4.1 Bifunctional inositol monophosphatase/fructose 1,6-bisphosphatase

The bifunctional inositol monophosphatase (IMPase)/fructose 1,6-bisphosphatase (FBPase)
from the thermophilic microorganism Methanococcus jannaschii MJ109 has been structurally
characterized at relatively low resolution. The structure of this enzyme is very similar to that of
the pig kidney fructose 1,6-bisphosphatase while the amino acid sequence is similar to that of
human IMPase. These latter enzymes are inactive with the alternative substrates, whereas the
bifunctional enzyme has similar activity with either inositol monophosphate or fructose 1,6-
bisphosphate. The active site of this enzyme is much more open and contains more charged
residues than the human IMPase or the porcine FBPase and this probably explains the variety of
enzyme substrates. Three structures have been determined, two with inhibitory Ca2þ and Zn2þ

and one with activating Mn2þ in the active site. The Ca2þ-containing crystals have two Ca2þ ions
present, the other two forms contain three M2þ ions and, in the case of Mn2þ, a PO4

3� and a myo-
inositol. The active site of the Mn2þ form is shown in Figure 41. Mn1 and Mn2 are bound close to
the positions occupied by Ca2þ in that form of the enzyme; Mn1 is tetrahedrally bound to two
oxygens from the phosphate ion and two aspartate residues. Mn2 is six-coordinate with six oxygen
donors, a phosphate oxygen, two aspartate oxygens, a glutamate oxygen, an amide oxygen from
Ile-83, and a water molecule. Some of these bonds are apparently quite long. Mn3 has only one
well-defined ligand, a phosphate oxygen, longer and less well-defined bonds are made to a water
molecule and an aspartate oxygen and a second water ligand is possible. The Zn2þ ions are bound
close to the Mn2þ binding sites.
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5.1.8.5 Enzymes with Tetranuclear Active Sites

5.1.8.5.1 The oxygen-evolving complex of photosystem II

The oxygen-evolving complex of the thylakoid membrane of plant cells and of photosynthetic
bacteria catalyzes the reaction shown in Equation (10):

2H2O         O2 + 4H+ + 4e– ð10Þ

This membrane-bound, multi-subunit complex contains more than 14 membrane spanning
subunits, three hydrophilic peripheral subunits, organic cofactors that include chlorophylls, caro-
tenoids, and plastoquinones, and the essential inorganic cofactors Fe2þ, a cluster of four Mnnþ ions,
Ca2þ, Cl�, and HCO3

�. Not all the proteins are necessary for O2 evolution; those that are essential
include the membrane-bound proteins called CP47, CP43, D1, D2, cyt b559, and the three extrinsic
proteins 33 kDa, 24 kDa, and 17 kDa. The extrinsic proteins probably assist in the binding of the
Mnnþ, Cl�, and Ca2þ ions. The function of D2 is not clear. D1 and D2 contain redox active tyrosine
residues, Yz and YD, respectively. Yz is part of the electron transfer pathway of the water oxidation
reaction; it reduces the PSII reaction centre P680, a special pair of chlorophyll molecules at the heart
of the photochemical system This electron pathway is from the water molecule, to the manganese
cluster, to Yz, and then to P680. YD is apparently not part of this process and its function remains
mysterious although it can donate an electron to P680.

776 Spectroscopic evidence suggests that Yz is
5–8 Å from the manganese cluster and 10–15 Å from CP47.

Understanding the behavior and the structure of the OEC has proved to be something of a
‘‘holy grail’’ for biophysicists, biochemists, and bioinorganic chemists alike. Many reviews have
been published. The structure of the OEC complex and the proteins involved,777–782 the use of
X-ray spectroscopies to study the OEC complex,783,784 the role of the carotenoids,785 the mechanism
of oxygen evolution,786–791 the requirement for HCO3

�792,793 and calcium,794 the coordination of
the iron atoms,789 the redox active tyrosine residues,795,796 the coupling of electron transfer and
proton release,797 the photochemistry of the process,798 the nature of the manganese cluster,783,787

the manganese ligands,799–801 and the oxidation state of the Mn ions,802 have all been separately
reviewed and in many cases continue to be the subject of intense debate.

How the OEC functions became apparent from experiments in which dark-adapted PSII pre-
parations were subjected to intense short flashes of light. O2 evolution began on the third flash and
then peaks of oxygen evolution were observed every fourth flash. An interpretation of these results
is that the dark-adapted PSII preparations exist in a stable state called S1. Each of the first three
flashes removes one electron from the manganese cluster to produce new states called S2, S3, and S4

which have increasing oxidizing ability. S4 oxidizes water to O2, gaining four electrons and forming
the most reduced S0 state. The fourth flash oxidizes S0 to the dark-stable S1 state.

In the absence of suitable crystals for an X-ray structural study, combinations of FTIR, RR,
XAS, EPR, ENDOR, XANES, and ESEEM spectroscopies were used to characterize the man-
ganese site in the OEC. Vibrational spectroscopy, particularly low-frequency FT infrared803 and
Raman,804 has been used to study hydrogen bonding to the Yz radical,805–807 structural changes in
the different S states,808 and Mn–ligand vibrational bands.804 Three major well-resolved peaks are
observed in the EXAFS spectrum of the S1 state of PSII. They are best fitted by about two O (or
N) atoms per Mn at �1.82 Å, by 2–4 oxygen or nitrogen atoms located 1.95–2.15 Å from the Mn
centres, by �1.25 Mn atoms at 2.72 Å, and 0.5Mn or Ca2þ at about 3.30 Å.809,810 Another study
at room temperature has suggested Mn—Mn or Mn—Ca distances of �3.1 Å.811 Four Ca2þ ions
are bound with high affinity to PSII in plants. EXAFS investigations of the Ca2þ ions have
generated some controversy but unperturbed samples gave a Mn2þ—Ca2þ distance of 3.5 Å,
which is consistent with the results from the Sr2þ-substituted enzyme and the Mn EXAFS.812,813

Whether the manganese atoms are oxidized in each of the S state advances is controversial.
XANES experiments suggest that the Mn oxidation state increases on going from S0 to S1 and
from S1 to S2.

814,815 An oxidation state decrease is observed on going from S3 to S0 (the S4 state
cannot be observed). Some groups observed no apparent change to the XANES spectrum in
going from S2 to S3

816 and so proposed that radical formation of histidine, tyrosine, or the
manganese �-oxo bridge may occur. The actual oxidation state of Mn in the manganese cluster in
the different S states is uncertain. The question is complicated by the uncertainty as to whether
Mn is oxidized in the S2 to S3 transition. Various proposals have been made; one review
concluded that the S2 state is 3MnIIIMnIV.817
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EPR has played an important role in understanding of the OEC, and four of the five S states in
the catalytic cycle can be characterized by EPR.812,817–819 Three EPR signals can arise from the S2

state of the OEC, a multiline signal at g= 2 (S= 1/2), a g= 5.1 state (S= 5/2), and a state with
g= 4 to g= 9 (S= 5/2 (S> 5/2 is possible)). Stability of these states differs between plants and
cyanobacteria.820 The multiline g= 2 signal of the S2 state consists of at least 18 lines, separated
by �80G (8�10�3 T), and it arises from the ground state of the Mn4 unit. A multiline EPR signal
from the S0 state has been observed which is wider than the S2 signal with structure over more
than 2500G (0.25T), and at least 20 peaks on each side of g= 2. The S0 state has a ground,
S= 1/2 state, with no thermally accessible excited state. The S1 state of spinach OEC has been
studied using parallel polarization EPR. The signal arises from an S= 1 excited state with g= 4.9
and a width of 600G (0.06 T). In Synechocystis sp. PCC 6803 an 18-line signal is observed in the
S1 state centered on g= 12 with a splitting of 32G (3.2% 10�3 T). EPR signals from the S3 state
are observed in a variety of PSII samples in which the OEC has been inhibited. These signals are
thought to arise from interactions between the manganese cluster in an oxidation state equivalent
to S2 and a radical.821

Much of the impetus for the investigation of polynuclear manganese complexes has come from
a desire to produce structural and/or functional models of the manganese cluster of the OEC.
Many of the results of these studies have been described in Section 5.1.2 and in reviews.590,591,822

Manganese complexes capable of oxidizing water have been prepared and investigated.823–827

A 3D image of PSII at 8 Å resolution was first obtained by electron cryomicroscopy of 2D
crystals obtained from plants.828 Three-dimensional crystals have been obtained from two species
of thermophilic cyanobacteria, Thermosynechococcus elongatus (formerly Synechococcus elonga-
tus)829,830 and Thermosynechococcus vulcans.831 A crystal structure of the complex from Thermo-
synechococcus elongatus at 3.8 Å resolution has been reported.832 Rutherford has provided a
commentary on, and critique of, this structure.833 The crystallized complex contains the proteins
CP47, CP43, D1, D2, cyt b559, the extrinsic proteins cyt c550, and the 33 kDa protein and some low-
molecular-weight subunits. The locations of some of the cofactors and the manganese cluster were
identified. The D1/D2 proteins each bind six chlorophylls and two phenophytins; CP47 binds 16
chlorophylls and CP43 13 chlorophylls. The manganese cluster is clearly visible in the structure as
a triangular blob of electron density with three Mn atoms at the corners of the triangle and the
fourth Mn at the center of the triangle but out of the plane of the other three Mn atoms. The
resolution of the structure is insufficient to enable the ligands to the cluster to be identified but
they come fro the D1 protein. There is no Ca2þ (or Cl�) in the structure of this cyanobacterial
protein and Ca2þ is required for O2 evolution from plant enzymes.
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42. Hazenkamp, M. F.; Brunold, T. C.; Güdel, H.-U. J. Luminesc. 1997, 72–74, 675–676.
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93. Hazenkamp, M. F.; Güdel, H. U.; Kueck, S.; Huber, G.; Rauw, W.; Reinen, D. Chem. Phys. Lett. 1997, 265,

264–270.
94. Wang, Y.-P.; Lei, Y.-H.; Wang, R.-M. Indian J. Chem. Sect. B Org. Chem. 1998, 37B, 1034–1036.
95. Noginov, M. A.; Noginova, N.; Loutts, G. B.; Babalola, K.; Rakhimov, R. R. Mater. Res. Soc. Symp. Proc. 2001,

602, 107–112.
96. Reinen, D.; Brunold, T. C.; Güdel, H. U.; Yordanov, N. D. Z. Anorg. Allg. Chem. 1998, 624, 438–442.
97. Noginov, M. A.; Loutts, G. B.; Noginova, N.; Hurling, S.; Kuck, S. Phys. Rev. B Condens. Matter Mater. Phys. 2000,

61, 1884–1891.
98. Senuliene, D.; Babonas, G.; Sileika, A.; Leonov, E. I.; Orlov, V. M. Lietuvos Fizikos Rinkinys 1987, 27, 71–78.
99. Capelletti, R.; Beneventi, P.; Kovacs, L.; Ruffini, A. Ber. Bunsen-Ges. 1997, 101, 1282–1285.

100. Xu, L.; Liu, J.; Shu, B.; Xiao, B. Wuji Cailiao Xuebao 1992, 7, 137–144.
101. Beneventi, P.; Briat, B.; Capelletti, R.; Gospodinov, M.; Kovacs, L.; Mazzocchi, E.; Ruffini, A. Radiat. Effects

Defects Solids 1999, 150, 635–639.
102. Hoemmerich, U.; Eilers, H.; Yen, W. M.; Verdun, H. R. Chem. Phys. Lett. 1993, 213, 163–167.
103. Shen, Y.; Riedener, T.; Bray, K. L. Phys. Rev. B Condens. Matter Mater. Phys. 2000, 61, 9277–9286.
104. Barba, M. F.; Callejas, P.; Ajo, D.; Pozza, G.; Bettinelli, M. Ceramic Eng. Sci. Proc. 1997, 18, 22–27.
105. Choy, J. H.; Demazeau, G.; Hong, S. T. Jpn. J. Appl. Phys. 1 1992, 31, 3649–3654.
106. Atanasov, M.; Adamsky, H.; Eifert, K. J. Solid State Chem. 1997, 128, 1–16.
107. Wexler, D.; Zink, J. I. Inorg. Chem. 1995, 34, 1500–1506.
108. Deghoul, F.; Chermette, H.; Rogemond, F.; Moncorge, R.; Stuckl, C.; Daul, C. Phys. Rev. B Condens. Matter Mater.

Phys. 1999, 60, 2404–2409.
109. Salagram, M.; Madhukar, K.; Jayatyagaraju, V. Spectrochim. Acta A 1995, 51A, 65–69.
110. Fokkens, R. H.; Gregor, I. K.; Nibbering, N. M. M. Org. Mass Spectrosc. 1992, 27, 1013–1018.
111. Fokkens, R. H.; Gregor, I. K.; Nibbering, N. M. M. Rapid Commun. Mass Spect. 1991, 5, 368–370.
112. Cheng, Y. X.; Hu, M. L.; Yuan, J. X.; Wang, Y. C. Chinese Chem. Lett. 2000, 11, 645–648.
113. MacDonnell, F. M.; Fackler, N. L. P.; Stern, C.; O’Halloran, T. V. J. Am. Chem. Soc. 1994, 116, 7431–7432.
114. Collins, T. J.; Gordon-Wylie, S. W. J. Am. Chem. Soc. 1989, 111, 4511–4513.
115. Du Bois, J.; Tomooka, C. S.; Hong, J.; Carreira, E. M. Acc. Chem. Res. 1997, 30, 364–372.
116. Zhang, W.; Jacobsen, E. N. J. Org. Chem. 1991, 56, 2296–2298.
117. Das, D.; Cheng, C. P. J. Chem. Soc. Dalton Trans. 2000, 7, 1081–1086.
118. Senanayake, C. H.; Jacobsen, E. N. Proc. Chem. Pharm. Indust. 1999, 347–368.
119. Jacobsen, E. N.; Wu, M. H. Comprehen. Asymm. Catal. (IIII) 1999, 2, 649–677.
120. Bansal, V.; Sharma, P. K.; Banerji, K. K. Indian J. Chem. Sect. A Inorg. Bio-inorg. Phys. Theor. Anal. Chem. 2000,

39A, 654–659.
121. Kumbhat, V.; Sharma, P. K.; Banerji, K. K. J. Chem. Res. Synop. 2001, 179–181562-585.
122. Bansal, V.; Sharma, P. K.; Banerji, K. K. J. Chem. Res. S 1999, 480–481.
123. Chellamani, A.; Alhaji, N. I.; Rajagopal, S.; Sevvel, R.; Srinivasan, C. Tetrahedron 1995, 51, 12677–12698.
124. Chellamani, A.; Alhaji, N. M. I.; Rajagopal, S. J. Chem. Soc., Perkin Trans. 2 1997, 299–302.
125. Chellamani, A.; Kulanthaipandi, P.; Rajagopal, S. J. Org. Chem. 1999, 64, 2232–2239.
126. Chellamani, A.; Alhaji, N. M. I. Indian J. Chem. Sect. A Inorg. Bio-Inorg. Phys. Theor. Anal. Chem. 1999, 38A,

888–894.
127. Zhang, W.; Loebach, J. L.; Wilson, S. R.; Jacobsen, E. N. J. Am. Chem. Soc. 1990, 112, 2801–2803.
128. Jacobsen, E. N.; Zhang, W.; Guler, M. L. J. Am. Chem. Soc. 1991, 113, 6703–6704.
129. Jacobsen, E. N.; Zhang, W.; Muci, A. R.; Ecker, J. R.; Deng, L. J. Am. Chem. Soc. 1991, 113, 7063–7064.
130. Pospisil, P. J.; Carsten, D. H.; Jacobsen, E. N. Chem. Eur. J. 1996, 2, 974–980.
131. Feichtinger, D.; Plattner, D. A. Angew. Chem., Int. Ed. 1997, 36, 1718–1719.
132. Feichtinger, D.; Plattner, D. A. J. Chem. Soc., Perkin Trans. II 2000, 5, 1023–1028.
133. Feichtinger, D.; Plattner, D. A. Chem. Eur. J. 2001, 7, 591–599.
134. Jepsen, A. S.; Roberson, M.; Hazell, R. G.; Jorgensen, K. A. Chem. Commun. 1998, 1599–1600.
135. Chatterjee, D.; Mukherjee, S.; Roy, B. C. J. Mol. Catal. A: Chem. 2001, 169, 41–45.
136. Hill, C. L.; Hollander, F. J. J. Am. Chem. Soc. 1982, 104, 7318–7319.
137. Buchler, J. W.; Dreher, C.; Lay, K. L. Z. Naturforsch. B: Anorg. Chem. Org. Chem. 1982, 37B, 1155–1162.
138. Buchler, J. W.; Dreher, C.; Lay, K.-L.; Lee, Y. J. A.; Scheidt, W. R. Inorg. Chem. 1983, 22, 888–891.
139. Du Bois, J.; Hong, J.; Carreira, E. M.; Day, M. W. J. Am. Chem. Soc. 1996, 118, 915–916.
140. Svenstrup, N.; Bogevig, A.; Hazell, R. G.; Jorgensen, K. A. J. Chem. Soc., Perkin Trans. 1 1999, 1559–1566.
141. Iwamoto, H.; Tsuchimoto, M.; Ohba, S. Acta Crystallogr. C: Cryst. Struct. Commun. 2000, 56, E187.
142. Du Bois, J.; Tomooka, C. S.; Hong, J.; Carreira, E. M.; Day, M. W. Angew. Chem., Int. Ed. 1997, 36, 1645–1647.
143. Ho, C.-M.; Lau, T.-C.; Kwong, H.-L.; Wong, W.-T. J. Chem. Soc., Dalton Trans. 1999, 2411–2413.
144. Boulineau, F. P.; Wei, A. Carbohydrate Res. 2001, 334, 271–279.
145. Chang, C. J.; Low, D. W.; Gray, H. B. Inorg. Chem. 1997, 36, 270–271.

112 Manganese



146. Eikey, R. A.; Abu-Omar, M. Abstr. Pap. Am. Chem. Soc. 2001, 221, INOR-212.
147. Formentin, P.; Folgado, J. V.; Fornes, V.; Garcia, H.; Marquez, F.; Sabater, M. J. J. Phys. Chem. B 2000, 104,

8361–8365.
148. Grapperhaus, C. A.; Bill, E.; Weyhermuller, T.; Neese, F.; Wieghardt, K. Inorg. Chem. 2001, 40, 4191–4198.
149. Chang, C. J.; Connick, W. B.; Low, D. W.; Day, M. W.; Gray, H. B. Inorg. Chem. 1998, 37, 3107–3110.
150. Tsuchimoto, M.; Iwamoto, H.; Kojima, M.; Ohba, S. Chem. Lett. 2000, 1156–1157.
151. Bendix, J.; Weyhermuller, T.; Bill, E.; Wieghardt, K. Angew. Chem., Int. Ed. 1999, 38, 2766–2768.
152. Hagen, K. S.; Armstrong, W. H.; Hope, H. Inorg. Chem. 1988, 27, 967.
153. Hagen, K. S.; Westmoreland, T. D.; Scott, M. J.; Armstrong, W. H. J. Am. Chem. Soc. 1989, 111, 1907.
154. Dave, B. C.; Czernuszewicz, R. S.; Bond, M. R.; Carrano, C. J. Inorg. Chem. 1993, 32, 3593.
155. Low, D. W.; Eichhorn, D. M.; Draganescu, A.; Armstrong, W. H. Inorg. Chem. 1991, 30, 877.
156. Mukhopadhyay, S.; Staples, R. J.; Armstrong, W. H. Chem. Commun. 2002, 864.
157. Wemple, M. W.; Adams, D. M.; Hagen, K. S.; Folting, K.; Hendrickson, D. N.; Christou, G. J. Chem. Soc., Chem.

Commun. 1995, 1591.
158. Hendrickson, D. N.; Christou, G.; Schmitt, E. A.; Libby, E.; Bashkin, J. S.; Wang, S.; Tsai, H. L.; Vincent, J. B.; Boyd,

P. D. W. et al. J. Am. Chem. Soc. 1992, 114, 2455.
159. Lis, T. Acta Crystallogr. B 1980, 36, 2042.
160. Pal, S.; Chan, M. K.; Armstrong, W. H. J. Am. Chem. Soc. 1992, 114, 6398.
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5.2.1 INTRODUCTION

Technetium chemistry was covered in part in the first edition of Comprehensive Coordination
Chemistry (CCC,1987) only under the heading of nuclear medicine in the Chapter 65 (Volume 6)
by C. Jones. This section therefore gives an account of technetium coordination chemistry from
its discovery in 1937 to the present day. According to its place in the periodic table, technetium is
a second-row transition element and as such exhibits a rich and potentially useful coordination
chemistry, ranging from oxidation state þVII to �I. However, the driving force for the develop-
ment of the chemistry has been the potential application of technetium complexes in nuclear
medicine and this has led to a focus on the middle oxidation states, which offers a contrast to the
chemistry of the neighboring element in the periodic table. The radioactivity of the most abun-
dant isotope of technetium, 99Tc, and its limited availability from fission reactors after processing
burned-out nuclear fuel, restricted its application in fields other than nuclear medicine, such as
catalysis. The position of technetium in the periodic table would suggest very interesting proper-
ties for such purposes. Nevertheless, many different types of coordination compound have been
reported and are here categorized, primarily using the formal oxidation states of technetium.
Further subdivisions are made based on the types of ligand involved. Separate sections cover
more specialized areas, such as 99Tc NMR and radiopharmaceutical chemistry. Space restrictions
have prevented the coverage from being totally comprehensive.

Technetium was the last element of the transition-metal series to be discovered. During the
late nineteenth century, different groups claimed to have discovered the element predicted by
Mendelejev to be between molybdenum and ruthenium, with an atomic weight of about 100. They
gave various names to this element, such as illmenium, but the existence of the element was
not substantiated. Investigations by Noddack and Tacke1 in the first quarter of the twentieth
century led to the unambiguous discovery of rhenium. From their systematic studies they also
claimed to have evidence for the X-ray spectroscopic detection of the element with the number
432, which they named masurium. Although weighable amounts of element 75 were isolated at
that time,3 this was not the case for element 43. The element 75 received the name rhenium, as
proposed by Noddack and Tacke, but masurium (43) was not recognized since no evidence for its
isolation was given. Obviously, the interpretation of the X-ray results was wrong, although the
lines which were assigned to this element fitted quite well with the calculated numbers. Through
the 1920s the existence of element 43 remained in doubt, but its postulated existence by Noddack
and Tacke could not be ruled out completely. It was not until 1934 that the situation was
resolved, when Mattauch formulated his rule of stability of nuclei (rule of stable isobars),4

which predicted that there would be no stable, directly neighboring isobars in the table of
isotopes. This ruled out the existence of any stable isotopes of element 43, since all the corres-
ponding places were already occupied by stable isotopes of the neighboring elements molybdenum
and ruthenium. Nowadays the series 4 elements which seemed to be in contradiction of this rule
are known to be radioactive, although sometimes with an exceptionally long half-life.

In 1937 Perrier and Segré discovered that molybdenum irradiated with deuterons exhibited a
strong, unknown radioactivity.5 After ruling out that it originated from unstable isotopes of other
neighboring elements or impurities, it was concluded that the radioactivity must be related to
element 43.6 In 1947, at the suggestion of Paneth,7 the element was given the name technetium,
and this was then universally accepted. With the discovery of fission in 1939,8 it became clear that
element 43 would be a fission product.9 With the availability of fission reactors in the late 1940s,
the production of macroscopic amounts of technetium started. Within a short time the chemical
and physico-chemical properties, as determined by Perrier and Segré with microscopic amounts of
the element, were confirmed on the macroscopic level. Nowadays, about 21 isotopes of techne-
tium are known, produced by different nuclear reactions, and there is a range of half-life times
from 0.3 s (111Tc) to 5.2� 106 yr (98Tc). The properties of a number of the most important
isotopes can be seen in Scheme 1.

The three isotopes with the longest half-life times, 97Tc, 98Tc, and 99Tc, were produced in small
quantities as early as 1955 by the bombardment of molybdenum with 22MeV protons.10 Although
97Tc is the isotope with the longest half-life time, it is not the major isotope available from nuclear

128 Technetium



Tc 89  Tc 90
 

Tc 91  Tc 92  Tc 93  Tc 94  Tc 95  Tc 96  Tc 97  
12.9 s          12.8 s 49.2 s 8.7 s 3.3 m 3.14 m 4.4 m 43.5 m 2.7 h 53 m 4.9 h 60 d 20 h 52 m 4.3 d 92.2 d 4.0·10

6
 a

β β+ 6,4 β
5.7... 

β+ 7.3;  
8.2 

β+ β+ 5.2..  ιγ  392 
ε

ε 
 

 ε 
 

ε ιγ  (34) 
 

ε 
no β+ 

ιγ (97) ε 

 
 
 
 

Tc 98  Tc 99  Tc 100  Tc 101  Tc 102  Tc 103  Tc 104  Tc  105  Tc  106  

6.0 h 2.1· 10
5

a
15.8 s 14.2 m 4.3 m 5.3 s 54.2 s  18.2 m 7.6 m 36 s 

 ιγ 141    
3.2...

    

 
 
 
 

Tc 107  Tc 108  Tc 109  Tc 110  Tc 111  Tc 112  
21.2 s 5.17 s 0.86 s 0.92 s 0.30 s 0.28 s 

      

+5.3; + β+ 4.2
β+0.8... β+2.5... β+ 0.8

 ε;β+...
no β+

4.2·106 a

β- 0.4 β-0.3... β- 1.3... β-1.6;  β-4.2... β- 2.2... β- 5.1... β- 3.4... β-

β- 4.8... β- 7.5... β- 6.0... β-6.5... β- β-

β- 3.4...

Scheme 1



fission. After fission, neutron-rich isotopes decay along an isobar line to the most stable isotopes.
All these lines are blocked by stable molybdenum isotopes with the exception of 99Mo, which is
unstable and decays to 99Tc with a half-life time of 2.12� 105 yr. This is the important isotope of
technetium and virtually all the chemistry described in the following sections has been performed
using it. In nuclear fission reactors, the fission yield for 99Tc is about 6.1%.11 Therefore, a
100 MW reactor produces about 2.5 g of 99Tc per day.12 Integration of the energy produced
over the years in such reactors suggests that the total amount of 99Tc currently on earth should be
in the range of 2,000 kg.

The relatively short half-life times of all the technetium isotopes clearly reveal that no primor-
dial technetium can be left on earth. However, technetium does occur in nature. Spontaneous
fission of 235U leads to 99Tc, albeit in very tiny amounts. According to different determinations of
99Tc in pitchblende,13,14 5.3 kg of pitchblende contains about 10�3 mg of 99Tc, a result which is in
good agreement with the theoretical value for the spontaneous fission yield for 99Tc. About
2� 109 yr ago a remarkable geological event occurred in Oklo, Africa.15 It was found in certain
uranium mines in the republic of Gabon that the ratio of 235U/238U was much lower than in other
native ores. A much higher content of 99Ru was also detected, clearly indicating that a spontan-
eous and permanent fission reaction must have taken place at this location.16 Although large
amounts of 99Tc must have been produced, they decayed completely over time.

Technetium has played an important role in the confirmation of modern cosmological theories,
and in particular the concept of the nucleosynthesis of heavy elements by a slow-neutron capture
process (the so called s-process).17 Since the longest-lived isotope has a half life of 5.2� 106 yr,
the presence of technetium has been widely accepted as palpable evidence for ongoing nucleo-
synthesis.18,19 It was originally believed that the heavy elements were created in primordial events,
according to the ideas of Gamow and his colleagues. But in 1952 Merrill detected technetium TcI

absorption lines at 4,031, 4,238, 4,268, and 4,297 Å in S-type stars, which have a relatively cold
surface temperature of about 3,000 K.20,21 Later on technetium was also found in other stars.
Stellar spectra reveal that technetium has about the same abundance as other heavy elements,
clearly demonstrating its continuous synthesis by the s-process. In recent times, the thorough
study of the stellar spectra of a series of S-stars reveals that not all display the TcI lines. Those
exhibiting the lines belong to a so-called intrinsic system, whereas those without the lines belong
to an extrinsic system, i.e., a binary star system. From the data it was concluded that in the binary
systems mass transfer must have taken place from the S-star to its companion, resulting in
significant technetium depletion and hence a lack of observable spectral lines due to technetium
(Figure 1).22

As mentioned earlier, 99Tc is the most important technetium isotope since it is produced in
large amounts by nuclear fission. The recycling of nuclear fuel waste by the Purex process
produces a waste solution with a 99Tc concentration of about 5–100mg L�1. 99Tc pertechnetate
(about 18 g) was first isolated in 1952 by precipitation of [99TcO4]

� with [As4P]þ as the counter-
ion.23 In a very convenient process, [99TcO4]

� is extracted with pyridine from an aqueous
solution, and after several further steps crystallized and recrystallized as [NH4][

99TcO4] in a purity
of better than 99.99%.24 It is available in this form from several suppliers (Amersham or Oak
Ridge National Laboratory). Reduction with H2 at 400–500 �C gives the element in the amorph-
ous metallic form, with a melting point of 2,172 �C.25 Although effectively an artificial element,
technetium is relatively cheap and the actual price is determined by the cost of transportation
rather than by the cost of production. Technetium-99 is only generally available as a [TcO4]

� salt,
either as the solid or in aqueous solution, which largely determines the methodology of techne-
tium coordination chemistry. Any other starting material has ultimately to be prepared from
[NH4][

99TcO4] in water, and it is a significant challenge to prepare coordination compounds
directly and solely from this source. The technetium chemist does not have the luxury of access
to a wide range of halides or low-valent carbonyls as precursors. The metastable 99mTc isotope

c
d

Ca I
4227

Tc I
4238

Tc I
4262

Tc I
4297

Hγ
4340

Figure 1 Spectrum of Tc I in the evolved giant Band.
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used for medical imaging also is exclusively available as solutions of [99mTcO4]
� in water, but at

significantly higher dilution (10�8 M).
The 99Tc isotope is a weak � –-emitter, with no �-radiation and with a half-life of 2.12� 105 yr.

The �� energy is 292 keV and 203 keV, the latter having a very low probability of
1.2� 10�5%.26,27 A 89 keV �-line results from an internal transition of 99mRu to stable 99Ru,
which is also the end product of direct 99Tc decay. The nuclear spin of 99Tc is 9/2, with a nuclear
magnetic moment of þ5.6847 nuclear magnetons.28 The specific activity of [NH4][

99TcO4] is 629
MBq g�1 (or 17mCi g�1). The decay properties permit the handling of 99Tc for normal chemical
studies in quantities from 20 mg up to 1 g. Special shielding precautions are generally not
required, since the low-energy �� radiation is usually completely absorbed by glass. With large
amounts of 99Tc compounds, bremsstrahlung radiation is produced from glass and precautions
must be taken. Gloves and safety glasses are essential at all times, since �-reduction can cause
damage to living tissue. For the same reason ingestion or inhalation of technetium should be
avoided; although only a weak �-emitter, 99Tc can cause serious biological damage in the body.
Appropriate dosimetry data are compiled in official regulations.29–31 Glove boxes are normally
not required: a well-ventilated hood or conventional Schlenk glassware is sufficient, provided that
no volatile products are formed. It is the experience of the authors, however, that it is preferable
to work in plexiglass glove boxes fitted with a cover, using fixed gloves that can be opened and
closed. This allows working with a minimum of contamination for the worker and the laboratory.

For work with solutions, and in particular with solid materials, precautions against electrostatic
charging and the effects of air currents have to be taken, and standard radiochemical techniques
should be used. The handling techniques required for other technetium isotopes such as 99mTc are
described below (Scheme 2).
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The major interest in technetium chemistry is linked to its practical application in radio-
pharmacy or nuclear medicine. The 99Tc isotope is of the utmost importance for coordination
chemistry, whereas its isomeric precursor 99mTc is the workhorse in nuclear-medicine applications.
The unstable parent of 99mTc is 99Mo, which is a � –-emitter and decays to 99mTc, which then
decays to the nuclear ground state 99Tc by �-emission, with a half-life time of about 6 h. The
transition between 99mTc and 99Tc is nuclear-spin forbidden and therefore relatively slow. The
energy of the �-photon is about 140 keV, which is sufficiently low to prevent a high dose burden
to a patient but sufficiently energetic to penetrate tissue and emerge from internal organs. The
distribution of 99mTc can be monitored externally using a scintillation counter. During the late
1950s it was discovered by chance that 99mTc can be continuously separated from the parent 99Mo
‘‘generator system.’’ 32–34 A generator consists of a column, in general aluminum oxide, loaded
with some immobile parent nuclide, in this case 99Mo. The affinity of the daughter product is
much less than that of the parent, usually as a result of a reduced charge. Therefore, the daughter
can be eluted whereas the parent remains adsorbed on the stationary phase, which supplies a
continuous supply of the daughter radionuclide for a time period depending on the half-life time
of the parent nuclide. The 99mTc generator uses this principle, and is crucial to the success and
widespread application of 99mTc in nuclear medicine. The physician can ‘‘milk’’ a sufficient
amount of activity for the preparation of the compounds required for the patient in imaging.
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After the discovery the generator system was quickly developed to a stage where its application on
a routine basis was feasible. The first medical experiments were performed in the early 1960s with
a study of thyroid physiology using [99mTcO4]

�, among other isotopes.35 The requirement for
various diagnostic procedures then initiated a rapid expansion of the coordination chemistry of
technetium.36 Many coordination compounds were tested for in vivo applications and some are
still in clinical use. The chemistry of these compounds is treated in detail in Section 5.2.3 below.
Simple coordination compounds for radiopharmaceutical applications are often referred to as
first-generation radiopharmaceuticals. For a number of these first-generation compounds the
exact structure is not known, although they are in regular clinical use. For full characterization
of a radiopharmaceutical it is necessary to prepare and completely characterize the same com-
pound on the macroscopic 99Tc level and then to confirm the structure of the 99mTc compound by
comparative HPLC or thin-layer chromatography methods. However, in some cases this
approach is not possible, since at the high dilutions needed for 99mTc the thermodynamics of
complexation are different and other products form at the macroscopic level. Frequently, then,
chemistry performed with 99Tc cannot be extrapolated to the no-carrier-added (n.c.a.) level with
99mTc.

Since about 1990, a second generation of radiopharmaceuticals has emerged. The market for
first-generation agents is now more or less saturated, but the interest in second-generation
radiopharmaceuticals has increased exponentially. While in the first generation the Tc center
was an essential part of the ‘‘bioactive’’ molecule, it plays only the role of a radioactive label in
the second generation. This is a result of the demand for more specific radiopharmaceuticals that
must rely on the targeting capability of the biomolecule, rather than on the random behavior of a
pure coordination compound. A few examples are also described in the last section for which the
recognition of a receptor is an intrinsic feature of the technetium coordination compound. In
these compounds the technetium is essential in the way that it is part of a compound mimicking a
bioactive entity like a steroid hormone. Examples from all three kinds of radiopharmaceuticals
will be discussed in Section 5.2.3.

The interest in the coordination chemistry is based on the features described in this last
paragraph. It is a challenge to prepare a Tc complex that is stable towards metabolical or
chemical degradation in physiological media. Additionally such a coordination compound must
be prepared, in one single step and in quantitative yield, directly from aqueous [99mTcO4]

�

solution as received from the generator. Furthermore, in combination with a targeting biomol-
ecule the ligand must be bifunctional: one function for covalent attachment to the biomolecule
and the second function for chelating to the Tc center. It is a real challenge to synthesize suitable
complexes under such circumstances, and the range of complexes produced is a tribute to
coordination chemistry. The requirements for the application are clearly not a restriction, but
rather they force the coordination chemist to find and develop pathways to new and undiscovered
chemical reactions. The major part of technetium chemistry has been developed within this
scenario. (Scheme 3)

The major sequence towards new complexes and radiopharmaceuticals is:

(i) synthesis of reactive precursor complexes, any condition;
(ii) coordination chemistry, new compounds, any condition;
(iii) synthesis, characterization of stabilized complexes, with water/air stability, serum stabil-

ity, in vivo behavior, if promising;
(iv) one-pot kit based preparation in saline;
(v) bifunctionalization, if favorable in vivo behavior, and covalent coupling to targeting

biomolecule, and labeling under any condition, purification, assessment of in vivo
behavior, affinity, stability, etc.;

(vi) if good biological properties, labeling in one step in saline ! new targeting radio-
pharmaceutical with pendant metal complex (pendant, postlabeling approach);

(vii) if (vi) not possible, synthesis of complex and coupling to biomolecule, not preferred but
possible, two-step prelabeling approach;

(viii) functionalities in the biomolecule are used for labeling, i.e., disulfide bridges are reduced
and coordinate to Tc! integrated approach, structure often not very well known.

Steps (i) through (v) are crucial prerequisites from coordination or organometallic chemistry for
the development of novel radiopharmaceuticals. There are a number of excellent reviews on the
coordination chemistry of technetium which have appeared over the past 30 to 50 years. Some
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covered all aspects of both classical and nonclassical technetium chemistry,37–57 others structural
aspects58–60 and special topics such as cluster compounds or organometallic chemistry.61–63 In
addition, the radiopharmaceutical applications of technetium compounds have also been reviewed
on a regular basis, both from the medicinal aspects and those of the coordination chemistry.64–78

Notably, a monograph on technetium chemistry appeared which covers many aspects of the
chemistry of the element, including environmental aspects, organometallic chemistry, solid-state
chemistry, intermetallic compounds, properties of alloys, and technical aspects of the applications
of technetium.79 A further valuable source of information on the chemistry of technetium and its
applications in radiopharmacy is the series of books comprising abstracts of a biannual con-
ference largely devoted to the chemistry of technetium and rhenium.80
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5.2.2 SYSTEMATIC CHEMISTRY

5.2.2.1 Oxidation state (VII)

Throughout this review Tc always relates to the isotope 99Tc unless otherwise stated. The only
form in which technetium is commercially available is [NH4][TcO4], either in aqueous solutions or
as a solid. The salt is of medium solubility in water and recrystallization is used for purification.
For the alkali-metal series, only the Liþ and Naþ salts show a reasonable solubility in water, the
latter being about 68 g per 100 mL.12,81,82 Addition of large organic cations like [NBu4]

þ or
[AsPh4]

þ is used to precipitate [TcO4]
� almost quantitatively from aqueous solution or to extract

it into an organic phase. [NBu4][TcO4] is, for instance, soluble in most polar organic solvents such
as CH2Cl2 or THF and can be used in a reaction in nonaqueous media, as described later. In
contrast to permanganate, pertechnetate salts are essentially colorless and wave numbers are
shifted by about 200 nm to higher energy. The UV/Vis spectrum in aqueous solutions shows
major charge-transfer bands at 290 nm and 246 nm, with extinction coefficients of
2,150Lmol�1cm�1 and 5,700Lmol�1cm�1, respectively.83 Pronounced vibrational fine structures,
as in the case of [MnO4]

�, are present.
The redox behavior of the [TcO4]

� ion is important in terms of understanding its chemistry.
The Latimer diagram of important oxidation states and standard redox potentials is given in
Scheme 4. The electrochemistry of technetium has been reviewed on several occasions.84–86
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In accordance with the general features of the chemistry of first-, second-, and third-row
transition elements, the reduction potentials for the tetraoxometallates follow the sequences
[MnO4]

�� [TcO4]
�> [ReO4]

�. The comparatively facile reduction of TcVII, as evident from the
Latimer diagram, limits the range of chemistry accessible for this oxidation state.

5.2.2.1.1 Complexes with oxo-ligands

The anhydride of pertechnetic acid, [Tc2O7] (1), represents an important starting material for
high-valent technetium chemistry. With TcO2 it is the only binary oxide of technetium unambigu-
ously characterized so far. The structure is best described as comprising TcO4 tetrahedra sharing
one vertex. The angle at the bridging oxygen atom is 180�. Tc2O7 is best prepared by burning Tc
metal in a stream of oxygen between 400 �C and 600 �C.87,88 Lower oxides are formed as well, but
they too can be completely oxidized by repeated transport through the hot zone of the oven. It
has a melting point of 119.5 �C and boils at 311 �C89 and is extremely hygroscopic, readily
forming pertechnetic acid [HTcO4] when placed in contact with water. [Tc2O7] behaves chemically
as though it is [TcO4]

�[TcO3]
þ, as shown by characteristic reactions of [TcO4]

� upon addition of
ligands and by the isolation and identification of [TcO3][AsF6] by the addition of [AsF6]

�.90 Due
to its difficult preparation and very hygroscopic behavior, [Tc2O7] is not the precursor of choice
for high-valent technetium coordination chemistry, and the only chemistry that has been per-
formed with it was in the field of high-valent organometallic chemistry.

A more useful compound has been prepared by the action of 18M H2SO4 on K[TcO4] in the
presence of concentrated HCl, which gave the strongly oxidizing and volatile [TcO3Cl] (2).91 The
same compound was also prepared by controlled oxidation of Tc metal in the presence of Cl2 and
O2.

92 The analogous compounds containing bromide and iodide have been characterized by mass
spectrometry, but have not been isolated as solids.93 A recent theoretical study of the electronic
structure and properties of group 7 oxychlorides provides additional data which fit well with the
experimental information.94 The effective charge on the metal for [MO3Cl] is highest for Tc and
lowest for Re, reflecting the increased covalency of M¼O going down group 7, which correlates
with the generally lower reactivity of Re¼O relative to Tc¼O.
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Two further TcVII compounds have been described which are of potential use as sources of the
‘‘[TcO3]

þ’’ unit in coordination chemistry. Ag[TcO4] is converted into the silanolester [O3TcO-
SiMe3] (3) by reaction with SiClMe3.

95,96 The reaction of Tc2O7 with SnMe4 produced some high-
valent organometallic species, together with the corresponding Sn analogue [O3TcOSnMe3]
(4).97,98 (Scheme 5.) The rhenium homologue is a very versatile starting point for the synthesis
of rhenium compounds containing the [ReO3]

þ core.
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The chemistry of TcVII mixed oxo–fluoride complexes is well established. Yellow crystals of
[TcO3F] (5) are produced by the reaction of F2 on TcO2 at 150 �C or by the dissolution of
[NH4][TcO4] in liquid HF.99,100 From vibrational spectroscopic studies, [TcO3F] is assigned C3v

symmetry. Complex (5) has been studied thoroughly with respect to its behavior as a Lewis acid,
but there are few reports of its chemistry due to its high reactivity and difficult synthesis. The
reaction of [Tc2O7] or [TcO3F] with XeF6 in anhydrous HF results in oxide/fluoride metathesis and
the formation of [TcO2F3] (6).101 Further fluorination does not occur. The X-ray structure has been
elucidated and shows fluoride-bridged octahedra in a zigzag chain. It has the same cis arrangement of
the two oxo-ligands as other known six-coordinate oxo-fluoride complexes.

[TcO2F3] is lemon yellow with a melting point of 200 �C, and reacts further with excess XeF6 to
form the octahedral [TcO2F4]

� ion (7).101 In order to get more information about the Lewis
acidity of (6), 19F, 17O, 99Tc NMR, and Raman spectroscopy studies have been performed in
combination with theoretical calculations.102 Although (6) is essentially insoluble in anhydrous
HF, it readily dissolves in the presence of MF forming M[TcO2F4].

102 The Liþ salt of (7) can be
isolated and the X-ray crystal structure has been determined. Coordinating solvents such as
CH3CN also dissolve [TcO2F3] and, based on spectroscopic measurements, the corresponding
mononuclear adduct [TcO2F3(NCCH3)] is formed. Line broading in NMR spectroscopic studies
indicate a rapid exchange of coordinated CH3CN with the bulk solvent. Solution structural
studies of (6) in SO2ClF by NMR spectroscopy give evidence for cyclic, tri- and tetranuclear,
fluoride-bridged structures in equilibrium. The infinite fluoride-bridged chain structure is replaced by
oligomeric cyclic structures.103 99Tc NMR data for these compounds are compiled in Section 5.2.2.8.1.

Although further fluorination of [TcO2F3] with XeF6 under moderate conditions is not pos-
sible, fluorination with the stronger fluorinating agent KrF2 results in the formation of volatile
[TcOF5] (8). This compound exhibits a reversible melting point of about 57 �C. The structure of
the compound was established by 19F NMR experiments and vibrational spectroscopic studies,
and it was shown to have the expected pseudo-octahedral geometry.104 A subsequent X-ray
crystal structure study confirmed these spectroscopic studies.105 The fluoride-donating properties
of (8) were studied in a reaction with the strong Lewis acids AsF5 and SbF5. In the presence of an
excess of these acids yellow precipitates are formed, which were shown by X-ray structural studies
to contain the fluoride-bridged cation [Tc2O2F9]

þ (9). As anticipated, the Tc�O bonds are shorter
and less polarized than in [TcOF5] (average 1.632 Å vs. 1.670(1) Å).105 A summary of the structures
and syntheses of the mixed oxo/fluoride complexes of TcVII is given in Scheme 6.

Technetium 135



[NH4][TcO4 ]

[TcO2 ]

Tc

O
OO

F

XeF6
Tc

F
F

F
FO

O XeF6

Tc

F
F

F
NCCH3O

O

[TcO2F3 ]
KrF2

Tc

O
FF

F
FF

Tc
FF

FF

O Tc
F F

F F

OF
AsF5

Tc

O
OO

F

(1) or (5)

to next

from next
[XeF5]+[TcO2F4 ]

(7)

(6)

(5)

(5)

(6)

(8) (9)

Scheme 6

The reaction of [TcO4]
� in water with strong acid leads to dehydration, coordination by the

anion of the conjugate base, and by any bidentate ligand present. A number of TcVII compounds
have been prepared in this way, all with retention of the structural fac-[TcO3]

þ group. It is
assumed that the anhydride [Tc2O7] is formed as intermediate and is then substituted by the
bidentate ligand. A representative compound of major importance is [TcO3Cl(phen)] (10), which
readily precipitates from a solution of concentrated HCl and in the presence of phen.106 Isolation
and redissolution in water regenerates [TcO4]

�. Clearly the compound is not stable towards
hydrolysis and its isolation is due to its insolubility. Comparable compounds with bipy, 5-NO2-
phen, and tetramethylphenanthroline can be prepared in an analogous manner. Although the
structures of these compounds are not known, the composition and stereochemistry can be
deduced from spectroscopic studies. Interestingly, rhenium behaves similarly in the presence of
aromatic amines, but differently in their absence. In concentrated hydrochloric acid, [ReO4]

�

forms a coordination compound of composition [ReO3Cl3]
2�. Spectroscopic evidence for the

unstable TcVII analogue has been presented. The compound exists for a short period of time in
solution, but could not be isolated.54,107 Although the differences in oxidation potentials are not
large, the slightly higher oxidation potential of TcVII under these conditions is sufficient to induce
a rapid reduction to [TcOCl4]

�, which is the final product of the reaction if [TcOCl4]
� with

concentrated HCl is precipitated with a large cation.108

The reaction of [TcO4]
� with 3,6-bis(20-pyridyl)-1,2,4,5-tetrazine (11) and 4-phenyl-3,6-bis

(20-pyridyl)pyridazine (12) yielded two unique complexes of heptavalent technetium. The binuclear,
dark-indigo complex [{TcO3(OC2H5}2(�-11)] (13) and mononuclear, yellow [TcO3Cl(12)] (14)
were prepared and characterized starting from [TcO4]

�. Some mono- and dinuclear complexes
from TcV were prepared by the same route, but starting from [TcOCl4]

�.109 Characterization was
performed by spectroscopic methods only.
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A further difference in the reactivity between rhenium and technetium is demonstrated by the
behavior of the two homologues [MO3Cl(bipy)] or [MO3Cl(phen)]. The technetium complex
cleanly reacts under reduction with various aliphatic alkenes such as ethylene to form the
corresponding TcV�diolato complex [TcOCl(bipy)(OCH2CH2O)] and [TcOCl(phen)(OCH2CH2O)]
(15), respectively.110 The analogous rhenium compounds are unreactive towards alkenes under
the same conditions. However, the ReV analogue [ReOCl(phen)(OCH2CH2O)], prepared from
[ReOCl4]

�, releases alkenes when heated to 220 �C with concomitant formation of [ReOCl3(phen)],
a reaction which does not occur with technetium.

A theoretical study of the [2þ3] cycloaddition of ethylene to [MO3]
þ has been carried out by

application of density functional methods and the Marcus theory.111 In agreement with the
experimental data, it was found that the activation barrier for the cycloaddition reaction increases
down both group 7 and group 8. For [MO4]

� the activation barriers are 8.2, 27.3, and 38.4 kcal
mol�1 for Mn, Tc, and Re, respectively. The calculations also show a linear correlation between
the reaction energy and the bond dissociation energy for M�O. As mentioned earlier, the Tc�O
bond is weaker (105 kcal mol�1) than the Re�O (122 kcal mol�1) in the MVII compounds and
consequently the reaction energies for rhenium are lower (�75 kcal mol�1 vs. �45 kcal mol�1).
The corresponding TcVI and TcV fragments show similar trends. A number of other DF studies of
the electronic and structural properties of Mn, Tc, and Re have been reported.112–114

Two complexes of heptavalent technetium with the fac-[TcO3]
þ core and tripodal ligands have

been prepared. The tris(1-pyrazolyl)-borate [HB(pz)3]
� anion (16) reacts with an ethanolic solu-

tion of [TcO4]
� in the presence of H2SO4 to give [TcO3{HB(pz)3}] (17).115 The same compound

can also be obtained by oxidation of the TcV complex [TcOCl2{HB(pz)3}] with nitric acid, or by
the reaction of K[HB(pz)3] with (1) in THF.116 This complex behaves analogously to [TcO3Cl-
(phen)] and ethylene and undergoes reductive [2þ 3] cycloaddition with C2H4 to form
[TcO(eg){HB(pz)3}].

117 The Kläui ligands [(�5-Cp)Co{PO(OR)2}3]
� (18) are another type of

tripodal ligand which are able to stabilize a broad variety of oxidation states. The reaction of
[(�5-Cp)Co{PO(OR)2}3]

� with [TcO4]
� in the presence of concentrated HNO3 results in formation

of the neutral complex [TcO3{(�
5-Cp)Co{PO(OR)2}3}] (19). The structure of this complex has

been fully elucidated.118,119 The reactive intermediate in this last synthesis is probably a mixed
pertechnetic–nitric acid anhydride of [Tc2O7]. Scheme 7 summarizes the synthesis of six-
coordinate complexes containing the fac-[TcO3]

þ core.

5.2.2.1.2 Nitrido- and imido-ligands

The nitrido-ligand N3� is a stronger �-donor than O2� and is also able to stabilize metal centers
in high oxidation states. One would therefore expect the preparation of mixed nitrido–oxo species
of heptavalent technetium from the reaction of, e.g., [Tc2O7] with NH3 or other potential nitrido
sources. However, all attempts to do so have failed so far and no evidence for the existence of
oxide–nitride complexes is available. Oxidations of the TcVI species Cs2[TcNCl5] (see Section
5.2.2.2.2) with H2O2 gives the unique, heptavalent, peroxo complex Cs[TcN(O2)2Cl] (20),120 which
has been isolated and structurally characterized. The compound is yellow-orange and explosive,
but the corresponding [AsPh4]

þ salt is thermally more stable. The geometry structure about the
Tc complex is distorted pentagonal pyramidal, with the nitrido ligand in the apical position. The
Tc�N bond length is 1.63(2) Å, and comparable to other TcVI nitrido species. Formally this
compound has 14 valence electrons, and it could be expected that two additional two-electron
donor ligands could be accommodated. Reactions with bipy, phen, or oxalic acid (H2ox) with
[TcNCl4]

� in 10% H2O2 gave the corresponding heptacoordinated TcVII complexes [TcN(O2)2(L)]
(21) for L= phen or bipy121, but the unique, dinuclear, oxalato-bridged TcVII complex
[{TcN(O2)2}2(ox)] (22) in the case of H2ox. The coordination geometry around the Tc center in
the last complex is a distorted pentagonal bipyramid.122 These compounds belong to a compara-
tively rare class of MVII �2-peroxo complexes. It is also of interest in this context that the
[TcN(O2)2] core is isoelectronic with the very well-established ‘‘[MoO(O2)2]’’ core. Some selected
chemistry of TcVII nitrido complexes is summarized in Scheme 8.

Another example of a TcVII nitrido-complex is obtained from the reaction of [TcOCl4]
� with

1,1-diphenylhydrazine (H2NNPh2) (23) in the presence of thiophenol. Unexpectedly, the dinuclear,
formally TcVII complex [{TcN(NNPh2)(SAr)(�-SAr)}2] (24) is formed in good yields.123 The
nitrido-group results from the cleavage of the organohydrazine. This unusual reaction is shown
in Scheme 9.
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The ability of multiple �-donors to stabilize high oxidation states has been used in the
preparation of the first poly(imido) compounds of TcVII. While this type of compound has
been known for a long time for other neighboring elements, it was introduced relatively recently
for technetium. The reaction of [TcO3(OSiMe3)]

95 with 2,6-diisopropyl-phenylisocyanate (25) at
elevated temperature leads to elimination of CO2 and formation of the corresponding tris-imido
complex [Tc(NAr0)3(OSiMe3)] (26) (Ar0= 2,6-iPr2-C6H3).

96 The reaction is also possible with other
arene substituents, but the temperature must be lowered, otherwise metal-mediated dimerization
to the corresponding urylene intermediate and subsequent decomposition takes place. The X-ray
structures of the compounds have been elucidated for the urylene intermediate with rhenium, but
only spectroscopic data suggested the same structure for the technetium analogue. The ligands
around the technetium center in [Tc(NAr0)3(OSiMe3)] adopt a distorted tetrahedral coordination
geometry, with average O�Tc�N angles of 110�. Furthermore, the [OSiMe3]

� group
in [Tc(NAr0)3(OSiMe3)] can be substituted by alkyl groups such as�CH3 or�C2H5 by reaction
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with the corresponding Grignard reagents. This produced the deep blue-green compounds of the
type [Tc(NAr0)3R] (27) (R=CH3). Treatment of [Tc(NAr)3(OSiMe3)] with SiIMe3 leads to the
substitution of [OSiMe3]

� by I�, formation of [Tc(NAr)3I] (28), and release of hexamethyldisilox-
ane. The complex (28) was further reacted with K[Cp] to yield the water- and air-stable complex
[(Tc(NAr)3(�

1-Cp)] (29), in which [Cp]� is monodentately bound.96,124,125 The structure shows
only minor deviations from an ideal tetrahedral coordination geometry. It was anticipated that
�1-Cp would favour �5-coordination, with formation of the imido analogue of, e.g., CpReO3. It
was suggested that the stronger donating properties of imido- compared to oxo-ligands are
responsible for this difference. Treatment of (26) with [PPN][F] cleaves the O�SiMe3 bond, and
the unique mixed oxo/imido complex anion [TcO(NAr)3]

� (30) is formed. Reaction with an excess
of K[Cp] results in the formation of K[(Cp)2Tc(NAr)3], which was characterized by NMR
spectroscopy.124 (Scheme 10).
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The number of TcVII complexes containing no metal–main-group element multiple bond is very
small. The reaction of [TcO4]

� with 1,2-diaminobenzene (31) (H2dab) in refluxing methanol gives
the green, cationic, trigonal-prismatic complex [Tc(HNC6H4NH)3]

þ (32) in high yield. In the
presence of a reducing agent, the TcV complex [TcO(HNC6H4NH)2]

� (33) is formed.126 Both
amino groups of the dab ligand are mono-deprotonated. This compound belongs to the rare class
of technetium complexes in which the Tc center is coordinated to three bidentate ligands. As
anticipated, trigonal-prismatic geometry is preferred for low numbers of d electrons; the complexes are
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in this case formally d0. The other two structurally characterized complexes with this type of geometry
are [Tc(HNC6H4S)3] (d1) 127 and [Tc(SC6H4S)3]

� (d2).128 The two triangular faces are almost parallel
and the distance of the metal center to these faces is 1.24 Å. The complex is surprisingly stable, but
despite this no subsequent adaption of this chemistry has so far been described.
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A compound which appears in many textbooks is the highly reactive enneahydridotechnetate
[TcH9]

2� dianion. This complex is synthesized by the unusual reaction of a potassium reduction
of [NH4][TcO4] in ethylenediamine/ethanol.129 The structure is isomorphous with the rhenium
analogue, trigonal prismatic, with each of the three tetragonal faces capped by an additional
hydride ligand.130 Thus the coordination number is nine, which is the highest known for techne-
tium to date. From the tetragonal-capped, trigonal-prismatic structure, two different types of
hydride could be expected. 1H NMR studies in alkaline D2O showed a single resonance,
indicating highly fluxional behavior.
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5.2.2.2 Oxidation State (VI)

Compounds in the oxidation state þVI have a d1 electronic configuration. As is evident from
electrochemical data, TcVI has a pronounced tendency to disproportionate into the more stable
TcV and TcVII states. However, some stable compounds have been prepared and characterized.
This is possible if nitrido or imido ligands are present, which stabilize by strong �-donation. In a
few cases, as with other elements of the same electronic configuration, the formation of dinuclear
complexes with a metal–metal single bond is observed. The hexavalent state can also be stabilized
by bidentate aromatic thiolato or alkoxide ligands. Due to paramagnetism, NMR is not useful for
structure assignment, but EPR spectroscopy has proven to be a versatile tool.

The compound [TcO4]
2� can be produced electrochemically from [TcO4]

� at a Pt electrode with
a reduction potential of �0.63 V. Once formed, the compound readily disproportionates into
[TcO4]

� and [TcO4]
3�.131,132 [TcO4]

2� can be produced in significant amounts as the [N(CH3)4]
þ

salt by electrochemical reductions of [TcO4]
� in acetonitrile. Despite its air sensitivity, the

structure of [TcO4]
2� has been elucidated.133,134 The existence of the corresponding anhydride

of [TcO4]
2�, ditechnetium pentoxide [Tc2O5], has been suggested on the basis of mass spectro-

metry, but its existence is still not unambiguously proven.88,93,135

In general, TcVI complexes are prepared by concomitant substitution/reduction or
oxidation processes, rather than from direct substitution of weak labile ligands such as halides.
The only exceptions are reactions with [TcNCl4]

�. This is due to the lack of reactive but reason-
ably stable direct precursors for this oxidation state and, as a consequence, all other TcVI

chemistry necessarily arises from redox processes.

5.2.2.2.1 Binary halogen and halogen/oxo-containing complexes

Technetium hexafluoride [TcF6] is available from the reaction of technetium metal with excess F2 at
400 �C.136 It is golden yellow, melts at 37.4 �C and is extremely water sensitive, reacting to give
mainly TcO2 with [TcOF4] as a by-product.137–139 An X-ray crystal structure reveals a trinuclear
structure with monofluoride bridges. Several phases have been identified and these interconvert
readily. [TcF6] reacts with nitrosyl fluoride NOF and nitryl fluoride [NO2F] to yield the octa- and
heptacoordinated complexes [NO]2[TcF8] and [NO2][TcF7], respectively.140 The complexes have
magnetic moments of 1.72 B.M and 1.62 B.M., respectively, close to the spin-only value. The
pentachlorooxotechnetate(VI) anion [TcOCl5]

� was prepared by the reaction of K[TcO4] in con-
centrated sulfuric acid, with HCl as the reducing agent. The formation of this TcVI complex was
tentatively proposed on the basis of a deep blue color which bleached over a one-hour period. The
compound [NH4]2[TcO2Cl4], the probable precursor of [NH4][TcOCl5], is isolated as the sulfuryl-
chloride adduct by reaction of thionylchloride SO2Cl2 with [NH4][TcO4].

141

5.2.2.2.2 Nitrido and imido ligands

The only neutral compound containing nitrido and chloride ligands known to date is [TcNCl3].
This is prepared by the reaction of IN3 with TcCl4, or by the reaction of [TcNCl4]

� (see below)
with the strong Lewis acid GaCl3.

142 According to IR spectroscopy, the polymeric structure is
linked by Tc�N�Tc and Tc�Cl�Tc bridges. Upon addition of Lewis bases to this insoluble
substance in various solvents, the polymeric structure is cleaved, with reformation of [TcNCl4]

�

(34). This complex anion is one of the most suitable for studies of the coordination chemistry of
technetium in the oxidation state (VI) containing the [Tc	N]3þ core. It was originally prepared
by heating [TcO4]

� under reflux in HX in the presence of NaN3, and it was precipitated with
bulky organic cations such as [As(Ph)4]

þ.143 The salts are air stable and the nitrido-group shows a
very high resistance to acidic hydrolysis, as shown by the method of preparation. Since the nitrido
ligand shows a strong trans influence, it is not surprising that only five-coordinated TcVI com-
plexes are available by this route. If the reaction mixture is taken to dryness, the residue can be
extracted by acetonitrile to give an orange solution, possibly containing the acid H[TcNCl4]. On
addition of CsCl to this solution, the six-coordinate compound Cs2[TcNCl5] (35) can be iso-
lated.144 If an alkylammonium salt is added instead, the sixth position is occupied by water and
the interesting complex [NEt4][TcNCl4(OH2)] is formed. The bromide analogue [NEt4][TcN-
Br4(OH2)] (36) of this complex can be prepared directly in high yields by reduction of [TcO4]

�

with conc. HBr in the presence of NaN3.
145
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The TcVI–nitrido complexes show some interesting structural features when compared to their
TcV oxo-analogues. The stronger trans influence of the nitrido ligand in comparison with the oxo
group produces, as expected, a longer bond to the trans ligand. Such a comparison is directly
possible with aquated complexes [TcNBr4(OH2)]

� and [TcO(OH2)Br4]
�, respectively. For

[TcOBr4(OH2)]
� the Tc�OH2 bond length trans to the oxo group is 2.317(9) Å, whereas for

[TcNBr4(OH2)]
� the corresponding Tc�OH2 distance is 2.443(7) Å.145,146 The Tc	N bond length

is 1.559 Å, compared with 1.618(8) Å for Tc¼O. The �Tc	N stretching vibration occurs at
1,076 cm�1, whereas the �Tc¼O vibration is found at 1,025cm�1.143,147 This difference implies a
slightly stronger Tc	N bond in comparison with Tc¼O, but calculations assuming a simple
harmonic oscillator show that the difference is less than that calculated. Therefore the bond
strengths are comparable and are consistent with the convention of a Tc	O multiple bond having
triple-bond character, with a partial positive charge on oxygen. The coordination of one water
ligand to the trans position results in a shift of the Tc	N frequency by only about 5 cm�1,
indicative of a very weakly bound aquo-ligand. [NEt4][TcNCl4(OH2)] can therefore easily be
dehydrated. The corresponding bromo complex must be more stable, since dehydration does not
take place under comparable conditions for the bromo analogue.

Alternatively, the complex (34) can also be obtained from the reaction of [TcOCl4]
� in CH2Cl2

when mixed with a solution of NCl3 in the same solvent. This elegant reaction involves oxidative
nitrogen transfer to technetium(V). NOCl and Cl2 were detected as by-products.142 Complexes
containing the [Tc	N]3þ core are also available through controlled oxidation of TcV nitrido
complexes.148–150 Therefore complex (35), which is obtained from the [TcO4]

�/HCl/N3
� system

only in minor amounts, can also be prepared in good yields by oxidation of ‘‘[TcVN]2�’’ species

with Cl2 or substitution/oxidation of [TcOCl4]
� with azide.148 (Scheme 11)
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When (34) is dissolved in dilute aqueous HCl, a rather poorly defined brown precipitate forms
(‘‘nitridotechnetic acid’’), which probably contains bridging oxo groups (see below).151,152 Accord-
ing to EPR investigations, this precipitate can be redissolved in concentrated HF with formation
of [TcNF4]

�.151 This complex has not been isolated, but the EPR data strongly support this
formulation. Furthermore, the fluoride ligands can be exchanged with a number of other halide
or pseudohalide ligands, such as CN�, SCN�, N3

�, and with complex anions such as [H2PO4]
� or

[HSO4]
�. Most of the mixed-ligand species have been identified through their EPR spectra,

demonstrating the power of this analytical tool in TcVI chemistry.153–155

Systematic spectroelectrochemical and computational studies of tetrahalide complexes of the
[Tc	N]3þ cores in the þV and þVI oxidation states have been published and comparisons made
with the corresponding [Tc¼O]3þ systems. Significant differences in the redox potentials between
[Tc¼O]3þ and [Tc	N]3þ complexes are observed. The 6þ/5þ couple for [TcNBr4]

� is reversible
at þ0.32 V vs. SCE, whereas the corresponding couple for [TcOBr4]

� is irreversible at þ1.73 V.
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The values for the corresponding chloro complexes are þ0.21 V and þ1.84 V, respectively. It was
concluded that these dramatic differences are a result of greater interaction of the nitrido ligand
with the technetium center in comparison to the oxo ligand. This leads to stronger destabilization
of the axial ligands for the nitrido species and hence to an increased susceptibility for an oxidation
process. Thus, the d2/d1 oxidation is easier for [TcNCl4]

� than for [TcOCl4]
�, and even a

subsequent oxidation of d1 to d 0 is possible for [TcNCl4]
� but unobservable for [TcOCl4]

�.
This experimental observation is in agreement with the theoretical calculations.156

[TcNCl4]
� reacts in aqueous or organic solution with a variety of multidentate chelators. Although

the nitrido ligand stabilizes the formally high oxidation state, substitution of halide by other ligands
often occurs with concomitant reduction to theþV state (see Section 5.2.2.3.3). Therefore, reaction with
ligands such as PPh3, KNCS, and Na(S2CNEt2) produces the corresponding TcV complexes
[TcNCl2(PPh3)2], [NEt4]2[TcN(NCS)4(CH3CN)], and [TcN(S2CNEt2)2].

144The same reductive substitu-
tion process even occurs with nonreducing ligands such as phen or bipy157,158, but the reaction depends
in the latter case on the solvent. It is found that reaction of [TcNCl4]

� with 2,20-bipyridine (bipy) in
acetonitrile gives the TcVI complex [TcNCl3(bipy)] (37), whereas the same reaction in methanol leads to
concerted substitution/reduction to the bis-substituted TcV complex [TcNCl(bipy)2]

þ. EPR investiga-
tion and an X-ray structure analysis of [TcNCl3(bipy)] have been reported. The Tc�N distance for the
bipy in the trans position to the nitrido ligand is 2.371(4) Å, significantly longer than the Tc�N bond cis
to the nitrido ligand, (2.136(5) Å).159

Chloro and bromo ligands in (34) can be substituted by multidentate N,O ligands without
reduction. Thus reaction with the Schiff base N,N0-ethylene-bis(salicylideneimine) (H2salen) (38) in
acetone gives the TcVI cation [TcN(salen)]þ (39)160, and the reaction with Na2H2edta produces a
violet precipitate which was first formulated as [TcN(Hedta)]. Later, based on a strong absorption at
504nm and a comparison of the spectra with TcIVEDTA compounds comprising the ‘‘[Tc2(�-O)2]’’
core, the compound was reformulated as Na4[Tc2N2(�-O2)(edta)2]. This band is diagnostic for
systems which contains the Tc2(�-O)2 group.161–163 (Scheme 12)

In aqueous solution, the reactivity of (34) is unique and does not have parallels among other
transition-element nitrido complexes. For instance, a characteristic feature is the formation of
‘‘[NTc(�-O)TcN]4þ’’ or ‘‘[NTc(�-O)2TcN]2þ’’ structural units by hydrolysis (see Scheme 13). As
observed with many high-valent M¼O species, substitution of halides by water leads to highly
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cationic and hence strongly acidic aqua complexes, which tend to reduce the charge by deproto-
nation and concomitant formation of (�-OH) or (�-O) bridges. This is a common feature for oxo
complexes, but is rarely observed for nitrido complexes. As mentioned earlier, reaction of
[TcNCl4]

� with excess of water gives [TcN(OH)3], the so called nitridotechnetic acid. From EPR
spectra the compound must be at least dinuclear, and the presence of a �(TcOTc) vibration band in
the IR leads to tentative formulation of the complex as [{TcN(OH)(OH2)2}2(�-OH)2].

145,152
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The [OH]� ligands in nitridotechnetic acid can be protonated in strongly acidic media, a
process leading to the �-oxo aqua cation [{TcN(OH2)4}2(�-O)]4þ (40) which, upon dilution,
gives the bis(�-oxo) aqua nitrido species [{TcN(OH2)3}2(�-O)2]

2þ (41).145,164 Although not struc-
turally characterized, the formulation results from a comparison of the electronic spectra with the
well-characterized isoelectronic species [{MoO(OH2)3}2(�-O)2]

2�, the absence of EPR signals, and
the isolation and structural characterization of subsequent coordination compounds. The add-
ition of [As(Ph)4]Cl and then HCl to a strongly acidic solution of the precipitate obtained after
dissolution of Cs2[TcNCl5] in water gave in high yields the complex [{TcNCl2}2(�-O)2]

2� (42).165

The X-ray structure of (42) was determined and exhibited the predicted structural feature of a
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bent, four-membered [Tc(�-O)2Tc] ring. The structure is best described as two square pyramids
sharing one edge. The Tc�Tc distance is ca. 2.55 Å, clearly indicating a single bond and
rationalizing the absence of EPR spectra. Similarly, complexes containing this central [Tc2O2]
group could also be prepared with cyanide, dithiocarbamate, and ethanedithiolate ligands to yield
the corresponding complexes [{TcN(CN)2}2(�-O)2]

2�(43a), [{TcN(S2CNEt2)}2(�-O)2] (43), and
[{TcN(SCH2CH2S)}2(�-O)2]

2� (44).165,166 As mentioned earlier, the [Tc	N]3þ core is very sus-
ceptible to reduction and with the dithiocarbamato ligand immediate reduction to the TcV

complex occurs in acid. Obviously under neutral reaction conditions, the [Tc(�-O)2Tc] unit is
readily formed and decreases the tendency for reduction. Upon acidification of a solution of
[{TcN(S2CNEt2)}2(�-O)2] with HCl, the monomeric species [TcNCl2(S2CNEt2)] is isolated in
good yields, a compound which is not accessible by partial substitution of the chloro ligands in
[TcNCl4]

�. (Scheme 13)
The formation of complexes with the ‘‘[NTc(�-O)2TcN]2þ’’ central structural unit has parallels

in molybdenum chemistry, where isostructural complexes such as [{MoO(S2CNEt2)}2(�-O)2] are
well established.167 In the MoO system, the differences for the oxo ligand compared to the nitrido
ligand are again obvious, since the Mo sites about 0.73 Å above the basal plane of the square
pyramid, compared to 0.65 Å in the technetium case.166

In all of the above-mentioned complexes a bis-(�-O)-bridged TcVI unit is present. There is,
however, one unique complex in which a mono-(�-O) bridge is the central structural feature. The
reaction of [As(Ph)4][TcNCl4] with oxalic acid in water/acetone results in the cyclic tetranuclear
TcVI complex [Tc4N4(�-O)2(�2,�

2-ox)6]
4� (45), in which oxalato and oxo alternate in bridging the

four technetium centers. The remaining halides have been replaced by terminal, bidentate, coordin-
ating oxalate ligands to achieve six-coordinate technetium.168 The coordination of the bridging
oxalate ligands is thus [(�2,�2-C2O4)]

2�. The trans influence of the nitrido ligand is manifested by
significant differences in bond lengths, the Tc�O distance trans to nitrido is about 2.400(11) Å,
whereas the distance cis to the nitrido ligand is only 2.070(11) Å. The Tc�O�Tc angle is bent
(150.4(8)�); consequently there is no spin exchange at room temperature and the compound has a
magnetic moment of 1.64 B.M. This contrasts with the almost linear TcV units ‘‘[OTcV�O�TcVO]� ’’,
in which the oxo ligands are trans to the oxo bridge.169 It is an unexpected feature of this complex
that TcVI is not further reduced to TcV or TcIV, since stable and well-characterized complexes with
oxalate ligands are also known for these oxidation states. (Scheme 14)
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The TcVII complex [TcI(N�Ar)3] (28) (see Section 5.2.2.1.2) can be reduced with Na� in THF
to yield the green, nonbridged, dinuclear compound [Tc2(NAr)6] (46), in which three imido-
ligands are bound to the TcVI center and connected by a single bond to the second technetium.
The molecule has a staggered, ethane-like structure and is diamagnetic.170,171 Reduction of (28)
yields another homoleptic imido-complex of TcVI, the imido-bridged, tetrahedral, dinuclear
compound [Tc2(�-NAr0)2(NAr0)4] (47) (Ar0= 2,6-diisopropylphenyl). The conformation could be
confirmed by X-ray structure analysis; the assumption of a Tc�Tc bond is confirmed by the

Technetium 145



diamagnetism of the complex. Supported by the bridging ligands, the Tc�Tc bond length is
2.68 Å and significantly shorter than in the nonbridged TcVIimido-compound with 2.7744(1) Å.
The bonding and structure in some of this heavily �-loaded imido compound has been studied by
theoretical molecular orbital calculations as well, and the results compared to those received from
X-ray structure analysis.125

Treatment of (47) with Grignard reagents leads to the unprecedented successive substitution of
imido-ligands by methyl groups. The reaction with two equivalents of MeMgCl substitutes one
imido ligand and results in the formation of [Tc2(�-NAr0)2(CH3)2(NAr0)3] (48). The X-ray
structure shows the two methyl ligands on the same Tc center. Addition of a further two
equivalents of MeMgCl yields the symmetrically substituted tetramethyl complex [Tc2(�-
NAr0)2(CH3)4(NAr0)2] (49). In the solid state, only the Z-isomer was observed.172 The structures
of the compounds are depicted in Scheme 15.
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5.2.2.2.3 Oxo-sulfur and nitrogen ligands

Complexes of hexavalent technetium without multiple bonds to main-group elements are rare. As
is obvious from the previous section, most of the complexes contain multiple bonds to either
nitrogen or oxygen, in order to compensate the highly positive charge of the technetium center.
The first complex to be found without multiple bonds to N or O was the homoleptic complex
with 2-aminobenzenethiol (H2abt, (50)) [Tc(abt)3] (51).173 Treatment of [NH4][TcO4] in 0.1M HCl
in the presence of (50) gave (51) in about 40% yield as dark green crystals. The EPR spectrum of
[Tc(abt)3] shows almost isotropic g values, slightly greater than the free electron value, and very
small hyperfine coupling constants, indicating that the free electron is in an orbital with mainly
ligand character. A direct consequence is the observation of intermolecular exchange interactions
in solution. Possible exchange pathways have been discussed under the assumption that the
molecular arrangements in solution and in the solid state are similar.127,174,175 Face-to-face or
face-to-edge contacts between the benzene rings of two different molecules are considered to
contribute significantly to the observed interactions. From thermodynamic considerations, it is
expected that face-to-face contacts result in the strongest intermolecular interactions. The X-ray
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crystal structure confirms these interactions and shows the expected trigonal-prismatic geometry,
isostructural with the corresponding molybdenum complex. The distance to the trigonal N3 face
is 1.265(1) Å and to the S3 face 1.482(1) Å.127

A similar reaction occurs between [NH4][TcO4] and 3,5-di-t-butylcatechol (H2dbcat) (52) in
methanol yielding the tris(3,5-di-t-butylcatecholato)technetium(VI) complex [Tc(dbcat)3] (53). The
catechol acts as both ligand and reducing agent. The coordination geometry around TcVI is
approximately octahedral, with some distortion towards trigonal-prismatic coordination geome-
try. [Tc(dbcat)3] shows interesting electrochemical behavior. Two reversible reduction potentials
are observed at �0.42 V and �1.09 V (vs. Fc/Fcþ), corresponding to formation of TcV and TcIV

species, respectively, as well as one oxidation at þ0.45 V to the corresponding TcVII cation
[Tc(dbcat)3]

þ.176 The octahedral geometry contrasts with the assumed structure of a similar
complex with toluene-1,2-dithiol (H2tdt) [Tc(tdt)3] (54). It was concluded from spectroscopic
investigations that the geometry in this latter compound is trigonal prismatic, but no X-ray
structure analysis has been performed so far. [Tc(tdt)3] can be reduced to TcV and to the TcIV

dianion [Tc(tdt)3]
2�, and oxidation to the TcVII cation is also possible.173,177

An unusual compound is produced from the reaction between the TcV complex [TcO(O2C6Cl4)2]
�

(55) (see Section 5.2.2.3.2.1) and N,N-diphenylhydrazine (23) in CH2Cl2. The binuclear, mixed-
valence, paramagnetic, but EPR-silent TcV/TcVI complex [Tc2(NNPh2)2(O2C6H4)4]

� (56) is formed
in about 20% yield. The hydrazido ligand in this complex adopts an unusual �1 bridging mode. The
structure of the molecular anion consists of two distorted octahedral Tc centers bridged by two
hydrazido(2-) groups, and each Tc center is additionally coordinated to two catecholato ligands.
The bond length of 2.612(2) Å is consistent with a Tc�Tc single bond.178 This reaction suggests that
the coordination chemistry of the [Tc¼O]3þ core with hydrazine derivatives does not parallel that
of rhenium or molybdenum, where direct substitution of the terminal oxo group by a doubly
deprotonated hydrazido ligand is the rule. Technetium hydrazido chemistry seems to be more
complicated, although the substitution of terminal oxo group by substituted hydrazine has been
observed as well (see Section 5.2.2.3.5). Still, the tendency toward N�N bond cleavage and the
formation of nitrido and imido species of unusual bonding modes is distinct. (Scheme 16).

5.2.2.3 Oxidation State (V)

Of all the oxidation states of technetium, the þV state is the most thoroughly investigated. A vast
number of compounds have been prepared and analyzed by crystallography, spectroscopy,
electrochemistry, and other methods. This dominance is clearly related to the importance of
99mTc complexes in this oxidation state for application in nuclear medicine (see Section 5.2.3).
Another important consideration is the convenient availability of reasonably stable, but also
labile, complex precursors such as [TcOCl4]

� or [TcNCl4]
2� produced in situ. Hence, most of

the known compounds contain the ‘‘[Tc¼O]3þ’’ or ‘‘[Tc	N]2þ’’ cores. These cores can be
stabilized by a wide variety of mono- or multidentate ligands, yielding cationic, neutral, or
anionic complexes. For applications in radiopharmacy it is essential that these cores can be
prepared in one single step from [99mTcO4]

� in water. Fortunately this is generally the case.
Since O2� as well as N3� are excellent �-donors, stabilizing high oxidation states of transition

metals as emphasized in the sections before, they display a strong trans influence. Consequently, most
of the complexes have square-pyramidal geometry with a strong tetragonal distortion. According to
theoretical calculations, the d-orbital energy levels in compounds of C4v geometry are b2 (dxy)< e
(dxz,dyz)< b1 (dx2�y2)< a1 (dz2).179 The two electrons are nonbonding and paired in the b2 orbital. This
results in diamagnetic complexes, or complexes showing slightly temperature-dependent paramagnet-
ism. The [Tc¼O]3þ and the [Tc	N]2þ cores can thus be regarded as having closed-shell electronic
configurations, and substitution-inert complexes are expected. However, kinetic stability is strongly
influenced by the type of coligand present. As an important consequence, most of the TcV complexes
can be characterized by means of 1H NMR spectroscopy, which is a powerful tool, especially when
different conformers are formed with one single, multidentate ligand. Both the [Tc¼O]3þ and the
[Tc	N]2þ bonds are formally triple bonds, but unfavorable charge distribution for [Tc¼O]3þ results
in a bond which is typically in between triple and double.

In broad terms the coordination chemistries of technetium and rhenium are similar, and isomorph-
ous compounds are frequently found. One important exception is the behavior with phosphanes.
Since TcV is a stronger oxidant than ReV, the reaction with phosphanes very often leads to reduction
to TcIII and lower oxidation states. This is particularly the case with compounds derived from the
‘‘[Tc¼O]3þ’’ core. The complex [ReOCl3(PPh3)2]

180 is a very important starting material in ReV
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coordination chemistry, but the technetium congener does not exist. TcV in the presence of
phosphanes is stable only where strongly electron-donating substituents stabilize the formal TcV core.
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5.2.2.3.1 Compounds containing no multiply bonded ligands

The number of TcV complexes containing no multiply bonded ligands is very limited. The only
binary halide of this type is [TcF5] (57), which is formed as a by-product in the fluorination of
technetium metal.137 Cleavage of the polymeric solid-state structure to yield hexacoordinated
complexes has not been reported, probably due to the difficulty of preparing and handling [TcF5].
However, reduction of the more readily available [TcF6] in IF5 and in the presence of MCl leads
to reduction and to the formation of M[TcF6] (58).181 With [NOF] and [N2H6]

2þ in H2F2 the
corresponding salts [NO][TcF6] and [N2H6][TcF6]2 can be isolated.140,182 The alkali hexafluoro-
technetate salts have a magnetic moment of 2.25 B.M. at 25 �C and are isostructural with the
corresponding ruthenium complexes.
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Other complexes containing no multiply bonded ligands can be prepared by oxidation of a TcIII

precursor, or by the elimination of the multiply bound group. An example of the first pathway is
provided by the oxidative addition of Cl2 to the well-established TcIII complex [Tc(diars)2Cl2]

þ

(59) with diars= 1,2-(dimethylarsine)benzene.183 Addition of Cl2 to an alcoholic solution of (59)
results in the formation of eight-coordinate TcV complex [Tc(diars)2Cl4]

þ. The complex
[Tc(diars)2Cl4]

þ (60) has a dodecahedral D2d coordination geometry and is formally an
18-electron species.184 The analogous phosphorus compound does not exist, probably due to the
susceptibility of the phosphorus to oxidation. An example of the second route is provided by the
reaction of [TcO(abt)2]

� (61) with concentrated HCl/MeOH.185 Although the terminal oxo ligand
is generally not very easily protonated, the unusually long Tc¼O distance of 1.73(2) Å186 in the
starting material accounts for its higher basicity. Consequently, in a nonredox process, one abt
ligand and the terminal oxo group are cleanly replaced by four chloride ligands, and the anionic
TcV complex [TcCl4(abt)]� (62) is formed. The X-ray crystal structure and the magnetic moment
of 2.86 B.M. confirm the pentavalent oxidation state for Tc and the presence of a doubly
deprotonated abt ligand. The removal of a nitrido ligand is represented by the reaction of (34)
with H2bdt (63) in acetone. This reaction gave low yields (21%) of the brown TcV complex
[Tc(bdt)3]

� (64).128 The geometry of the complex anion is close to ideal trigonal prismatic and the
angle between the TcS2 planes is 119.4�. The distance between the sulfur atoms within one ligand
averages 3.06 Å, which is significantly shorter than the sum of the van der Waals radii (3.7 Å). It is
suggested that the strong intersulfur interactions help in stabilizing the trigonal-prismatic geom-
etry over the sterically more favoured octahedral geometry. As mentioned earlier, the similar TcVI

complex with toluene-1,2-dithiol, [Tc(tdt)3] (54), is reduced at �0.58 V vs. SCE to the correspond-
ing TcV complex, but has not been isolated.177 (Scheme 17)
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A unique eight-coordinate TcV complex has been reported. The reaction of [TcOCl4]
� with

cyclopentamethylenethiuram disulfide (65) results in the unusual, deep red, eight-coordinated TcV

complex [Tc(S2C{NC5H10})4]
þ (66). In this complex the terminal oxygen ligand has been removed

from technetium, but the oxidation state did not change. A number of dithiocarbamate com-
pounds of Tc in lower oxidation states were already known, but this is the first example of an
eight-coordinate TcV species. The shape of the complex cation is best described as a distorted
square antiprism with Tc�S distances ranging from 2.463(2) Å to 2.494(2) Å, consistent with
other dithiocarbamate complexes.187 A mechanism for the formation of this unusual complex is
proposed. The driving force is believed to be the formation of a strong Tc�S bond and the
cleavage of the relatively weak S�S bond by the nucleophilic chloride ion.

5.2.2.3.2 Oxo-complexes, the ‘‘[Tc¼O]3þ’’ core

Complexes of TcV containing the [Tc¼O]3þ core are in general available from two different
synthetic routes. The anions [TcOCl4]

� (67) or [TcOCl5]
2� (68) are often used as convenient
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starting materials, as in organic solvents the chloride ligands are easily substituted by a wide
variety of mono- and multidentate ligands, especially with N- or S-donors. The presence of a base
is often not required, since the thermodynamic stability constants are high enough and complex
formation equilibria usually greatly favor complex formation.

The second approach is simultaneous reduction and substitution starting directly from [TcO4]
�. This

method reflects the requirements of the radiopharmacy; any useful preparation must start from
[TcO4]

� in water and isolation of any intermediate or precursor is not favorable. This method is
suitable for the preparation of coordination compounds on the macroscopic scale, but products
formed are sometimes not as pure as from [TcOCl4]

�. In the presence of water polymeric TcIV species
may reduce the yield, or reduction to lower oxidation states can occur. Themostwidely applied starting
material is (67), usually available as its salt with bulky counterions like [N(Bu)4]

þ or [As(Ph)4]
þ. The

original synthesis of (67) involved reduction of [TcO4]
� in aqueous HCl, in the presence of hypopho-

sphorous acid as a reducing agent. From the dark green solution, the addition of large cations leads to
the precipitation and isolation of salts such as [N(Bu)4][TcOCl4].

188 The anion [TcOCl4]
� is an

intermediate en route to the TcIV complex [TcCl6]
2� (69), which is the thermodynamic end product

in the reaction of concentrated HCl with [TcO4]
�.189–191 An alternative route involves reaction of

[NH4][TcO4] with concentrated HCl without reductant and in the presence of bulky counterions like
[N(Bu)4]

þ
[N(Bu)4][TcOCl4] precipitates in almost quantitative yield.192–194 This versatile availability
significantly promoted the development of TcV complexes containing the [Tc¼O]3þ core. The gold-red
bromide analogue [N(Bu)4][TcOBr4] (70) is obtained by the same route, but in the presence of 48%
HBr.192,193 Both compounds are isostructural, with a slightly longer Tc¼O bond in the case of the
bromide complex (1.613(9) Å vs. 1.593(2) Å).195However, in the case of HBr the reaction forms the TcIV

complex [TcBr6]
2� (71) more rapidly, probably due to the better reducing power of Br� compared to

Cl�. In the presence of [N(Et)4]
þ it is possible to crystallize the monoaquated species trans-[TcO-

Br4(OH2)], in which the water ligand is trans to the oxo ligand, to give an overall distorted octahedral
structure as confirmed byX-ray structure analysis.196Althoughboth complexes are square pyramidal in
the solid state, in acidic aqueous solution one loosely bound water is coordinated. [NBu4][TcOI4] (72) is
best synthesized by ligand exchange from the corresponding chloride complex with NaI in acetone. The
direct reaction with HI leads to contamination of the product with TcIV species and with polyiodides.108

In the presence of a large concentration of chloride, complex (68) is formed and salts
M2[TcOCl5] (M¼NH4

þ, Naþ, Kþ, Csþ) can be obtained as olive-green precipitates by addition
of the appropriate chloride.191,197 The equilibrium between [TcOCl4]

� and [TcOCl5]
2� has been

studied by of EPR198 and Raman spectroscopy.197 In 12M HCl the equilibrium constant was
found to be in the range of 1.5þ/�1� 10�3. In water [TcOCl4]

� undergoes a fast disproportiona-
tion to polymeric 2TcO2 and [TcO4]

�, which significantly limits its usefulness in this solvent. Slow
disproportionation is found in slightly acidic solution only. In acidic aqueous solution at con-
centrations >2M in HCl, the disproportionation occurs very slowly.54,199 (Scheme 18).

(i) Oxygen ligands including macrocycles

Well-defined complexes containing exclusively oxygen donors are relatively rare. Where known,
the structure is usually square pyramidal, with the oxo-substituent in the apical position and
significantly displaced out of the basal plane. For a summary, see Scheme 19. Among the first
complexes of this kind was the bis-1,2-ethylene-glycolato (H2eg, (73)) complex
[TcO(OCH2CH2O)2]

� (74), prepared from the direct reaction of [TcOCl4]
� with (73) in the

presence of a base.200,201 Red-violet (74) is soluble in polar organic solvents, but unstable in the
absence of excess ethylene glycol. In water at pH< 10 the complex hydrolyzes readily to TcO2 and
[TcO4]

�. Since the glycolato ligand is easily replaced by other ligands and functions as a base, (74)
represents a convenient starting material for the preparation of other TcV complexes. Aromatic
diolato ligands such as catechol give more stable complexes. The treatment of [TcOCl4]

� in
methanol with catechol (H2cat (75)) in the presence of base produces [TcO(O2C6H4)2]

� (76) as
golden crystals.200 This compound has been structurally characterized. The analogous 4-nitro
catecholato- and tetrachloro-catecholato-complexes [TcO(O2C6H3NO2)2]

� (77) and
[TcO(O2C6Cl4)2]

� (55) have also been prepared and their structures elucidated.178,202 Compounds
of this type with C4v symmetry are diamagnetic.54 (Scheme 19).

A series of TcV complexes with the monobasic ligands 2-methyl-3-oxy-4-pyronate (maltolate,
Hma (78)) or 1,2-dimethyl-3-oxy-pyridinonate, (Hdpp, (79)) were prepared in nonaqueous solution
by chloride substitution in [TcOCl4]

�. Stepwise substitution is observed. The substitution of one
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chloride leads to the structurally characterized complex [TcOCl3(ma)]� (80), which is six-coordinate
with one of the ligand oxygen donors trans to the oxo ligand. This Tc�O bond is weak, as indicated
by the bond length of 2.152(2) Å. In the presence of a second equivalent of ligand, two further
chlorides are substituted to yield the greenish-yellow neutral complex [TcOCl(ma)2] (81), the
structure of which was determined for rhenium and with bromide instead of chloride. For (79)
only the corresponding bis-substituted complexes were produced. An interesting difference was
observed upon prolonged standing of the pure monosubstituted complex in organic solvents.
Whereas the rhenium complex [ReOBr3(ma)]� undergoes disproportionation to [ReOBr(ma)2]
and [ReOBr4]

�, the corresponding technetium complex is perfectly stable.203 Both complexes are
unstable towards hydrolytic decomposition and convert slowly into TcO2 and [TcO4]

�.
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Reaction of [NBu4][TcOCl4] in aqueous acetone with oxalic acid H2ox gives the unusual, six-
coordinated TcV complex [TcO(ox)2(Hox)]2� (82) as the [As(Ph)4]

þ salt. One of the oxalato-
ligands is coordinated through one oxygen of one carboxylic acid group only, whereas the other
two are bidentate. The absence of a significant trans influence of the oxo ligand is also unusual.
The Tc�O distance for the oxygen trans to the oxo group is 2.069(6) Å, similar to the Tc�O
distance for the cis oxygens, which averages 2.016 Å.168 The reasons for the low tendency of the
oxalato ligand to show a trans influence are unclear.204
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Gluconate or heptagluconate complexes are among the most important starting materials for
radiopharmaceutical preparation of TcV derivatives and they are used in many labeling proced-
ures. Labeling procedures are based on the stabilizing effect of these two ligands for TcV in
aqueous solution. These auxiliary ligands are subsequently exchanged for the radiopharmaceuti-
cally useful ligands which can, be attached to a biomolecule. As is frequently the case for
radiopharmaceutical preparations at the tracer level, the exact structures of these precursor
complexes are not known. They are generally believed to be of the type [TcO(L2)]

� from various
spectroscopic and chromatographic analyses.205 However, due to significant differences in reac-
tion pathways at high dilution (99mTc) and at normal concentration (99Tc), their structures are not
unambiguously proven.
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The synthesis of a variety of �-diketonato complexes of TcV has been described.206 None of
these compounds has been structurally described, but they are formulated as [TcO(�-diketonate)2-
Cl]. A further variant of purely oxygen-coordinated TcV results from use of the ‘‘Kläui-ligand’’
(18).119 Yellow-green complexes of composition [(LOR)TcOCl2] were prepared by reaction of
[TcO4]

� in the presence of conc. HCl with the ligand (18).
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(ii) Sulphur ligands

Complexes of TcV comprising the [Tc¼O]3þ core with sulfur donor only as coligand are also
relatively rare. Some examples are given in Scheme 21. One of the first complexes of this type was
prepared directly from reaction of [NH4][TcO4] in ethanol with 1,2-ethanedithiol (H2edt, (83)) and
other dithiols, with [BH4]

� present as a reducing agent. The anionic, orange compounds
[TcO{S(CH2)nS}]� (84) can be precipitated with bulky cations such as [N(Bu)4]

þ directly from
solution. As expected, the complexes are square pyramidal, with the Tc located about 0.761(2) Å
above the basal plane. The complexes were characterized by X-ray structure determinations and
spectroscopic methods, such as IR/Raman, UV/Vis, and NMR.207,208 An alternative method uses
dithionite as a reducing agent. [NH4][TcO4] in alkaline water was reduced with Na2[S2O4] and
reacted with (83) to give (84) in 99% yield. The substitution reaction starting from [TcOCl4]

� gave
a reduced yield of 77%.209 According to periodicity considerations, Re is harder to reduce than
Tc and this is illustrated by the ready reduction of TcVII with [S2O4]

2� at room temperature,
whereas the corresponding ReVII requires [BH4]

� and heating under reflux. A number of other
complexes with two bidentate chelating sulfur donors have been prepared similarly. The reaction
of [NH4][TcO4] with thioglycolic acid in alkaline water and in the absence of any reducing agent
gives complexes of the type [TcO(SCH2COS)2]

� (85), isolated in 22% yield after precipitation
with a bulky cation. The complexes [TcO(S2C2O2)2]

� (86), [TcO(S2C2{CN}2)2]
� (87), and

[TcO(tdt)2]
� (88) were prepared analogously, but could also be produced directly from [TcOCl4]

�

in better yields.209,210 All the complexes range in color from orange to red-brown. A
bathochromic shift is observed for the Tc complexes compared to their rhenium analogues, as
expected from periodicity considerations. The complexes are generally weakly paramagnetic,
with an effective field-strength-dependent magnetic moment of 0.1–1.5�B.209 The complexes
described above are stable in aqueous solution for days, which makes this type of complex very
attractive for applications in nuclear medicine. Various dithiols like, e.g., (83) can be used as
ligands and reducing agents at the same time to yield the corresponding [TcO{S}4] compounds.
The compounds can generally be prepared in better yield, however, by the direct substitution of
chloride in [TcOCl4]

�. In their structure they show the expected square-pyramidal or distorted
square-pyramidal geometry, with the Tc located an average of 0.74 Å above the basal plane.211–213

The high stability of the complexes is shown by their electrochemical behavior, which shows no
tendency to be oxidized to TcVI or reduced to TcIV. Any attempts to use electrochemical methods
in that direction failed. The dithiolato ligands are inert to chemical exchange. The oxo group is
resistant to reductive removal by triphenylphosphane, usually a versatile method to produce TcIII

complexes.
The radiopharmaceutical syntheses of complexes with the [99mTcO{S}4] core is generally

achieved by addition of an excess of the appropriate dithiol to in situ-generated TcV gluconate.
The same strategy can also be applied to the synthesis of complexes with 99Tc, and many
[99mTcO{S}4] derivatives have been prepared.210,214–217

The reaction of [TcOCl4]
� with various monodentate aromatic thiols in methanol produces

complexes of the general formula [TcO(SAr)4]
� (89), which can be precipitated with bulky cations.

The X-ray crystal structure of the complex with Ar=mesityl has been elucidated and has square-
pyramidal geometry, with the Tc atom displaced from the basal plane by about 0.846 Å.218,219 Direct
reaction of [TcO4]

� in 2M HCl with thiourea (tu, (90)) derivatives such as tetra- or dimethylthiourea
(tmtu, dmtu) gives, e.g., a five-coordinate complex [TcO(tmtu)4]

3þ (91), which can be precipitated
with large anions such as [PF6]

�.220 Under more forcing conditions further reduction to TcIII

complexes occurs with less bulky thioureas, such as tu or dmtu (see Section 5.2.2.5.4). An unexpected
reaction is observed when (91) reacts with the bidentate phosphane ligand bis(diphenylphosphino)
ethane (dppe, (92)) in DMF at room temperature overnight. Two of the tmtu ligands form a
coordinated dithiocarbamate ligand, and the complex [TcO(tmtu)2(SSCN(CH3)2)]

2þ (93) is formed
in 30% yield. It is assumed that the metal mediates a sulfur transfer from one tmtu to another, with
the release of one equivalent of tetramethylurea and diethylamine. The X-ray crystal structure
confirmed that (93) has square-pyramidal geometry, as proposed on the basis of spectroscopy.221

Use of the same reaction conditions but a higher dppe concentration caused reduction, with form-
ation of the TcII complex [Tc(S2CNMe2)(dppe)2]

þ (94). (Scheme 21).
Another compound of considerable radiopharmaceutical relevance and based on dithiolato

donors is the TcV complex of dimercaptosuccinic acid (H2dmsa, (95)). The ligand (95) has both a
meso and optically active forms, leading to complexes of different stereochemical configuration,
which have very different in vivo behavior. Whereas the complex from racemic (95) leads to a
product that is renally excreted without accumulation in any other organ, the complex prepared from
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meso-dmsa is osteotropic. The corresponding dimethylester complexes [TcO(dmsa)2]
� have been

prepared and structurally characterized.222 Since the meso form of the ligand is achiral, anti, endo,
and exo, configuration complexes were expected and all possible forms were present. 1H NMR data
was consistent with the syn isomer but no differentiation between the endo and exo forms was
possible. The X-ray crystal structure indicated that the syn-endo isomer crystallizes preferentially.

Since the 99mTc complex of (95) proved to be a powerful radiopharmaceutical for the detection
of bone cancer metastasis, considerable efforts have been made to provide the reasons for the
specificity. In the preparation of the corresponding radiopharmaceuticals, all three stereoisomers
are present from the reaction with meso-dmsa. The reason for the osteotropic behavior may arise
from deprotonation of the noncoordinated carboxylic acid groups, and the active complex in
solution therefore bears a 5� charge.223,224

A special case of complexes containing the [Tc¼O]3þmoiety and exclusive coordination to sulfur
donors is that of thioether coordination. Although the [Tc¼O]3þ core is thiophilic, thioether
coligands are not sufficient to stabilize the þV state and the 3þ charge. Several attempts in that
direction have failed and complexes with additional anionic donors were formed. Reaction of
[TcOCl4]

� with bidentate thioethers (S2) leads to a class of complexes containing the
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[O¼Tc�O�Tc¼O]4þ core. The reaction with a variety of dithia-alkanes gave complexes of the
composition {[TcO(S2)(Cl)2]2}(�-O) (96) as yellow-green crystals. The X-ray crystal structure con-
sists of two independent ‘‘[TcO(S2)Cl2]’’ units bridged by an almost-linear oxygen atom. The
conformation is anti with respect to the bridging oxygen, and it can be concluded from the linearity
of the complex that significant �-bonding between metal and oxygen is involved.225,226 The reaction
with a bidentate thioether with an additional terminal hydroxy function yields the neutral, six-
coordinate, mononuclear complex [TcO(O(CH2)2S(CH2)2S(CH2)2OH)Cl2] (97), in which one of the
hydroxy groups is deprotonated and coordinates trans to the oxo ligand.226 The bond distances to the
bridging oxygen in the dinuclear species (96) or to the nonbridging oxygen ligand in (97) are 1.98(3) Å
and 1.895(4) Å, respectively: thus for both cases intermediate between clear single and double
bond. Another type of dinuclear complex is derived from certain tridentate thioether/dithiol
ligands. The ligand 3-thiapentane-1,5-dithiol HS-S-SH (98) reacts with Tc-gluconate in acetonitrile
to yield the dinuclear, ligand-bridged complex [{TcO(S�S�S)}2(�-(S�S�S))] (99).227 The structure
of the direct precursor [TcO(S�S�S)Cl] has also been determined.228 Other dinuclear complexes
with a bridging oxygen will be treated in the sections with the respective ligand atom combinations.
(Scheme 22)

Complexes of oxo-technetium(V), one tridentate ligand, and an additional monodentate thio-
lato ligand, the so called ‘‘[3þ 1]’’ mixed-ligand system, have been extensively studied for the
labeling of biomolecules. In general, [3þ 1] mixed-ligand complexes of the type [TcO(SXY)(SR)]
(X=O,N,S and Y=N or S) are prepared by the reaction of a potentially dianionic tridentate
ligand H2L and a monodentate, monoanionic, thiolate coligand with a suitable oxo-technetium
precursor.229–232 If R above is, for instance, a CNS-binding ligand, the complexes can be used for
the imaging receptors in the central nervous system (see Section 5.2.3). Addition of a tridentate
ligand to [TcOCl4]

� gives [TcO(SXY)Cl], and subsequent addition of a monodentate ligand HS�R
gives the mixed-ligand complex [TcO(SXY)(SR)]. Alternatively, complexes of the same composition
are prepared by ligand exchange on the Tc-gluconate precursor.227,233 A wide variety of complexes
with technetium and rhenium have been structurally characterized, in particular for the donors
SNS234–243 but also for the SNN donor set.242 It is not only sequential addition of the tri- and the
monodentate ligands to the Tc-precursor that gives the appropriate complexes, but also concerted
addition of both ligands at the same time to carrier-added [TcOCl4]

� or Tc-gluconate. The ‘‘[3þ 1]’’
complex synthesis at n.c.a. level (99mTc) yields a mixture of products, besides the required complex.
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Since complexes of this mixed-ligand type play an important role in the development of receptor-
binding radiopharmaceuticals,243–245 attention was paid to the preparation of pure mixed-ligand
complexes with 99mTc. The preparation of [99mTcO(SSS)(SR)] at the n.c.a. level in good yield and
purity is possible only by subsequent HPLC separation of the mixture.246

Investigations with one bidentate and two monodentate ligands have also been performed
and a number of complexes of the type [TcO(NS)(SR)2] have been structurally characterized
(Scheme 23).247

One of the rare examples in which selenium is involved as a donor atom results from the
reaction of Tc-gluconate with 2 equivalents of 1,1-dicyanoethene-2,2-diselenolate (dcds), which
gives the selenium analogue of (87), [TcO(dcds)2]

�, in 50% yield. The complex was structurally
characterized and shown to be square pyramidal, with Tc�Se averaging 2.474 Å and the Tc
0.88 Å above the basal plane.248

A comparison of the IR bands due to �Tc¼O for stepwise substitution of Se by S showed that
�Tc¼O for four Se donors is 965 cm�1, whereas for two Se and two S it is 970 cm�1, and for sulfur
only 980 cm�1.249

(iii) Nitrogen ligands including macrocycles

Substitution reactions on [TcOCl4]
� with aliphatic or aromatic amines yield in general complexes

with the trans dioxo technetium core [O¼Tc¼O]þ. The neutral nitrogen donors in these ligands do
not contribute much to charge compensation and are poor �-donors, which makes the formal
[Tc¼O]3þ very susceptible to substitution by water and subsequent deprotonation. However, if
other donor atoms in the multidentate, amine-containing ligand are negatively charged and serve as
good �-donors, five-coordinate monoxo complexes are formed. The additional oxo probably comes
from water, which is omnipresent in amines, and which explains the formation of complexes of the
general type [TcO2(N4)]

þ. Exceptions are complexes with deprotonated diamino-benzene ligands or
with triply deprotonated, oxime-type ligands which will be described later in this section.

The reaction with aliphatic diamines is exemplified by that of 1,2-diaminoethane (en, (100)).
Substitution of the chlorides in [TcOCl4]

� with en gave in THF the cationic complex [TcO2(en)2]
þ

(101) as orange needles. The compound is diamagnetic and the four nitrogen atoms are essentially
coplanar. The Tc¼O bond lengths in this and most of the other complexes comprising the
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[O¼Tc¼O]þ core are significantly longer, at 1.75 Å, in comparison to the mono-oxo complexes,
due to the strong trans influence of terminal oxo groups.250 The complex [TcO2(pn)2]

þ (102) with
1,3-diaminopropane (pn) can be made by the same route, or directly from [TcO4]

� in aqueous
solution with [S2O4]

2� as a reducing agent. The structural properties of (102) are comparable to
those of (101).251 Another unexpected route to trans dioxotechnetium(V) complexes starts from
the TcIV precursor [TcCl4(PPh3)2] (103) or the TcIII complex [TcCl3(NCCH3)(PPh3)2] (104) in
acetonitrile. At room temperature and in the presence of (100), the corresponding complex (101)
is formed in 70–80 % yield. In a similar procedure, a number of trans dioxo complexes with
tetraaza macrocycles are formed. Reaction with 1,4,8,11-tetraaza-cylotetradecandecane (cyclam,
(105)) gave [TcO2(cyclam)]þ (106) in good yield.252 The additional oxygen comes from adventi-
tious water, and the oxidizing agent is atmospheric oxygen. Other macrocycles with additional
ketone groups in the backbone (mon-oxocyclam, dioxo-cyclam) were prepared similarly.
Although it is claimed that the structure is similar, it is not clear whether the amide nitrogens
coordinate without protonation. No structural evidence for the formulation with mono- and
dioxo-cyclams is given. It is noteworthy that the reaction of [TcCl4(PMe2Ph)2] instead of
[TcCl4(PPh3)2] did not yield the corresponding trans-[O¼Tc¼O]þ complexes, or a reasonable
product at all. This indicates that the strong �-acceptor PPh3 is of importance in determining the
course of the reaction. Interestingly, using [TcOCl4]

� as a starting material no stabilization of
[O¼Tc¼O]þ is obtained, and the yields of the corresponding [TcO2(N4)]

þ complexes are very
low and comparable to an earlier preparation of [TcO2(tad)]þ starting directly from [TcOCl4]

�.250

The original procedure with 1,4,8,11-tetraazacyclotetradecane (cyclam) yielded (106), but started
from an aqueous [TcO4]

� solution and [S2O4]
2� as a reducing agent.253 This reaction gave a poor

yield of 7% only. Complexes with different stereoisomers of 1,2-diaminocyclohexane (DACH)
have been prepared, either by ligand exchange from [TcOCl4]

� or by reduction of [TcO4]
� in

conc. HCl and subsequent ligand reaction.254

A number of X-ray crystal structures of these complexes with aliphatic diamines and the trans
[O¼Tc¼O]þ core have been elucidated. They all have in common that the Tc¼O distances are
elongated in comparison to the Tc¼O monooxo counterparts. Typical Tc�O bond lengths are
around 1.75 Å, whereas the average Tc�N distances range from 2.15 Å to 2.2 Å.251,255 A compar-
able observation concerns the IR �Tc¼O stretching frequencies, which for these complexes are in
the range of 800 cm�1. The general reactivity of these complexes for substitution by other ligands
is weak and descriptions of controlled substitution reactions of aliphatic amines by other ligands
are rare. (Scheme 24)
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Another important class of complexes with the [TcVO2]
þ core contain monodentate heterocyclic

amines such as imidazole (im, (107)) or pyridines (py, (108)). The reaction of [TcOCl4]
� with

excess (107) and derivatives in ethanol gave pink complexes of the type [TcO2(L)4]
þ (109) (L=

(107) or 1-methyl-(107)), which were structurally characterized. Both structures are essentially
identical. The average Tc¼O and Tc�N bond lengths are 1.71(2) Å and 2.15(2) Å, respect-
ively,254 and the coordination geometry is distorted octahedral. The imidazole rings are twisted
away from the O¼Tc¼O axis. The IR bands for the TcO2 group fall within the expected range
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of 790–835 cm�1 for the asymmetric O¼Tc¼O stretch. The complexes are diamagnetic and the
proton signals from the imidazole rings are shifted slightly downfield. The diamagnetism in all
complexes containing the [O¼Tc¼O]3þ group is a consequence of the strong tetragonal distor-
tion of the ligand field, as imposed by the two oxo-ligands. This causes the dxy orbital to lie
substantially below the set of degenerate dxz and dyz orbitals and results in a diamagnetic 1A1

ground state. This interpretation agrees with the observed electronic spectrum of (101) and the
corresponding pyridine complexes, which shows the expected three electronic transitions. For
[TcO2(en)2]

þ the ligand field splitting parameter is 18,700 cm�1. Comparable electronic features
also occur for imidazole and pyridine complexes.254

The imidazole complexes are unstable in aqueous solution and decompose rapidly to TcO2. At
lower pH the complexes undergo acid-catalyzed decomposition. None of the complexes exhibited
oxidation or reduction processes by cyclic voltammetry. However, it was chemically possible to
reduce the imidazole complex with Zn in 1M HCl. A defined complex formed that did not contain
the Tc¼O group; probably reduction to TcIII complexes occurred.254

The first description of a TcV complex with pyridine (108) dates back to 1972. Its formulation as
[TcO2(py)4]

þ (110) was made on the basis of IR studies and correct assignment of the vibration at
825 cm�1.256 The same complex was also obtained in later work. The reaction of [TcO(tmtu)4]

3þ (91)
with (108) in acetone also produces (110), but the reaction mechanism is unclear.220 The reaction of
[TcOCl4]

� with neat (108) gave [TcO2(py)4]
þ, and the reaction with 4-t-butylpyridine (tbp) in metha-

nol after 5–10min at room temperature gave the complex [TcO2(tbp)4]
þ in yields of 80–90 % as yellow

crystals.257 The analogues with dimethylpyridine and aminopyridine can be prepared similarly. An
alternative and earlier route started from (69) to yield the same material.258 Infrared absorptions due
to the O¼Tc¼O unit are observed, as expected, in the range assigned to the asymmetric
[O¼Tc¼O]þ stretch, and are between 818 cm�1 and 828 cm�1. The high yields of complexes containing
the [O¼Tc¼O]þ core by direct combination of the pyridine ligands with [TcOCl4]

� make this
synthetic approach a general method. The presence of electron-withdrawing substituents on the
pyridine, such as 4-cyanopyridine (111) or 4-nitropyridine (112), gives rise to complexes of general
type [TcO(OR)Cl2L2] (113).259 Recrystallization of the pyridine complexes is possible only in the
presence of excess (108), indicating that the pyridine ligands are weakly bound. Consequently,
[TcO2(py)4]

þ is an excellent starting material for complexes with the [TcO2]
þ core. The lability is

also demonstrated by the ready disproportionation in water to TcIV and TcVII. As in the case of
complexes with imidazoles above, no observable oxidation or reduction processes are obtained with
electrochemical methods. This is somewhat surprising for the high oxidation state of technetium, but
is a general feature of most compounds of this type. Upon prolonged standing in neat pyridine, a
mixture is produced which contains at least one reduced species. From these solutions, asymmetric
�-oxo-bridged compounds can be isolated and characterized.260

Further investigations on the reactivity of (110) as a starting material have been carried out.
The assumption that mixed-ligand complexes of the type [TcO(OR)Cl2(L)2] (L= pyridine deriva-
tive) are accessible only if L contains a strongly electron-withdrawing substituent (see above) has
been disproved. Due to the high lability of the pyridine ligands, it was possible to prepare mixed-
ligand complexes of the type [TcO(OR)Cl2(L)2] with L= py or substituted pyridines as well. Two
different methods are feasible. Rigorous exclusion of water in the reaction of [TcOCl4]

� with
pyridine in THF produces, after addition of MeOH, [TcO(OCH3)Cl2(py)2] in very good yields as
a green precipitate.261 Furthermore, (110) in acidic alcoholic solution with chloride, also gives
[TcO(OCH3)Cl2(py)2]. This reaction requires the presence of concentrated sulfuric acid, probably
to doubly protonate the oxo ligand, thereby labilizing it in the form of coordinated water. The
ability of the alcohol to deprotonate and coordinate under such strongly acidic conditions is quite
remarkable. As an extension to this study, analogous complexes with thiazol (tz (114))
[TcO2(tz)2]

þ (115) and [TcO(OCH3)Cl2(tz)2] have been prepared.261 Similarly, the reaction
between [TcOCl4]

� ethane-1,2-diol (H2eg) and phenanthroline gives the green complex [TcO-
Cl(eg)(phen)] (116) in 73% yield. The X-ray crystal structure of the complex shows that the Tc
has distorted octahedral geometry. The chloride ligand is located cis to the terminal oxo ligand
and the bond distance is longer (2.4118(2) Å) than a normal Tc�Cl bond, showing the strong
trans influence of the deprotonated glycolato oxygen donor. The strong trans influence of the oxo
ligand weakens the trans Tc�N bond to the extent that it is at the upper limit of what can still be
considered to be a Tc�N bond (2.268(4) Å).261

The substitution of [TcO2(py)4]
þ in DMF or DMF/MeOH mixtures with monodentate ligands

such as cyanide, imidazole, or multidentate chelators such as cyclam and en has been studied. For
all the ligands, complete replacement of the pyridines occurs. A dependence on the added alcohol
is observed, whereas there is little or no dependence on the nature of the incoming ligand. The
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exchange is clearly solvent mediated and independent of the incoming or the leaving group. The
rate-determining step is probably replacement of pyridine by alcohol. In DMF the reaction
mechanism is likely to be dissociative.262 (Scheme 25)
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Multidentate nitrogen donor ligands of the oxime type have been investigated intensively. It
was observed early that complexes with the tetradentate ligand 3,3,9,9-tetramethyl-4,8-diazaun-
decane-2,10-dione dioxime (H3pnao2, (117)) or 3,3,8,8-tetramethyl-4,7-diaza-decane-2,9-dione
dioxime (H3enao2, (118)) form neutral complexes with 99mTc which can traverse the blood
brain barrier (BBB).263–266 The ligands are shown in Scheme 26. The H3hmpac dioxime complex
[TcO(hmpac)] (119) was prepared directly from H3hmpac and [TcO4]

� in acidic saline, with
stannous tartrate as reducing agent, in 70% yield as rust-colored crystals. The complex could
be extracted into Et2O. The X-ray crystal structure was elucidated and showed the expected five-
coordinate Tc center with square-pyramidal geometry. Upon coordination, the H3hmpac ligand
loses three protons, two from the amine nitrogens and one from one of the oxime hydroxo
groups. The remaining oxime proton forms a hydrogen bridge between the two oxygens of the
oximes, resulting in pseudo-macrocyclic stabilization. This produces a formal 3� charge on the
ligand and a neutral complex.267 A range of complexes with varying patterns of methyl groups
can be prepared analogously and are essentially isostructural. The X-ray structures of several of
these complexes show also the square-pyramidal structure, with the TcV core sited about 0.68 Å
above the basal plane.268 The two deprotonated Tc�N bonds exhibit marked sp2 character and
are significantly shorter than expected for a Tc�amine bond. The average Tc�N distance of
about 1.913 Å, significantly shorter than a Tc�N (amine bond with about 2.088–2.2259 Å),
suggests multiple-bond character. This is in agreement with the relatively low wavenumber of
the Tc¼O stretch between 908 cm�1 and 923 cm�1, which is at the lower end of the frequency scale
usually observed for terminal oxo complexes. The lipophilicity of these complexes rises steadily
with the number of methyl groups present in the ligand, and the complex with six Me-group
complexes is now used to prepare an important radiopharmaceutical for brain imaging (see
Section 5.2.3.1.1).
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The effect of the backbone ring size has been studied thoroughly, from amine–oxime which has
no amine–amine hydrocarbon backbone, to (118) which forms a 13-membered macrocycle, and to
pentao2 with a pentylene backbone which forms an 18-membered macrocycle. Interestingly, the
change from a propylene backbone in (117) (pnao2) to the butylene backbone (bnao2) causes a
significant change in the type of product. Whereas for pnao2 deprotonation of the amines takes
place, that is not the case for bnao2; the two amine donors remain protonated forms, resulting in
a neutral and highly lipophilic [O¼Tc¼O]þ derivative. This structural formulation was obvious
from �O¼Tc¼O, which is at 790 cm�1. X-ray structure analyses confirmed the structure of the
ligands, proving backbone ring size greater than six obviously behave comparably to aliphatic
diamines (see earlier in this section).269 It has been suggested that the electronic properties of the
ligands cis to the oxo group are the primary factor in determining whether the [Tc¼O]3þ or
[O¼Tc¼O]þ core will be obtained.56,270

For the complexes with the [Tc¼O]3þ core the amine ligands are deprotonated, partially
neutralizing the charge of the TcV center. When the amines are neutral, an additional oxo
group is required to compensate the remaining charge on the Tc center. For the amine–oxime
ligands, the length of the hydrocarbon backbone dictated preference for the oxo-core over the
other. The bidentate ligand ao has steric constraints and the mono-oxo complex [TcO(ao)2] forms.

The reaction of octaethylporphyrin (H2oep, (120)) with [TcO4]
� in glacial acetic acid gave the

first porphyrin complex of technetium in a higher oxidation state. On the basis of spectroscopic
and mass spectroscopic data, it is formulated as the cationic species [TcO(oep)][CH3COO] (121).
The compound is soluble in nonpolar organic solvents and, despite the highly lipophilic sub-
stituents on the porphyrin framework, its description as a salt seems somewhat doubtful.271

The only complex of TcV containing two phenanthroline ligands is [TcOCl(phen)2]
2þ (122), which

is obtained either electrochemically by controlled potential cathodic reduction or by reduction of
[TcO4]

� with dithionite in the presence of phenanthroline. Its formulation as a mono-oxo species is
suggested by the Tc¼O stretch at 895 cm�1 in the IR. From the observation that all protons in the
phenanthroline ligands are nonequivalent, chloride must be cis to the oxo group.272

Reaction of [TcO4]
� with K[HB(pz)3] in 3M HCl in the presence of K[BH4] as a reducing agent

gives the complex [TcOCl2{HB(pz)3}] (123) in 60% yield as a light green solid. The structure is
distorted octahedral, with the three nitrogens occupying one face and the other comprising the
terminal oxo- and two chloride ligands. The Tc�N bond trans to the oxo-ligand is significantly
lengthened (2.259(4) Å), indicating a very weak binding interaction. In structural respects, this com-
plex resembles strongly the previously mentioned [TcOCl(phen)2].

272 (Scheme 26)

(iv) Mixed NO donor ligands

A wide variety of five- and six-coordinate [Tc¼O]3þ complexes with N,O ligands such as
hydroxyquinolines, polyamino-polycarboxylates, or Schiff-base ligands have been prepared.

The unique seven-coordinate complex [TcO(EDTA)]� is obtained by reaction of [TcOCl4]
�

with H4EDTA in anhydrous dmso. The X-ray crystal structure confirmed pentagonal-bipyrami-
dal geometry, with the oxo group and the two nitrogen donors bound in the equatorial plane.274

All other structurally characterized technetium complexes with polyamino-polycarboxylates are in
oxidation state IV.

The exchange of one nitrogen for an oxygen donor in a tetradentate ligand is exemplified by the
reaction of the versatile starting material [TcO(eg)2]

� (74) with a pyrrole-based ligand N-{2(1H-
pyrrolylmethyl)}N0-(4-pentene-3-one-2)ethane-1,2-diamin H3ped (124). The reaction in methanol
in the presence of acetate as a base gives the neutral, square-pyramidal, orange-red complex
[TcO(ped)] (125) in which the ligand is triply deprotonated, including deprotonation at the pyrrole
ring, and provides only the second example of a Tc–pyrrole species.275 Because of its significant
brain uptake, [99mTcO(ped)] has been considered as a potential brain perfusion agent.

The utility of [TcOCl4]
� in TcV chemistry is demonstrated by the first synthesis of 8-hydroxy-

quinoline (8-Hox, (126)) complexes of technetium in 1984. Ligand (126) is usually one of the
first choices to explore the coordination chemistry of an element, but it was as late as 1984 when
the first complex with TcV was prepared. It was known that the reaction of [99mTcO4]

� with
8-Hox leads to complexes with high brain uptake, and it was therefore important to define the
structure of the active species. This sequence of events is very typical for technetium chemistry.
Nuclear medicinal experiments indentify a 99mTc species with useful biological behavior, which
prompts investigations into the basic coordination chemistry to identify the structure of the Tc
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species present. The reaction of [TcOCl4]
� with 8-Hox, 5,7-Cl2-8-Hox, 5,7-Br2-8-Hox, 5-NO2-

8-Hox, and 2-Me-8-Hox in methanol readily yields the complexes [TcO(R-8-ox)2Cl] (127)
(R¼H) in about 90% yield. The compounds are dark red-brown and precipitate directly
from the methanolic solution. Since these neutral complexes were considered as potential
radiopharmaceuticals, stability investigations were performed. The chloride or bromide ligands
are readily substituted in methanol by [CH3O]�. The process is first order with a relatively low
rate constant, suggesting that the chloride is cis rather than trans to the oxo-ligand. These
kinetic findings were later confirmed by an X-ray structure determination. The bromide ligand
exchanges about 100 times faster than chloride, indicating that the reaction mechanism can
involve a cis–trans isomerization of the complex with subsequent rapid exchange of the trans
labilized halide.277 The X-ray crystal structure of the complex with 2-Me-8-ox as a ligand
confirms the mechanistic findings. The structure has a distorted octahedral geometry, with
one of the of the oxygen atoms of an 8-ox ligand located trans to the terminal oxo group.
The distortion from the octahedron is primarily caused by the steric requirements of the oxygen
donors of the deprotonated hydroxy group and the acute bite angles of the bidentate ligands.
Interestingly, the Tc�O bond distance to the oxygen donor trans to the terminal oxo group is
comparable to the one trans to the nitrogen ligand atom (average 1.96 Å). All other distances
are within the expected range.277
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The electrochemistry of TcV complexes containing either two variously substituted bidentate
8-ox type ligands [TcOCl(Lb)2], one 8-ox ligand, and one bidentate Schiff-base ligand
[TcOCl(Lb)(La)], or one 8-ox ligand and one tridentate dianionic Schiff-base ligand such as

Technetium 161



N-(2-oxidophenyl)salicylideneamine (H2ophsal, (129)) [TcO(Lb)(Lt)], has been investigated in
various solvents. These compounds are all prepared by stepwise substitution of chlorides in
[TcOCl4]

� (see below).277–279 For all the complexes, the deprotonated hydroxy function of
8-Hox is trans to the terminal oxo ligand. The TcV complexes are reduced to TcIV or TcIII with
loss of the ligand cis to the oxo group, generally a chloride. Loss of one ligand causes isomeriza-
tion to a more stable complex, as evident from the irreversibility of the electrochemical series. It is
assumed that in the isomers the site trans to oxo remains vacant.280

The complex containing one 8-ox and the tridentate ligand (129) is prepared by initial reaction
of [TcOCl4]

� with (129) in methanol to give [TcOCl(ophsal)] (130) as a neutral complex, which
was structurally characterized.281 This five-coordinate precursor reacts further with (126) to give
the six-coordinate, dark red, mixed-ligand complex [TcO(ophsal)(8-ox)] (131) in very good yields.
The X-ray structure shows approximately octahedral geometry, with the tridentate ligand occu-
pying three equatorial positions and the deprotonated oxygen of 8-ox trans to the oxo group.279

Using a similar method, TcV complexes containing the TcO(N2O3) core could be obtained. The
reaction of (130) with bidentate heterocyclic amines gave complexes of the general composition
[TcO(ophsal)(L)] (132) (L= bipy, phen) in quantitative yield as dark green crystals. Although no
X-ray data is available, it is evident from spectroscopic data that the ophsal ligand occupies three
equatorial positions, with the aromatic amines in the fourth site in the plane and trans to the oxo
group.282 This chemistry illustrates a common strategy in technetium chemistry which has one
substitution inert ligand and labile monodentate ligands. The substitution of the latter with
various, less labile, polydentate ligands allows fine tuning properties of the complex for medical
applications.

Reaction of ligands of the type 2,3-bis(2-pyridyl)pyrazin (bpp, (133)) and 2,3-bis(2-pyridyl)qui-
noxalin (dpq, (134)) with [TcOCl4]

� gives the complexes [TcOCl3(dpq)], [TcOCl2(OEt)(dpq)], and
[TcOCl3(�-bpp)TcOCl2(OEt)] (X=Cl or OEt) in good yield. From IR data it was inferred that
the chlorides are cis to the oxo ligand with the OEt group trans, as found for many other
complexes. The structure of a complex with the related ligand 2,3-bis(pyridylbenzoquinoxaline
(Hbbq (135)) with rhenium was elucidated. The complex [TcOCl2(bbq)] (136) shows the depro-
tonated hydroxy group trans to the terminal oxo ligand.283 (Scheme 27)

Interesting complexes with N,O ligands are formed with naturally occurring oxazolin and
thioxazolin. These less common metal-binding species are found in siderophores. Bidentate ligand
systems are produced by combination with phenol to give (2-(20hydroxyphenyl)-2-oxazoline (Hoz,
(137)) and (2-(20hydroxyphenyl)-2-thiazoline (Hthoz, (138)). The interest in these ligands arose
from (unsuccessful) attempts to prepare the homoleptic complexes [TcL3]

nþ. Although TcV

complexes with bidentate Schiff-base-type ligands and (2-(20hydroxyphenyl)-2-benzothiazolinato
complexes have been reported,277,278,284,285 compounds with (137) and (138) represent a new and
interesting class of compounds. Reaction of [TcOCl4]

� with stochiometric amounts of the ligands
Hoz and Hthoz under reflux gave the complexes [TcOCl(L)2] (L= oz (139), thoz (140)) in 60–80%
yield as a dark red precipitate. The X-ray crystal structures show the deprotonated phenolate
oxygen trans to the oxo group and the chloride ligand cis. For (140), the nitrogen rather than
sulfur is bound. The bond distances to the oxygen donors trans and cis to the oxo group do not
significantly differ, despite the strong trans influence of the oxo group.286 (Scheme 28)

Examples of TcV-oxo complexes comprising one single, N,O-based, multidentate ligand are numer-
ous. The radiopharmaceutical interest in these complexes arises from their high stability, the large
number of possible variations in side chains and combinations of donor atoms, providing control of
the overall physical properties of the complexes. Most of these ligands are of the Schiff-base type or
reduced forms thereof. The first studies with the classical Schiff-base ligands [(Hacac)2en] (141a)
[H2salen] (141b) and [(Hsal)2phen] (141c) were published in 1984. The reaction of [TcOCl4]

� with
(141b) and (141c) gives the neutral, six-coordinate complexes [TcOCl(L)] (L= salen (142), (sal)2phen)
(143) as red-brown crystals in moderate yield. The same reaction with (141a), however, gives
[TcO(OH2)(L)]Br. Each complex exhibits an intense IR absorption in the region 900–980cm�1,
indicative of the presence of a mono-oxo species. The X-ray structures of the three complexes have
been determined and show the chloride ligand trans to the oxo group, in contrast to the 8-hydroxy-
quinoline complexes. However, the comparable but sterically more flexible ligand Ph-sal forms six-
coordinate [TcO(Ph-sal)2Cl] with phenoxide oxygen trans to the oxo group.278 A sterically more
flexible bidentate ligand adopts the thermodynamically favored coordination geometry, which is
obviously not necessarily the case with the tetradentate Schiff-base-type ligands. Many of these
complexes contain the [O¼Tc-OH2]

3þ unit, which is ubiquitous in [Tc¼O]3þ chemistry. In this
complex, the Tc center lies about 0.39 Å above the basal plane, causing a lengthening of the Tc�OH2

bond to 2.282(2) Å, vs. about 2.0 Å for a normal Tc�O distance.287
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Since the above complexes of Schiff-base ligands are rather lipophilic, the ligand framework
was modified to achieve higher hydrophilicity. The ligand N,N0-ethylene-bis(phenoxyacetamide
(H4epa, (144)) reacts with [TcOCl4]

� in MeOH and in the presence of glycol to give the anionic
complex [TcO(epa)]� (145) in moderate yield. The complex was shown by X-ray diffraction to be
five-coordinate, and the two amide nitrogens and the hydroxy groups are deprotonated.288

Interestingly, in contrast to technetium the analogous reactions with rhenium, based on spectros-
copy, give �-oxo-bridged dimers containing the [O¼Re�O�Re¼O]4þ group.289 If insufficient
electron density is transferred to the metal center by the ligands, technetium also forms complexes
with a M2O3

4þ core. Since the amido nitrogens are good donors and the oxygens are formally
negatively charged, the proposed behavior is unexpected. The formation of the
[O¼Tc�O�Tc¼O]4þ group in the context of (reduced) Schiff-base-type ligands was confirmed
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later. The ligand N,N0-bis(2-hydroxy-benzyl)-1,3-diamino-2-(4-nitrobenzyl)propane ((Hsal)2pda,
(146)) reacts with [TcO(eg)2]

�, prepared in situ, to give the corresponding dinuclear complex
[O¼TcL�O�LTc¼O]� (147) complex in good yield. Remarkably, the same reaction without
initial preparation of the glycolato intermediate leads to the formation of insoluble polymeric
material, with the dinuclear complex formed only in low yields. Obviously, the less reactive
complex [TcO(eg)2]

� prevents the formation of complexes with more than one ligand bound to
the same metal, and that prevents the formation of oligomeric species. The formation of oxo-
bridged species seems to be typical for this class of ligand and has been observed for other
complexes as well.290,291 It is believed that species containing [O¼Tc�OH2]

3þ or [O¼Tc�OH]2þ

groups are direct intermediates en route to the �-O-bridged dinuclear species.54,292 The bridging
oxygen in this case is located on a crystallographic center of symmetry. The Tc centers are
displaced by 0.117 Å out of the basal plane, significantly less than in the complexes with the
[O¼Tc�OH2]

3þ group (vide supra). (Scheme 29).
An interesting example of a complex comprising the [TcO(N4O)] core is produced from the

reaction between [TcOCl4]
� and the tridentate N,O ligand (N-salicylidene-D-glucosamine)

(H2glusal, (148)). In the presence of excess (148), the six-coordinate neutral complex
[TcO(gluca)(sal)]� forms, which was structurally characterized. The salicylaldehyde obviously
results from the hydrolysis of the original tridentate Schiff-base ligand. In the structure of
[TcO(gluca)(sal)]� (149), the aldehyde oxygen is located trans to the terminal oxo group, which
is electronically surprising but might simply be the result of the stereochemistry of the hydrolytic
process. This represents the first example of a glucose complex of technetium.293

The reaction of [TcOCl4]
� with tridentate, Schiff-base ligands such as N-(8-quinolyl)salicy-

lideneimine (Hqsi, (150)), based on an N2O donor set, has been reported. The mechanism of
the reaction of (150) with [TcOCl4]

� was studied in detail. In aprotic, dry solvents it is
assumed that intermediate [TcOCl3(Hqsi)]� forms first through coordination of the two nitro-
gen donors, but then quickly deprotonates to the final green product [TcOCl2(qsi)]� (151). In
the intermediate, the phenolato oxygen is probably trans to the oxo group, while one pyridine
nitrogen remains uncoordinated. Upon addition of methanol to the green solution of the
neutral complex, a red species forms, which is anionic and probably the mono-alcoholato
compound [TcOCl2(OR)(L1)], in which the potentially tridentate Schiff base is only bidentate.
The same intermediate is also observed when the reaction is performed directly in alcoholic
solutions. In aprotic solvents, the neutral complex [TcOCl2(L

1)] has the same configuration in
solution as in the solid state, as confirmed by 1H NMR. The reason for the unusual config-
uration seems to be a consequence of the high Lewis acidity of the [Tc¼O]3þ center, which
can better be satisfied by three anionic ligands.294 Complexes exhibiting the same configur-
ation of a nitrogen donor trans to the oxo ligand are rare and only a few examples have been
described.261,273

OH

NX

Tc

O
O N

Cl
O

S

N

S

X = O (137)

X = S (138)

[TcOCl4]–
(137) /  (138)

(140)

Scheme 28

164 Technetium



The reaction of different types of tridentate N2O ligands with [TcOCl4]
� in methanol at room

temperature gives the corresponding, deep red, six-coordinate complexes [TcOCl2(L
1)] by ligand

exchange. Interestingly, in the reaction of a tridentate Schiff-base ligand with mixed ONX donor
set (X=O or S), five- and six-coordinate complexes were obtained.281,295,296 The structure shows
strongly distorted octahedral coordination, with the tridentate ligands in the equatorial plane and
the terminal oxo-ligand in the trans position with respect to the central nitrogen donor of the
Schiff-base ligand. The two chloride ligands are trans.

In addition, a variety of other TcV complexes with heterocyclic N,O282 and other ligands and of
salicylidine Schiff-base ligands with amino acids have been reported.297,298 (Scheme 30)
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(v) Mixed NS-donor ligands

Oxotechnetium(V) complexes with mixed N,S ligands are probably the most intensively studied
class of complex in technetium chemistry. Complexes with tetradentate N,S ligands of various
types efficiently stabilize the [Tc¼O]3þ core. A combination of nitrogen and sulfur donor
stabilizes the formal TcV center very well. In ligands with an N2S2 donor set, both amido and
amino nitrogens are used. Coordination of either type usually leads to deprotonation and the
formation of neutral or even negatively charged complexes.

One of the earliest systems to be studied was the diamido-dithiol (dads) ligands. The prepara-
tions were performed with [S2O4]

2� directly from [TcO4]
�. Symmetrical tetradentate diamido-

dithiols are preferred over bidentate variants, providing the same set of donor atoms, since
geometrical isomerism is not possible.299 One of the resulting complexes [TcO(ema)]� (153),
with the ligand (N,N0-ethylenebis(2-mercaptoacetamide) (H4ema, (152)), showed rapid clearance
from the kidney and, significantly, the complex anion was excreted unchanged from ani-
mals.300,301 Keeping the basic ‘‘diamido-dithiol’’ coordination framework intact, the location of
the amido oxygen was varied and the corresponding complexes studied. (Scheme 31).

Complexes of the general composition [TcO(dads)]� can be prepared by several methods.
Reduction of [TcO4]

� with [S2O4]
2� in the presence of the ligand under strongly alkaline condi-

tions produces the complexes in almost quantitative yield. Heating is sometimes required, but if
the dithiols are not protected (as benzoyl esters or similar), the reactions also occur under ambient
conditions. An alternative method consists of the in situ preparation of [TcO(eg)2]

�, which is
subsequently substituted with the tetradentate ligand, again under strongly alkaline conditions.
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The strongly alkaline conditions are required in order to deprotonate the amide protons. Reaction
at pH 7.4 resulted in the quantitative formation of TcO2. Most N2S2 complexes with TcV can
conveniently be prepared by this route. The X-ray crystal structure of (153) confirms the penta-
coordination of the technetium. The structure is, as expected, a square pyramid with the Tc atom
located about 0.771 Å above the basal plane.300 The configuration of (153) with three five-mem-
bered rings seems to be thermodynamically the most favored. A number of complexes based on the
same type of coordinating framework, but with different backbone chain lengths and groups, have
systematically been produced with the described synthetic procedure.299,300,302,303

By permuting the amide groups, a number of dads analogues have been prepared.302 The kinetic
stability of all the complexes with dads-type ligands is remarkable. It should be noted in particular
that changing the number of methylene groups in the backbone and correspondingly the chelate ring
sizes from, e.g., 5,5,5 to 5,7,5, or the position of the two carbonyl groups, did not affect the stability or
the rate of formation of the complexes at all. The chemistry of such ligands is summarized in Scheme
32. This allows a very flexible design and backbone derivatization for the systematic study of radio-
tracers. All these complexes are stable for hours at from pH 0 to pH 14 and are, in general, resistant to
electrochemical oxidation or reduction at biologically accessible potentials. No ligand exchange with
other chelating agents occurs under mild conditions. It has to be emphasized that the presence of the
apical oxygen atom makes the methylene protons in the complexes diastereotopic. Interestingly, the
protons in a methylene group adjacent to an amido function undergo highly stereoselective deproto-
nation/protonation reactions, which can be followed by means of NMR spectroscopy, where in D2O
the original AB quartet collapses over time to give one single singlet. A plausible explanation for this
stereoselective exchange requires deprotonation and redeuteration from the same side.299,302 Com-
plexes in which an alkyl-spaced carboxylate is attached to the NN backbone have also been prepared.
Two chelate-ring epimers result on complex formation, since the carboxylate group can have syn and
anti orientations. The compounds [PPh4][TcO(L)] have been isolated and characterized by spectro-
scopic and analytical methods.304 (Scheme 32).
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A radiopharmaceutically inspired extension of the versatile dads system consists of the replace-
ment of one of the amido nitrogens by an aliphatic amine nitrogen. These ligands are referred to
as ‘‘mama’’ (monoamino-monoamido-dithiol, Scheme 31) in the following section. This alterna-
tive combination is particularly useful if the ligand is to be linked to biomolecules, which can be
achieved by alkylation at the aliphatic amine functionality. In comparison to the complexes with
dads ligands, the lipophilicity is expected to be higher since the complexes are neutral, but still less
than for ligands based on the diamino-dithiol set of donors (dadt). A number of such complexes
have been prepared and studied in detail. The N-benzylated ligands Bn-mama are used in a form
with the thiolates protected by the trityl group (154). Deprotection and subsequent reaction with
[TcOCl4]

� in methanol gave a 5:1 mixture of the syn and anti isomers [TcO(Bn-mama)] (155),
which were separated by flash chromatography and structurally characterized.305 In both isomers
the Tc atom is located about 0.75 Å above the best least-squares fit for the basal plane. The order
of the tertiary amine nitrogen-to-Tc bond is low, with a Tc�N bond length of about 2.182(5) Å.
The syn isomer is favored for steric reasons, which explains its presence in higher yield. The syn
isomer extends the bulky aromatic ring away from the bridging methylene group under the
Re(Tc)¼O bond, in order to minimize the interactions of the aromatic ring with the rest of the
complex. A number of targeting biomolecules have been derivatized with mama-type ligands and
these have been successfully labeled with 99mTc. Some examples are discussed in Section 5.2.3.1.2.

More recently, a systematic study with mama-type-based N2S2 ligands exhibiting variable ring
sizes and many different substituents in the backbones have been performed, based on a novel
synthesis for some of these and NS3-based ligands. The substitution pattern and length of the
ligand backbone can be varied without affecting the coordination chemistry.306

Complete replacement of the amide nitrogens by amino nitrogens yields the very important class
of dadt-type ligands (diamino-dithiols). These ligands give, in general, neutral and highly lipophilic
complexes with the [Tc¼O]3þ core, as summarized in Scheme 33. Upon complexation one of the
aliphatic amines and the two thiol groups are deprotonated, thus neutralizing the charge of the
[Tc¼O]3þ center. These ligands form complexes of exceptionally high thermodynamic stability, and
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have found applications as brain perfusion agents and for the imaging of brain receptor ligands. Of
major importance in this context is the neutral complex [TcO(L,L-ecd)] with the ligand N,N0-1,2-
ethylene-bis(L-cysteine)diethylester (H3ecd, (156)), which was originally prepared by ligand
exchange of the precursor [TcO2(py)4]

þ.307 The corresponding 99mTc complex [TcO(L,L-ecd)]
(157) shows excellent retention in the brain, due to ester hydrolysis which produces an anionic
complex that is trapped in the brain. The complex (157) is sold as a commercial radiopharmaceu-
tical for the assessment of cerebral blood flow (Neurolite1, DuPont).

Another neutral diaminodithiolate complex which showed high pulmonary accumulation in
rodents was synthesized directly by the reduction of [TcO4]

� with [S2O4]
2� in a basic medium and

in the presence of the ligand 4-N-methyl-2,9-dimethyl-4,7-diaza-2,9-decanedithiol (H3edd, (158)).
The complex [TcO(edd)] (159) with the methyl substituent on the nitrogen adopts the (thermo-
dynamically favoured) syn conformation (79:21), but to a lower extent also the anti. Both
conformers were confirmed by X-ray structure analysis.308

Racemic mixtures of dadt ligands with substituents such as N0-benzylpiperazinyl on the
carbon backbone between the two nitrogen donors were reacted directly with [TcO4]

� in the
presence of [S2O4]

2�, to yield mixtures of the corresponding syn and anti isomers. The syn form
showed higher brain uptake and resided longer than the anti isomer,309 but with a phenylpiperi-
dine substituent the syn and anti forms showed the reverse uptake/excretion behavior.310

In the context of ligands related to dadt’s, the ligand D-penicillamine (H2D-pen, (160)) takes a
special position. The complex [TcO(D-pen)2] (161) can be prepared from [TcOCl4]

� and excess
ligand under acidic conditions. The compound was found by X-ray structure determination to be
six-coordinate.90 The N,S atoms are located cis to each other and the charge is compensated by a
carboxylate which coordinates trans to the oxo group. The bond length to this oxygen trans to the
Tc¼O bond is 2.214(4) Å, which is elongated as a result of the trans influence but is still relatively
short in comparison to other complexes exhibiting the same features.311,312 The Tc¼O stretch
was observed in the IR at 958 cm�1. It was shown that neither Tc nor Re showed stereoselectivity
for the D- or L-forms of penicillamine. The mixed complexes [TcO(D-pen)(L-pen)] exist as
rapidly interconverting pairs of enantiomers. Racemization takes place with rates of 940 s�1 for
technetium and 16.5 s�1 for rhenium, with energies of activation of 13.4 kcal mol�1 and 18.5kcal mol�1,
respectively.313

The conditions for deprotonation of the amine nitrogens have been investigated with ligands of
the dadt type (HSCR2CH2NR0CH2)2 (162) (R¼Me, R0¼H, Me) fully methylated at the
	-carbon relative to thiol and/or at the aliphatic nitrogens giving neutral or cationic complexes. In
the case of the fully methylated ligands, the cationic complexes [TcO(L)]nþ (163) are formed, and
with secondary amines present deprotonation took place at pH> 12.5 to yield the corresponding
neutral complexes. Some of these complexes have been structurally characterized.314 Other com-
plexes of N2S2 ligands with tetraethylated ethylene and biphenyl backbones (164) have been
prepared by the reaction of [TcO4]

� with tin(II) tartrate as a reducing agent. The structures of
the complexes differ from one another in that for the complex with the ethylene backbone the
remaining hydrogen is syn with the oxo-ligand, whereas in the case of the biphenyl backbone it
is anti. The results of NMR investigations indicate that the conformations are retained in
solution.315

The conformationally restricted dadt-type ligand with piperazine in the backbone (H3L (165))
has been prepared (with the aim of producing new cationic complexes for use as myocardial
imaging agents). The cationic complex [TcO(Ln)]þ (166) has been synthesized and structurally
characterized.316 A further example with a slightly different set of N2S2 donors provided by N,N0-
ethylene-bis-(acetylacetone-thioiminato) ligand {HS(CR¼CHCMe¼NCH2CH2-}2 (167). This
tetradentate N2S2 chelator reacts rapidly with [TcOCl4]

� in methanol to form the neutral, six-
coordinate species [TcOCl(L)] (168). Compared to a tetramine donor set, the imino groups are
weak donors and the sixth position is occupied by chloride or by a water ligand. The X-ray crystal
structure of the aqueous derivative confirms the presence of the [O¼Tc�OH2]

þ core with a
Tc�OH2 distance of 2.384(4) Å.317

In many cases thiols can act as both ligands and reducing agents. This is often the case with
99mTc under forcing conditions, but some cases with 99Tc are also known. Based on an N2S2

ligand with two bidentate chelators, 2-benzimidazole-20yl-ethanediol (Hbls) reacts with [TcO4]
� in

MeOH/H2O to give [TcO(bls)2]
þ.318 Ligand substitution of [TcOCl4]

� yields the same complex
with one chloride coordinated trans to the terminal oxo substituent.319 (Scheme 33).

A further variation on this theme of significance in radiopharmaceutical chemistry was the
development of various N3S-type ligands. The archetypal ligand is designated MAG3 (169)
(mercapto-acetyl-glycine-glycine-glycine). This peptide-like ligand provides three amide and one
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thiolate donors.320 Complete deprotonation upon coordination gives the hydrophilic, five-coordin-
ate, anionic TcV complex [TcO(MAG3)]

� (170). [TcO(MAG3)]
� can be prepared by the reaction of

[TcOCl4]
� with free MAG3 in methanol, and it was originally characterized by spectroscopic

methods.321 It can also be prepared directly from [TcO4]
� by reduction with SnCl2. For both

cases the thiol group can remain protected for the synthesis, since metal-mediated cleavage takes
place to afford thiolato coordination. In the protected form, all the mentioned thiol ligands are
much more stable than as free thiols. The structures of the complexes with a free acid or with a
methylester group have been established by X-ray structure analysis.322 The free acid structure
shows the carboxylic acid to be distant from the Tc center, whereas two different structures of the
corresponding methylester derivative show approximately parallel and perpendicular orientation,
respectively.323 It is assumed that the complexes are fluxional in solution.324 The carboxylate group
is not coordinated to the Tc center.75 Under physiological conditions, the carboxylic acid is
deprotonated to leave a ‘‘2�’’ charge on the complex. The resulting high hydrophilicity makes it
a very versatile radiopharmaceutical for the assessment of renal function, and it is available
commercially (TechneScan, MAG3, Mallinckrodt). The free carboxylate group provides a coupling
site for the N-terminus of a receptor-binding peptide. Variation of the biodistribution characteristics
can be achieved by substituting one of the glycines in MAG3 by another naturally occurring amino-
acid.324–327 Introduction of an alanine instead of the central glycine residue (MAAG, (171)) gives
the syn conformation of the structurally analogous complex [TcO(MAAG)]� (172), with the same
coordination sphere as [TcO(MAG3)]

�.328 Decreasing the number of available amido groups for
coordination, as in the mercaptoacetyl-glycine-glycine (MAG2, (173)) ligand, significantly
diminishes the ability of the ligand to stabilize the [Tc¼O]3þ core. Nevertheless, reaction of TcV-
gluconate with (173) in neutral, aqueous solution gives [TcO(MAG2)] (174) in 64% yield, and in
alkaline media the yield is almost quantitative. To complete the coordination sphere the carboxylato
group is engaged in coordination yielding an N2SO ligand donor set, giving overall square-
pyramidal geometry.329 In the presence of excess ligand, additional, uncharacterized anionic species
were found. It is assumed that these represent 2:1 and probably 4:1 complexes, as a consequence of
the dominance of the thiol groups over other donors in coordination to the TcV center.

A unique reaction is found when a linear peptide ligand based on four coupled alanines (L-ala)4
(175) is used. In this case, tetradentate coordination is achieved and there is metal-mediated ring
closure in (l-ala4), through amide formation between the terminal amino and carboxylato group
and the complex [TcO(cyc-ala4)]

� (176) formed.330 The ring closure reduces the number of
potential coordinating atoms from five to four and provides additional macrocyclic stabilization.
The methyl groups are syn in relation to the oxo core. This type of reaction is relatively rare, but
does indicate a potential for analogous complexes and for the formation of cyclic peptides. It is
remarkable, in particular, that attempts to get complexes directly with cyclic tetrapeptides were
unsuccessful. Attempts to increase the denticity of N,S-based ligands, as in the (l-ala)4 ligand,
often result in intramolecular reactions.

A further example of metal-mediated ring closure is provided by the mercaptoethyl N-deriva-
tized ligand dadt (dadt-et, (177)) which is potentially a pentadentate ligand. Reduction of [TcO4]

�

with [S2O4]
2� in a water/ethanol mixture at r.t. did not influence the thermodynamically favored

amide–amine dithiolato coordination, and the final neutral complex (178) displayed square-
pyramidal structure with two thiolato, one deprotonated secondary amine, and an aliphatic
tertiary amine as the donor atoms. Astonishingly, the third thiolato ligand was not involved in
coordination, but underwent internal condensation which ultimately led to the formation of a
thiazolidine ring in 70% yield. It was confirmed that the ring formation occurred during complex
formation and was not present in the starting material as had been anticipated earlier.331

A variety of other amino-acid-based complexes for radiopharmaceutical purposes have been
prepared. The ligand dimethyl-glycyl-L-seryl-cysteinyl-glycinamide (dmg-scg, (179)), contains an
additional carboxylic group not required for coordination and which can be coupled to a
targeting biomolecule. Reaction with [TcO4]

� in the presence of tin(II)gluconate gave the red,
neutral complex [TcO(dmg-scg)]�, which was spectroscopically characterized.332 In a recent study
in the context of combinatorial chemistry, this complex was activated at the carboxylic acid,
coupled to bombesin and bound to a solid phase. The conjugate could be cleaved under drastic
conditions, but could be isolated and was characterized by high-field NMR spectroscopy.333

The ligand (179) has also been used for conjugation of a Tuftsin receptor-binding peptide. The
peptide conjugated to the complex is obtained as a red-orange solid by direct reduction of [TcO4]

� with
SnII in pyridine. Column chromatography allowed purification, and characterization by 2-D NMR
confirmed the structure. As expected, the serin –CH2OH side chain adopts both syn and anti conforma-
tion with respect to the Tc¼O bond. The affinity for the Tuftsin receptor was retained.334 (Scheme 34).
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Tetradentate, N2S2-type ligands including thioether groups have been described. Based on
previously mentioned work with N,N0-ethylene(2-mercaptoacetamide) (H4ema, (152)) showing
the ready accessibility of anionic Tc¼O complexes, (152) was modified at one of the thiols to
give a series of trianionic S-alkylated ligands (H3ema-SR, (180)). These ligands react rapidly with
[TcOCl4]

� or [TcO(eg)2]
� to give the corresponding neutral complexes [TcO(ema-SR)] (181), with

a donor set consisting of a thiolato, two amido-, and one thioether group. Direct reduction of
[TcO4]

� in the presence of the mono-S-alkylated ligand did not lead to the desired product, but
exclusively to TcO2
H2O, probably as a consequence of the poorer donor ability of thioether
relative to thiolate. The X-ray crystal structure of the complex [TcO(ema-morph)] has been
determined and shows the expected square-pyramidal geometry.335

The coordination of thiolate protecting groups such as benzoyl, trityl, and others has been shown
to deprotect upon reaction with Tc precursors under forcing conditions. This is synthetically useful,
since the thiol ligands of the DADT or MAMA types are quite sensitive towards oxidation. The
metal-mediated cleavage allows the use of protected and air-stable, double-protected ligands. The
S–C cleavage reaction has also been applied to the preparation of no-carrier-added radiopharma-
ceuticals. In this approach, the ligand is bound via a cleavable thioether linkage to a solid phase.
Coordination of the [Tc¼O]3þ group to this ligand leads to cleavage, and the noncoordinated
ligand remains bound to the solid support and can be easily separated.336,337
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Cationic complexes of N2S2 ligands can be prepared if the amines are tertiary and therefore do
not deprotonate upon coordination. Comparative studies with diamino-dithiol ligands which were
not alkylated (H4L

1) at the nitrogens, or alkylated by methyl and ethyl groups (H2L
2), were

performed by the reaction of [TcOCl4]
� with either H4L

1 or H2L
2. The cationic species

[TcO(H2L
1)]þ or [TcO(L2)]þ are produced as orange-red solids. These complexes were analyzed

spectroscopically and the charge confirmed by conductivity measurements. Above pH= 12.5 the
nonalkylated complexes undergo mono-deprotonation to the corresponding neutral compounds
[TcO(HL1)]. This was confirmed by conductivity and by the �(Tc¼O), which shifts from
960 cm�1 to 890 cm�1 after deprotonation. As previously described, the alkyl groups in H2L

2

are syn and anti with respect to the Tc¼O moiety. This behavior is found with other complexes
as well.299,302,314,335,336,338,339 Complexes containing the [Tc	N]2þ core with these types of
ligands have also been prepared (see Section 5.2.2.3.3(ii)).

Neutral complexes comprising the [Tc¼O]3þ core can not only be achieved by transforming
one of the thiol groups into a thioether, but also by replacing –SH with an aromatic amine or a
tertiary amine. The N2N

arS ligands (182) and (183) were prepared. On the n.c.a. level with 99mTc,
as well as with 99Tc and Re, the corresponding complexes [TcO(N2N

arS)] (184) formed in good
yield. They were found to be stable when the terminal amine group was an aromatic nitrogen
donor, but rather unstable when it was a tertiary amine group such as morrpholino.340 Complexes
containing an NS3 donor set including one thioether group (185) and (186) and others were
prepared, and [TcO(NS3)] (187) was structurally characterized with rhenium. Due to an elegant
synthesis it was easily possible to vary the length of the backbones in the basic framework, as well
as the position of the carbonyl group, and to investigate the corresponding TcV complexes.306

(Scheme 35).
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(vi) Complexes of N,S ligands with mixed-ligand coordination

The [3þ 1] mixed-ligand concept for the preparation of neutral technetium and rhenium com-
plexes with the [M¼O]3þ core offers a versatile route for the preparation of a wide variety of
novel complexes for diagnostic or therapeutical radiopharmaceutical purposes. The concept is
based on the utilization of one tridentate and one monodentate ligand. The mixed-ligand
approach was originally designed for the preparation of new central nervous system (CNS)
receptor imaging agents. By an appropriate combination of the tridentate and the monodentate
ligand, the complexes [TcO(L1)(L3)] are neutral and lipophilic and are thus ideal to traverse the
blood brain barrier. Ligand L1 is ideally a thiolate, whereas the tridentate ligand L3 can be chosen
from a wide variety of SXS or SXY systems, where X and/or Y represent nitrogen or sulfur and
homologues. The ligand L3 must be a bi-acid to achieve overall neutrality. The advantage of this
mixed-ligand concept lies in the variety of possible mono- and tridentate ligands that can be
obtained by relatively straightforward synthetic procedures.

Based on this concept, a wide variety of complexes based on the tridentate ligands
HS(CH2)nX(CH2)nSH, in which X can be O,S or NR and n= 2, have been obtained and fully
characterized.227,229,230,341 They are stable towards dithiol challenge but are susceptible to glu-
tathione exchange in vivo, which limits their range of application.342–344

In general, the complexes are prepared by successive addition of L3 and L1 ligands to a solution
of [TcOCl4]

�, or by simultaneous addition of both, or by a reduction/ligand-exchange reaction on
a reduced [TcO4]

� solution containing preformed glucoheptonate or gluconate complexes.

(vii) Mixed X,P ligands

The fact that tertiary phosphines can be used as reducing agents for [TcO4]
� to yield TcV complexes

without the need of additional reductants stimulated a systematic study of the coordination
chemistry of TcV (and other oxidation states) with phosphorus-containing ligands. For potential
practical radiopharmaceutical applications, the advantage of such a system is obvious. It has been
reported that the reaction of (o-aminophenyl)diphenylphosphine (Happ, (188)) with [TcO4]

� in
water gives different complexes, depending on the pH and solvents.345 Although tertiary phosphines
usually stabilize lower oxidation states, in particular þIII and þII, combination with hard donor
atoms can also result in the stabilization of TcV. The reaction of [NBu4][TcO4] in methanol with
three equivalents of (188) gives the neutral complex [TcO(OR)(app)2] (189), in which the two
monodeprotonated app ligands lie in a plane. The compound with R=Me is significantly more
sensitive towards decomposition than that with R=Et. If the reaction is performed in aprotic
media, the TcIII complex [Tc(app)3] (190) is the major product. The direct reaction of (188) with
[TcOCl4]

� in aprotic solvents always leads to reduction and [TcCl2(app)2] (191) is formed. The
Tc¼O stretching frequencies in complexes of the type (189) are observed at quite low wavenumbers
(R=Me at 878 cm�1, Re=Et at 857 cm�1). This indicates a stronger Tc�OEt than Tc�OMe
bond, in agreement with the higher basicity of the OEt group. The Tc¼O bond length is 1.700 Å,
which is significantly longer than that found for other TcV oxo-complexes and confirms the
observations made from spectroscopic measurements. The X-ray structure analysis confirms that
the N and P ligands lie in a plane which balances the charge density by a ‘‘push-pull’’ transfer from
the �-donor amide to the �-acceptor phosphine.346 The corresponding rhenium chemistry is
remarkably different. Here the bidentate ligands are not only coplanar, as in the technetium case,
but can also be orthogonal, with one deprotonated amine group trans to the oxo ligand. In
addition, complexes with Cl� instead of alkoxide have been characterized for rhenium, but not
for technetium. Furthermore, the reaction of [TcOCl4]

� with the ligands produces only complexes
in lower oxidation states, whereas analogous reactions with [ReOCl4]

� result in ReV species. This is
in accord with the general observation that Tc complexes reduce more easily then those of Re. If no
strong �- or 
-donors are present, the TcV center undergoes reduction. As described later, replace-
ment of oxo- by nitrido ligands causes enhanced stabilization of the TcV center, and substitution
rather than reduction chemistry with tertiary phosphine-containing ligands is observed.

The coupling of two ligands of type (188) by a propylene bridge gave the novel ligand H2dppd
(192) (N,N0-bis[2-(diphenylphosphino)phenyl]propane-1,3-diamine). This tetradentate H2P2N2

ligand reacts with [TcO4]
� by a reduction/substitution mechanism to give the six-coordinate neutral

[TcO(X)(dppd)] (193).347 The same reaction in acetonitrile in the presence of excess Cl� gave the
corresponding complex in which a chloride ligand trans to the oxo group completes the coordin-
ation sphere. The corresponding complexes with X=OH� or O2CCF3

� could be obtained by ligand
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exchange from X=OR. It is noteworthy that excess of the tetradentate ligand does not result in
further reduction, in contrast to the behavior of the bidentate ligand (188) in complex (189) which
undergoes reduction in HCl to give complex (191). This resistance to further reduction might be a
consequence of the strong chelating effect provided by this tetradentate ligand.348

Another combination of N,P donors is represented by the capped (umbrella) ligands of the type
2-diphenylphosphino-N,N-bis(2-diphenylphosphinoethyl)ethaneamine (NP3, (194)) or tris-2-
diphenylphosphinoethylphosphine (PP3, (195)). These ligands show a versatile chemistry with
Tc. The reaction of [TcO4]

� in 32% HCl with a slight excess of (NP3) gives orange, six-coordinate
[TcOCl2(NP3)]

þ (196), based on spectroscopy and elemental analysis.349 When [TcCl4(PPh3)2] is
reacted with (194) or (195) the orange, cationic TcIII complexes [TcCl2(NP3)]

þ and [TcCl2(PP3)]
þ

are formed in good yields. Reaction of these ligands with [TcNBr2(PPh3)2] in EtOH under reflux
gave pale yellow [TcNBr2(NP3)]

þ and off-white [TcNBr2(PP3)]
þ, respectively (see Section

5.2.2.3.3(ii)).
A bidentate, mixed P,S ligand is exemplified by 2-(diphenylphosphino)benzenethiol (Hpbt,

(197)) which reacts with [TcOCl4]
� in CH2Cl2 at �80 �C in a 2:1 ratio to give six-coordinate

[TcOCl(pbt)2] (198). This purple complex exhibits a strong Tc¼O band at 940 cm�1. When the
reaction is performed in EtOH under reflux, reduction occurs and the blue-green TcIII complex
[Tc(bdt)3] formed in very good yield. The X-ray structure determinations showed that for Tc and
for Re the [mer-P3mer-S3] geometry was formed exclusively.350 The reaction with the nitrido
precursor [TcNBr2(PPh3)2] in refluxing EtOH gave bright yellow [TcN(pbt)2] in good yield (see
Section 5.2.2.3.3(ii)). Other complexes containing mixed P,N,O,S donor systems have also been
described.345,346,351

The bidentate P, O donor ligand (o-hydroxyphenyl)diphenylphosphine (HPO, (199)) and the
potentially tridentate ligand bis(o-hydroxyphenyl)-phenylphosphine (H2PO2, (200)) have been used
to prepare both cationic and neutral TcV complexes. The TcV complexes cis-(P,P)-[TcOCl(PO)2]
(201) or cis-(P,P)-[TcO(PO2)(HPO2)] (202) are obtained by ligand metathesis from [TcOCl4]

� in
ethanol under reflux or directly from [TcO4]

�. It is perhaps surprising that no further reduction to
the known TcIII complex [Tc(PO)3] occurs.351,352 The complex (202) can also be synthesized by
reduction/ligand exchange from [TcO4]

�, in moderate to good yields. One ligand is tridentate and
the other bidentate, as shown by 1H NMR. A singlet at 10 ppm is assigned to the hydroxyl proton in
[HPO2]

�, which forms a hydrogen bond to the terminal oxo ligand. Above 80 �C the complex

decomposes in DMSO and the phosphineoxide is observed by 31P NMR studies, indicating reduc-
tion to lower oxidation states. In contrast to the related ligand (188) (see above), even under reflux
conditions no further reduction could be imposed with ligand (200).352 From IR and 1H NMR
spectroscopic studies it is assumed that the two PO ligands in cis-(P,P)-[TcOCl(PO)2] are orthogo-
nal, with one deprotonated OH group trans to the oxo group and the chloride ligand cis. This was
confirmed by the X-ray structure of cis-(P,P)-[TcOCl(PO)2] and spectroscopic measurements.
Reduction of [TcO4]

� in ethanol in the presence of the ligand as outlined above for the H2PO2

ligand and in the presence of conc. HCl gave the complex (201) in 91% yield. It should be
emphasized that accurate control of the stoichiometry is required to prevent formation of the
TcIII oxidation state, which is known to be stabilized by a number of ortho-functionalized, triphenyl-
phosphine-derived ligands.345,346,351,353

Technetium(V) complexes with exclusively phosphorus donors and the [Tc¼O]3þ core are
obviously not stable. The lack of charge compensation leads to TcIII compounds by further
reduction, or to hydrolysis. Pure phosphorus coordination is then possible only if the
[O¼Tc¼O]þ core is present, as described in the following section (Scheme 36).

(viii) Tertiary phosphine and arsine complexes

Oxo-complexes with tertiary phophorus donors alone are restricted to these containing the trans
dioxogroup. The neutral 
-donating and weakly �-accepting phosphorus ligands in the equatorial
plane are not able to neutralize the ‘‘3þ’’ charge and to stabilize the [Tc¼O]3þ core. As described
earlier (see Section 5.2.2.3.2(iv)) for macrocyclic amine ligands, deprotonation of coordinated water
ultimately leads to formation of the [O¼Tc¼O]þ core. Examples of complexes of the [TcO2]

þ core
are numerous: e.g., [TcO2(py)4]

þ,354,355 [TcO2(cyclam)]þ,253 or [TcO2(1,4-dithia-8,11-dia-
zacyclotetradecane)]þ.356,357 The cationic nature of the [TcO2]

þ core has attracted considerable
attention in radiopharmaceutical chemistry in the context of developing a myocardial imaging
agent. The reduction of [TcO4]

� with excess bis-(1,2-dimethylphosphino)ethane (dmpe) at room
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temperature in EtOH/H2O and in the presence of a base rapidly gives the complex [TcO2(dmpe)2]
þ

(203). This complex can be protonated under strongly acidic conditions to give the corresponding
dicationic species, [TcO(OH)(dmpe)2]

2þ (204). From spectrophotometric titrations, the pKa was
calculated to be about 0.8. The X-ray crystal structure of the [CF3SO3]

� salt of this complex was
elucidated. Because of disorder, it was not possible to distinguish between Tc¼O and Tc�OH. The
average bond distance to the two oxygen atoms is 1.795(3) Å, and from EXAFS studies the Tc¼O
distance is estimated to be in the range of 1.66 Å and the Tc�OH 1.96 Å, respectively.358 The complex
[TcO2(dmpe)2]

þ can be reduced stepwise to the TcIII complex [TcCl2(dmpe)2]
þ (205) and finally the

TcI species [Tc(dmpe)3]
þ (206) under fairly rigorous conditions, which are, however, essentially

comparable to those described for the direct syntheses of these complexes from [99mTcO4]
�.258,359

The bidentate phosphine ligand 1,2-bis[bis(2-ethoxyethyl)phosphino]ethane (tetrofosmin, (207))
reacts with [TcO4]

� to yield the complex trans-[TcO2(tetrofosmin)2]
þ (208) in high yield. The

structure is close to octahedral and the two oxo groups are trans. This complex shows high
myocardial uptake and retention and is commercially available (Myoview1, Amersham).360

Useful and unexpected complexes are formed by reactions of monodentate aliphatic phosphines
with [TcO4]

�. With PR3 (R=Et, Pr) the trigonal-bipyramidal, brown complexes [TcO2(PR3)3]
þ

(209) are produced, which are precipitated from solution as [BPh4]
� salts. This synthesis arose

from attempts to prepare phenylimido complexes, which are usually available by reaction of
[TcO4]

� with phosphines and then the hydrazine derivatives (PhNHNHCOCH3). Instead, this
new kind of cationic dioxo complex was found. With PMe3, a mixture of products was produced.
It is unusual in that the two oxo ligands and one P atom form the trigonal plane, whereas the
apical positions are occupied by the other two phosphines. The �Tc¼O is found at 850 cm�1,
which is intermediate between values typically found for trans-dioxo (ca. 800 cm�1) and terminal
mono-oxo (ca. 900 cm�1) species. These complexes are a versatile starting material for further
substitution reactions. In methanol and in the presence of pyridine, (209) coordinates two
pyridine ligands with substitution of one phosphine, yielding yellow [TcO2(PR3)2(py)2]

þ (210)
with trans-dioxo and cis,cis orientation of the ligands. The trans orientation of N and P is
expected by analogy with similar complexes with bidentate N,P donors. Although the precursor
(209) is not available with PMe3, reaction of [TcO4]

� in the presence of PMe3 and py gave
[TcO2(PMe3)2(py)2]

þ, which has the same structure as complex (210).361 (Scheme 37).
A number of complexes containing the ‘‘[O¼Tc�O�Tc¼O]4þ’’ core have been reported, in

addition to those described in Section 5.2.2.3.2. The reaction sequence leading to this type of
dinuclear complex can be understood as a consequence of charge neutralization for complexes
upon hydrolysis. In general, in a formally neutral complex of the type [TcOCl(L)], where L is a
tetradentate ligand, the labile chloro ligand can be substituted by water. The induced acidity leads
to deprotonation and the formation of a [O¼Tc�OH]2þ group, which undergoes dimerization
and deprotonation and/or hydrolysis to yield the linear [O¼Tc�O�Tc¼O]4þ core. This core
seems to be very stable and is formed not only upon hydrolysis of a preformed TcV complex, but
also by direct reduction of [TcO4]

� in aqueous media or in wet solvents in the presence of ligand.
Generally a prerequisite for the formation of this class of compounds is the presence of a
tetradentate ligand or bidentate ligands which can compensate two of the positive charges on
the [TcO]3þ core. This is nicely illustrated by (sacac)2enH2 (211), which reacts with [TcOCl4]

� in
dry solvents to give [TcOCl{(sacac)2en}] (212), but in the presence of [TcO(OH2){(sacac)2en}]þ

(213) is formed. Deprotonation and dimerization then gives the dimerized product [{O¼TcL}2(�-
O)] (214) (L= (sacac)2en) in good yields.362 Other tetradentate dianionic ligands which show this
behavior include ONNO aminophenolato ligands derived from the reduction of Schiff-base
complexes290,363 and bidentate thioether ligands. Upon reaction of one equivalent of 3,6-dithia-
octane or 5,8-dithiadodecane (S2) with [TcOCl4]

�, the resulting intermediate is the five-coordinate
complex [TcOCl2(S

2)]þ (215), which dimerizes in the presence of moisture to yield the dinuclear
complex [{O¼TcCl2(S

2)}2(�-O)] (216).225 In the case of rhenium, the dinuclear complex is formed
directly from [ReO4]

� in acetone/5M HCl with SnII as a reducing agent.226 A similar reaction
occurs with aromatic diamines or triamines, such as terpy or bipy. The reaction of excess terpy
with [TcOCl4]

� in refluxing ethanol gives the dinuclear complex [{O¼TcCl(terpy)}2(�-O)]2þ

(217), a rare example of a cationic dinuclear complex. This compound has been characterized
by spectroscopic and analytical methods.364 A limited number of other complexes containing the
[O¼Tc�O�Tc¼O]4þ core have also been described.290,292,365–367

Cyano-complexes of TcV exhibit rather different chemistry. Ligand exchange of [TcO2(py)4]
þ (110)

with a large excess of cyanide in aqueous solution yields bright yellow [TcO2(CN)4]
3� (218). Other

synthetic approaches give the same compound.368 The complex has a [O¼Tc¼O]þ core, despite the
fact that negatively charged ligands do not generally favor deprotonation and formation of dioxo
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complexes. Cyanide, although a 
-donor, is also a �-acceptor. In fact, the complex [TcO2(CN)4]
3� can

be protonated in strong acids to give [TcO(OH)(CN)4]
2� (219) and blue [TcO(OH2)(CN)4]

� (220). The
pKa value for (220) is about 2.9. The aquo ligand can be substituted by [NCS]�, and the structurally
characterized green complex [TcO(NCS)(CN)4]

2� is formed. As a consequence of the �-accepting
properties of the cyanide ligands, the frequency of the �(Tc¼O) stretch is raised to 1,029 cm�1.355The
�-O-bridged purple complex [Tc2O3(CN)8]

4� (221) forms as an intermediate en route to (220) and can
be isolated in about 20% yield. (Scheme 38)
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A limited number of dinuclear complexes with bridging ligands other than oxo have been
described. An interesting example is represented by the neutral complex [{TcOCl2(OEt)2}2-
(m-tppz)], in which tppz is 2,3,5,6-tetrakis(2-pyridyl)pyrazine. The complex is formed upon
reaction of the ligand and [TcOCl4]

� in ethanol as a dark green precipitate. The IR spectrum
shows two different �(Tc¼O) stretching bands, which suggests a mixture of complexes with
different structures. It is claimed that one Tc center is seven-coordinate, whereas the other is six-
coordinate.369 No X-ray structures are available. The ligand 2,3-bis(2-pyridyl)pyrazine (bpp)
reacts with [TcOCl4]

� to give an analogous mixture.370

The unique dinuclear complex [(TcO)2(edt)3] (222) is formed when [TcOCl4]
� is reacted with 1.5

equivalents of H2edt (83) or S-protected bis(acetamidomethyl)ethandithiol in methanol at room
temperature for 1 h. It is remarkable that even these mild conditions were sufficient to deproto-
nate the ligand and form the novel sulfur-bridged complex in good yields. An X-ray structure
determination suggested that the structure is best described as two square pyramids sharing one
edge. Two sulfurs from two different edt ligands, but from the same square-pyramidal unit, bridge
the two technetium centers. The coordination around the two metal centers is therefore different
and two Tc¼O stretches are observed, one at 953 cm�1 and the other at 946 cm�1.371 This
dinuclear compound apparently is an intermediate en route to the final end product [TcO(edt)2]

�

(84), so the direct reaction of (83) with [TcOCl4]
� under reflux conditions gave (84) in excellent

yield. These reactions were described earlier, but the identity of the intermediate was not
established at that time. Spectroscopic and analytical data suggest that 1,3-propanedithiol also
gives a dinuclear intermediate complex with similar geometry.217

Another unusual, structurally characterized, dinuclear complex is formed using the ligand
N,N0-ethylene-bis(2-mercaptoacetamide) (152). The blue, dinuclear complex [Tc2O2(H2ema)4]

2�

(223) forms from the reaction of the ligand with [TcOCl4]
� in alkaline methanolic solution, and

crystals were obtained from aqueous MeOH as the hexahydrate of the complex. The four linear
ligands coordinate via deprotonated thiolato groups to two different Tc centers, forming a cage-
like structure. The amide groups remain protonated and are not involved in coordination, and
thiolato groups only are bound to technetium. Interestingly, the oxo groups on the technetium
point inside the cage to give a lantern-like structure (the bulbs being the oxo groups). Dipole–
dipole interactions between the amide groups in the ligand and the terminal metal-oxo group
might play a role in organizing the ligands, favoring the inclusion of the two oxo ligands inside
the lantern and away from the solvent. The complex immediately decomposes to mononuclear
[TcO(ema)]� in the presence of base in water or in organic solvents. This indicates that the
mononuclear product is thermodynamically favored, as expected from chelate-effect considera-
tions.372 The dinuclear complex is clearly a kinetic intermediate, since no reasonable chelate
stabilization is provided. The mononuclear complex [TcO(ema)]� (153) has been discussed
earlier.

Technetium(V) complexes with terminal main groups other than oxo are very rare. The
terminal [M¼S]3þ group is isoelectronic with [M¼O]3þ, but as expected is much more sensitive
towards hydrolysis. The TcV sulfido complexes [TcS(edt)2]

� (224) and [TcSCl2(HB(pz)3)] are
prepared by methods known from Mo or Re chemistry. Blood-red (224) is made from the TcIV

complex [TcCl6]
2� (69) in the presence of a tenfold excess of (83), while the sulphido complex

(224) is produced in 15% yield together with the novel, emerald-green TcIV complex [Tc2(edt)4]
(225) in 20 % yield. The structure of the latter is comparable to [Tc2(bdt)4], which has been
prepared directly from [TcO4]

�.373 Complex (225) is unstable in solution and readily converts
back to the corresponding oxo complex. Since [TcS(edt)2]

� is stable in aqueous solution, it is
clear that the ancillary dithiolate ligands are essential to stabilize the Tc¼S group. The Tc¼O
IR band appears at 935 cm�1 in the oxo complex, compared to 520 cm�1 for �(Tc¼S) in the
sulfido complex.374 (Scheme 39).

5.2.2.3.3 Imido and nitrido complexes

(i) With monodentate ligands

The [Tc	N]2þ/3þ core is second only to the [Tc¼O]3þ core in its importance for the coordination
chemistry of technetium in the context of radiopharmaceutical applications. The nitrido ligand
‘‘N3�’’ is isoelectronic with the oxo ‘‘O2�’’ ligand and with the imido R�N2� ligand. The highly
negative charge makes the nitrido ligand a very powerful �-donor, well able to stabilize the
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oxidation states of technetium from þV up to þVII. The bonding with the metal comprises a

-bond and two �-bonds overlapping with the dxz and dyz metal orbitals. The strong donating
properties of the nitrido ligand transfer electron density to the metal center, and that is reflected in
the coordination behavior which generally occurs with soft, ‘‘b-type’’ ligands. The chemistry of the
[Tc	N]3þ core in the oxidation state þVI has been discussed in Section 5.2.2.2.2. The existence of
the corresponding TcV complex [TcNCl4]

2� (226) has not been established369, and coordination
compounds containing the formal [TcN]2þ core with technetium in the oxidation state þV are
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generally obtained by two synthetic routes. One consists of ligand substitution on [TcNCl2(PPh3)2]
(227), a general and useful precursor complex, and the other concerted reduction/ligand-substitu-
tion reactions with [TcNCl4]

� (34) or directly from [TcO4]
�. In the latter case, (34) is probably

formed in situ as an intermediate.144,375,376 The complexes are characterized by a sharp IR �(Tc	N)

absorption band between 1,100 cm�1 and 1,000 cm�1.
Although not isolated as a solid, the existence of [TcNX4]

2� was suggested by spectroelectro-
chemical and computational studies. The complexes [TcVINX4]

� can be reversibly reduced at
þ0.21 V for Cl� and at þ0.32 V for Br�, respectively (vs. SCE). This allowed the in situ electro-
chemical generation of the [TcNX4]

2� species and study of their spectroscopic properties. The Cl�

compound is reasonably stable at 218 K for 24 h, whereas the Br� compound showed some
decomposition. The TcVI compound is orange, whereas the TcV complex is essentially colorless,
which is unusual for high-valent chloro and bromo complexes. Trends in redox potentials have
been compared with the corresponding oxo compounds of TcV.156

The first two complexes containing the [TcVN]2þ core to be synthesized were [TcN(S2CNEt2)2]
and [TcNCl2(PPh3)2], by the reduction of [TcO4]

� with hydrazine hydrochloride in the presence of
the appropriate coligands.377,378 The other key starting materials, [TcNCl4]

� and [TcNBr4]
�, are

prepared by reduction of [TcO4]
� in concentrated HX with NaN3 as the nitrogen source.143

Starting from (34), the reaction with PPh3 or AsPh3 gives the five-coordinate complex (227)
directly in high yield. The same reaction with sterically less bulky phosphines such as PMe2Ph
gives the six-coordinate complex [TcNCl2(PMe2Ph)3] (229), in which one chloride ligand is trans
to the nitrido group.379 In agreement with spectroscopic investigations, the P and Cl ligands are
trans to each other. This structure is essentially identical to the one established by an X-ray
analysis of the Re analogue.380 Since all these complexes undergo fast ligand exchange, they
represent very useful starting materials and a number of examples of the use of these precursors
follows.

The complex [TcNX4]
� readily undergoes reduction/substitution during reaction with thiocyanate

in aqueous acetonitrile. The six-coordinate TcV complex [TcN(NCS)4(NCCH3)]
2� (230) forms, in

which the acetonitrile ligand is most probably located trans to the nitrido group, as deduced from
spectroscopic measurements. When recrystallized from acetonitrile/ethanol, the trans-aqua complex
[TcN(NCS)4(OH2)]

2� is formed and an X-ray structure showed that the thiocyanate ligands are N
coordinated.144,369,381 The halide ligands in (34) are generally easily exchanged for other anionic
ligands. Therefore reaction of cyanide with [TcNX4]

� in acetonitrile/water produces the six-coordin-
ate complex [TcN(CN)4(OH2)]

2� (231), isolated as the [AsPh4]
þ salt.382 The Tc	N bond is quite

short at 1.596 Å, whereas the Tc�OH2 bond, 2.559(9) Å, is very long, even taking into account the
strong trans influence of the nitrido ligand. The �Tc	N absorption occurs in the IR at 1,100 cm�1.
The short Tc	N bond and the high Tc	N stretch, in combination with the �(CN) IR band at
2,112 cm�1, clearly show that there is significant backbonding to the CN ligands, which stabilizes the
Tc	N bond. Ligand exchange of the bound water using large concentrations of N3

� or CN� or
azide gave the six-coordinate complexes [TcN(CN)4(N3)]

3� (232)383 and [TcN(CN)5]
3� (233), respect-

ively.384 The latter complex and [TcN(CN)4Cl]3� can also be prepared from [TcN(tu)4Cl]þ (234) in
the presence of large amounts of KCN.369 [TcN(tu)4Cl]þ can itself be prepared from (34) in
acetonitrile in the presence of excess thiourea.385 The complex (234) is readily soluble in water
affording a strongly acidic solution, indicating substantial reactivity which merits more investigation.

The reaction of (34) in refluxing acetone in the presence of imidazole or pyridine gives the
dicationic, five-coordinate complexes [TcN(im)4]

2þ (235) and [TcN(py)4]
2þ (236).155 The high

trans effect of the nitrido ligand in comparison to the oxo ligand is shown by the lack of any
trans ligand in the nitrido species. The corresponding oxo complexes readily undergo coordin-
ation of water and subsequent double deprotonation to give the trans dioxo core.

An example of the versatility of (227) as a starting material is represented by the reaction with
thiocyanate in water/EtOH under reflux. The complex [TcN(NCS)2(PPh3)2] (237) is formed in
69% yield, whereas the same reaction in the presence of acetonitrile gives the six-coordinate
complex [TcN(NCS)2(NCCH3)(PPh3)2] (238). The phosphine ligands are trans to each other and
the acetonitrile ligand is trans to the nitrido group, exhibiting an exceptionally long Tc�N bond
of 2.491(4) Å, indicative of potential lability. Recrystallization from CHCl3 leads to complete loss
of this ligand.386 Interestingly, it is not possible to substitute more than the two chloride ligands in
(34), but with other multidentate anions, as seen later in this section, the phosphines can readily
be displaced by an appropriate choice of incoming ligand.

An essential feature of [Tc	N]2þ complexes is the Lewis basicity of the nitrido group, which
can react with strong Lewis acids such as trivalent boron compounds. Recently the first nitrido
bridges between technetium and boron were produced by an acid–base reaction between
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[TcNCl2(PMe2Ph)3] (229) and BH3 or BCl2Ph. At low temperatures, the compounds
[Tc(NBCl2Ph)Cl2(PMe2Ph)3] (239) and [Tc(NBH3)Cl2(PMe2Ph)3] (240) formed, and were both
structurally characterized. The compounds are unstable at room temperature and the starting
materials are reformed. The Tc	N bond is only slightly longer (0.05 Å), whereas the Tc�Cl
bonds are shorter by about 0.2 Å as a result of the diminished trans influence of the nitrido ligand
on formation of the adduct. The source of the instability of the complexes is not obvious from the
structural data, since the bond lengths are comparable to the corresponding rhenium complexes
which are stable at room temperature.387

The reaction of 2-mercapto-methyltetrazolate (Hmmt) with (34) occurs with reduction to give
the structurally characterized complex [TcN(mmt)4]

2� (241). The mmt ligands are coordinated via
the deprotonated thiol groups.388 (Scheme 40).

(ii) With polydentate ligands

The ease of phosphine replacement in [TcNCl2(PPh3)2] (227) is demonstrated by its reactions with
a variety of sulfur-, selenium-, and phosphorus-containing ligands such as diphenyldithiopho-
sphate, diisopropyldithiophosphate, diethyldiselenodithiocarbamate, maleonitrildithiolate
(Hmndt), and with 1,2-diphenylphosphinoethane (dppe). Reaction with [TcNCl2(PPh3)2] in acet-
one/ethanol at room temperature gives in good yields the bis-substituted complexes such as
[TcN(mndt)2] (242) or in general [TcN(EE)2], where EE represents a bidentate phosphorus, sulfur,
selenium, or mixed S/Se ligand. Such facile substitution chemistry clearly demonstrates the
potential of the Tc	N core for use in radiopharmaceuticals.389 Direct reaction of [TcNX4]

�

with dicyanoethenedithiolate, pyridine, or imidazole gave the corresponding complexes with an S4

or an N4 donor set.155 Use of the smaller, but more firmly bound, phosphine ligand PMe2Ph in
[TcNCl2(PMe2Ph)2] permits the substitution reaction with (mnt) to be performed stepwise. The
monosubstituted complex [TcN(mnt)(PMe2Ph)2] (243) is formed first, and with an additional
equivalent of ligand the bis-substituted product (242) is formed in 60% yield. The monosubsti-
tuted complex was structurally characterized.390 The same starting material was used for the
preparation and structural characterization of complexes with dialkyldithiocarbamates (Het2dtc)
and N,N-dialkylthiocarbamoylbenzamidines (H2Et2tcb, (244)). Similarly, the six-coordinate,
orange-yellow [TcNCl(PMe2Ph)2(Et2dtc)] (245) and [TcN(PMe2Ph)(Et2dtc)2] (246), yellow
[TcNCl(PMe2Ph)2(HEt2tcb)] (247) can be prepared by stepwise ligand-exchange reactions from
(229). Only the intermediate [TcNCl(PMe2Ph)2(HEt2tcb)] could be isolated during the reaction
with N,N-diethylthiocarbamoylbenzamidine to yield finally the five-coordinate [TcN(HEt2tcb)2]
(248), the X-ray structure of which was elucidated.391 (Scheme 41).

The reaction of [TcNX4]
� prepared in situ from [TcO4]

� and NaN3 in conc HCl and/or ligand
exchange with LiBr in acetonitrile and 8-quinolinethiol (8-Hqt, (249)) at room temperature gives
complex [TcN(8-qt)2] (250) in good yield, and it was structurally characterized. The complex is
five-coordinate, with trans S and N donors. Comparison of this structure with the similar complex
[TcOCl(2-methyl-8-ox)2] is interesting.368 The latter complex is six-coordinate, whereas the nitrido
compound is five-coordinate. This structural change imposes stronger constraints on the structure
of the former complex. The angles at the coordinating N of 8-qt in (250) are about 120�, as
expected for the sp2 nature of this donor, but deviate considerably (from 108–132�) for the oxo
complex.144

Bidentate H(NS) (253) and tridentate H2(ONS) (251)–(252) Schiff-base ligands, derived from
S-methyl-dithiocarbazic acid (Hdtca) by reaction with ketones or salicylaldehyde, react with
[TcNCl4]

� in the presence of PPh3 to give the yellow to yellow-orange complexes of general
formula [TcN(ONS)(PPh3)] (254), [TcNCl(NS)(PPh3)] (255), or [TcN(NS)2] (256), which can also
be obtained by direct ligand-exchange reaction from [TcNCl2(PPh3)2]. The reaction of
[TcNCl2(PPh3)2] with a stoichiometric amount of the bidentate ligand H(NS) gave six-coordinate
(255), which was also obtained from [TcNCl4]

� in the presence of the ligand and excess PPh3. For
both starting materials the disubstituted complex is formed only in the presence of excess ligand,
giving the five-coordinate, yellow-orange (256), with S and N donors trans. Remarkably, there is
no reaction of [TcNCl4]

� or [TcNCl2(PPh3)2] with other Schiff-base ligands with N,O donor sets,
reflecting the relatively soft character of the [Tc	N]2þ core.392 (Scheme 42).

The use of S-methyl-2-methyldithiocarbazate H2NN(Me)C(S)SMe (H2mdtc, (257)) as a source
of the nitride ligand in [Tc	N]2þ radiopharmaceuticals has been developed. The reaction of
[TcOCl4]

� in EtOH/CH2Cl2 with (257) produces the dark green complex [TcO(Hmdtc)2]
þ (258).
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The X-ray structure shows the Tc coordinated by a deprotonated –NH2 group from the hydrazine
and thione sulphur, with the N and S donors cis to each other. On subsequent treatment with
PPh3 and HCl, (227) is produced in high yield. When (227) is treated with (257) in the presence of
NEt3, the corresponding nitrido complex [TcN(Hmdtc)2] (259) is produced in very good yield.
Addition of other coligands permits the facile syntheses of a wide range of TcV nitrido com-
plexes.393 These reactions elegantly demonstrate that hydrazine complexes of the [Tc¼O]3þ core
can be transformed to the [Tc	N]2þ core in the presence of excess acid and a reducing agent—an
important finding for the generation of similar complexes with 99mTc for radiopharmaceutical
purposes.

The reaction of (227) with E(CH2CH2PPh2)2, where E=O or NPr, gives the structurally
characterized, five-coordinate, pale yellow to yellow complexes [TcNCl2{E(CH2CH2PPh2)2}]
(260) under mild conditions.394 The two chloride ligands can be replaced by [S2CNEt2]

� to give
[TcN(S2CNEt2){NPr(CH2CH2PPh2)2}] (261).
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The bidentate, mixed N,P ligand (o-amino-phenyl)diphenylphosphine-N,P (H2app, (188))
reacts with (34) or (227) to yield the six-coordinate cationic complex [TcNCl(H2app)2]

þ (262),
in which the amines are not deprotonated. The X-ray crystal structure of this complex was
elucidated, showing coordination of the two bidentate ligands with mutual cis P coordination.
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It is interesting to note that in the reaction of (188) with [TcOCl4]
�, the oxo group is replaced by a

doubly deprotonated amino group. The mixed imido-amido TcV complex [Tc(app)Cl2(Happ)]
(263) was synthesized and structurally characterized with Re. Neutral, mixed amino-phosphino
ligands can stabilize the soft [Tc	N]2þ core in the expected way, whereas the harder [Tc¼O]3þ

core imposes subsequent acid/base reactions. Stabilization is then mainly achieved by deprotona-
tion, in order to compensate for the relatively high charge.395

A series of cationic complexes with tetradentate, umbrella-like NP3 (194) and PP3 (195) ligands
have been prepared by the reaction of the ligands 2-diphenylphosphino-N,N0-bis(2-diphenylphos-
phinoethyl)ethaneamine (NP3) and tris-2-diphenyphosphinoethylphosphine (PP3) with [TcNBr4]
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or [TcNBr2(PPh3)2] to give [TcNBr(NP3)]
þ (264) and [TcNBr(PP3)]

þ (265) in good yields. No
X-ray crystal structures were reported. Electrochemical studies of these complexes show no
reduction processes below �1.0 V. Oxidation occurred irreversibly at þ0.86 V for the complex
with the NP3 ligand.349

The behavior of the [Tc	N]3þ core towards bidentate phosphino or amino ligands, or tetra-
dentate N2P2 ligands, further systematizes the reactivity of [TcNCl4]

� (34) with these types of
donor. The reaction of (34) with various diphosphine ligands, such as dmpe or dppe, gives the
six-coordinate, cationic complexes [TcNCl(PP)2]

þ in good yields. The structure of [TcNCl(dmpe)2]
þ

(266) was determined, showing the chloride trans to the nitrido ligand. This complex was erro-
neously described earlier as a five-coordinate species.389 In the case of the sterically demanding
dippe ligand iPr2PCH2CH2P

iPr2 (267), a dinuclear, doubly chloro-bridged, orange complex
[{TcNCl(�-Cl)(dippe)}2] (268) is formed, with only one dippe ligand coordinated to technetium. It
seems that the phosphino ligands act as reducing agents in these syntheses. Unlike phosphines,
nitrogen donors are generally not regarded as reducing agents. Depending on the solvent, the
reaction of [TcNX4]

� with bipy or phen gave the red TcV complexes [TcNBr(bipy)2]
þ (269) and

[TcNBr(phen)2]
þ (270), respectively. An X-ray structure shows that for (269), the Br� ligand is

located cis to the nitrido core and with a bipy N trans, although significant deviation from an
octahedral geometry occurs. For steric reasons, the two bipy ligands cannot be coplanar. The
Tc�N bond trans to nitrido is, expectedly, significantly longer than those in the cis position to it
(mean 2.400 Å vs. 2.130 Å). The most unusual part of the structure is the unique presence of a
[TcBr4]

2� counterion in the structure: a coordination compound which could not be synthesized as
such so far. Reaction of (34) with the tetradentate N2P2 ligand N,N0-(20-dimethylphosphinoethyl)-
N,N0-(dimethylpropylene-diamine) gives the yellow, six-coordinate complex [TcNCl(N2P2)]

þ.396 The
complexes [TcNCl(dmpe)2]

þ and [TcNCl(dppe)2]
þ can also be prepared from the already-mentioned

thiourea precursor [TcNCl(tu)4]
þ, by ligand exchange at room temperature. The X-ray structures of

both diphosphine complexes were reported. Due to the high lability of the thiourea ligands, the
substitution reactions occurred under very mild conditions.397 (Scheme 43)

Ligand-exchange reactions of [TcNCl2(PPh3)2] with bidentate aliphatic amine ligands, such as
1,2-ethylenediamine or 1,3-propylenediamine, give the corresponding six-coordinate complexes
[TcNCl(NN)2]

þ (271). Analogously the tetradentate macrocyclic nitrogen ligand 1,5,8,12-tetra-
azadodecane cyclam (105) produces the corresponding complex [TcNCl(cyclam)]þ (272) in good
yields. Obviously the chloride ligand is required for charge compensation, although the strong
trans influence of the nitrido ligand causes an extreme lengthening of the Tc�Cl bond to
2.7320 Å. It is noteworthy that with aliphatic diamines the chloride is usually found trans to the
nitrido ligand, as there is no steric hindrance to both diamines as there is with bipy or phen. Similar
structural differences are seen for complexes of bipy or phen with the [TcO]3þ core.398

Neutral and monocationic complexes of [Tc	N]2þ with other tetra-azamacrocycles are synthe-
sized by reaction of [TcNCl2(PPh3)2] or [TcNCl4]

� with 1,4,8,11-tetraazacyclotetradecane-5-one
(cyclam-O, (273)), cyclam (N4) or 1,4,8,11-tetraazacyclotetradecane-5,7-dione (cyclam-O2, (274)).
When the reaction is carried out directly with [TcNCl4]

�, PPh3 was required as a reducing agent.
With cyclam six-coordinate (272) is formed, requiring coordination of one additional chloride for
charge compensation. The potentially mono-anionic ligand (273) gave the five-coordinate cation
[TcN(cyclam-O)]þ (275), with one loosely bound water ligand trans to the nitrido ligand; whereas
the dianionic ligand cyclam-O2 gave the neutral complex [TcN(cyclam-O2] (276), again with one
H2O trans to nitrido.399 The X-ray structures of all three complexes have been elucidated. This
systematic study shows that the amide nitrogen atoms are generally deprotonated upon coordin-
ation to the [TcN]2þ core, whereas the aliphatic amines are not, in contrast to TcV mono-oxo
complexes where aliphatic amino groups are frequently deprotonated.

The different behavior of the [Tc	N]2þ compared to the [Tc¼O]3þ core is also shown by their
different reactivities towards amine-oxime ligands of the H3pnao2 (117) type. [TcNCl2(PPh3)2]
reacts with 3,3,9,9-tetramethyl-4,8-diazaundecane-2,10-dione dioxime (117) under mild conditions
to yield the cationic complex [TcN(OH2)(H2pnao2)]

þ (277) in good yield. In contrast to the
corresponding complex with the [Tc¼O]3þ moiety, the amines are not deprotonated, but coordin-
ate as normal aliphatic amines. The water ligand trans to the nitrido ligand displays a rather long
bond distance of (2.481(4) Å).400 In a systematic study, the propylene backbone was extended to
butylene and pentylene respectively and gave analogous complexes. The same reaction with the
[Tc¼O]3þ core led to a complex with a [O¼Tc¼O]þ core and without amine deprotonation when
the backbone was extended to pentylene (see Section 5.2.2.3.2(iv)). All the complexes exhibit
similar structural features, with coordination via four neutral nitrogen donors and one water
ligand trans to the nitrido group.401 (Scheme 44).

Technetium 187



Tc
P

H2
N

H2
N

P

N

Cl

Cl Cl

Tc
Cl
HN P

P

Cl

N

Tc
S

N
H

N
H

S
O

NN
CH3H3C

H3CS SCH3

H2N
N

H3C

SCH3

S

[TcOCl4]

Tc
S

N
H

N
H

S
N

NN

H3CS SCH3

Tc
N

N Br

N

N

N

NEt3

Tc
Cl

Cl

R2
P

N

P
R2

Tc
P
R2

R2
P

N

(257)

(259)

(257)

(257)

(258)

HCl, PPh3

(227)

0

(34)
or 
(227)

(188)

(267)

(268)

(269)

bipy

(34)

(262)

(188)

(P = PPh2)

(P = PPh2)

(R = iPr)

(34)

(263)

[TcOCl4]-

[TcOCl4]-

[TcOCl4]-

Scheme 43

188 Technetium



Tc
N

N N

N

N

OH2

OO

Tc
N

N N

N

N

OH2

O O
H

NH HN

HNNH

O

NH HN

HNNH

O O

[TcNCl4]-
PPh3 / (274)

(273) (274)

(276)

(227)
(117)

(277)

Scheme 44

Reaction of (34) with the bidentate sulfur ligand isotrithionedithiol (H2dmit, (278)) produced a
dianionic complex. The reaction of (278) in which the thiol groups were deprotected in situ prior
to the substitution reaction with [TcNCl4]

� in acetonitrile gave a 45% yield of [TcN(dmit)2]
2�

(279) after a short reflux. The X-ray structure was determined. As observed with other pure
thiolato ligands such as H2mnt, no characterizable product is formed by direct substitution
reaction with [TcNCl2(PPh3)2]. The soft, neutral, and probably more strongly coordinating
phosphines resist substitution by dianionic thiolato groups. The chlorides are less strongly
bound and are easily replaced.402

In contrast, the mono-anionic bidentate ligand bis(diphenyl-thiophosphoryl)amide Na(dtp)
(280) reacts with (227) with complete substitution of all the ligands except the nitride, and the
complex [TcN(dpt)2] (281) forms in 85% yield after 30 minutes in MeOH under reflux. Direct
reaction with [TcNCl4]

� gives the same compound in comparable yields. However, reaction of
(280) with the alternative precursor [TcNCl2(PMe2Ph)2] gives the six-coordinate complex
[TcNCl(PMe2Ph)2(dpt)] (282), even with an excess of ligand. The X-ray crystal structure of
(282) shows that the chloride is trans to the nitrido ligand, as is commonly encountered in this
type of six-coordinate complex. Despite the fact that the ligand (280) stabilizes TcV efficiently, the
reaction of [TcNCl(PMe2Ph)2(dpt)] with Lewis acids to replace the remaining chloride, or with
S2Cl2, leads to replacement of dpt and reduction to lower-oxidation-state complexes such as trans-
[Tc(NS)Cl3(PMe2Ph)2] (283).403
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A further difference from the [Tc¼O]3þ core is evident from reactions with macrocyclic
thiacrowns. Whereas no complexes of [Tc¼O]3þ with pure thioether donors are known,
[TcNCl4]

� reacts with 1,4,8,11-tetrathiacyclotetradecane (14-S-4) or (16-S-4-(OH)2) (284) and
(18-S-6) in acetone/MeOH solution to give the cationic, six-coordinate complexes [TcNCl(14-S-
4)]þ (285), [TcNCl(16-S-4-(OH)2)]

þ, and [TcNCl(18-S-6)]þ. The X-ray structures of all three
complexes were determined, showing the tetradentate sulfur ligand to be in the plane and the
chloride again trans to the nitrido group. This is a common structural feature in all these
complexes, regardless of ring size or the presence of two additional sulfur donors in the last
complex (Scheme 45).404,405
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Tetradentate N2S2 ligands have been used with both [Tc¼O]3þ and [Tc	N]2þ cores. Bis-ami-
nethiols and aminoacids have been studied in detail due to their usefulness in the context of [Tc¼O]3þ

chemistry. Various diaminodithiol ligands (dadt) of the type {HSCR2(CH2)2NR0(CH2)}2, with R=Et
or Me and R0=Me, Et or H, react with (227) by simple ligand substitution under mild conditions to
give complexes of the type [TcN(N2S2)] (286).] The structures of two complexes with secondary and
tertiary amines were elucidated.314 For comparison, the same ligands were studied with [TcOCl4]

�. It
turned out that the products were the cationic species [TcO(N2S2)]

þ for all ligands without deproto-
nation at the secondary amines. However, the reaction of (227) with cysteinate ethylester (cys-OEt,
(287)) gave the monosubstituted complex [TcNCl(cys-OEt)(PPh3)] (288), and the same complex was
formed from [TcNCl4]

� in the presence of PPh3.
406 The structure is square pyramidal, with the amino

nitrogen and phosphine groups trans.
Studies with cysteine have been extended to derivatized amino acids. N2S tridentate ligand

systems (H2aa-dtca, (289)) have been prepared by the combination of N-protected amino acids
with S-methyl-2-methyldithiocarbazate. The reaction with [TcOCl4]

� under mild conditions gives
the neutral, purple complexes [TcOCl(aa-dtca)] (290), in which the tridentate ligand is coordinated
by deprotonated carbamate and carbazide groups and through the terminal thione sulfur. The
reaction with [TcNCl2(PPh3)2] occurs under reflux and requires the presence of a strong base to
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deprotonate the carbamate; the neutral, yellow complex [TcN(aa-dtca)(PPh3)] is obtained and
structurally characterized for aa= valine. In the case of the [Tc	N]2þ, a phosphine ligand
occupies the remaining coordination site, and a chloride in the case of [Tc¼O]3þ. Both the
oxo- and nitrido complexes have square-pyramidal structures. Complex (290) can also be synthe-
sized in low yield from the TcIII precursor [TcCl3(NCCH3)(PPh3)2] in the presence of O2. Circular
dichroism data showed considerable conformational variation for the complexes, which is attrib-
uted to a folded structure induced by conformational rigidity and stability of the complexes in
solution.407

The reaction with the unsaturated N2S2 Schiff-base ligands N,N0-ethylene bis(thioacetonyl-
ideneimine) (H2tai, (292)) and N,N0-ethylene bis(methyl-2-aminocyclopentene-1-dithiocarboxylate)
(H2apc, (293)) are of interest in the context of neutral, highly lipophilic brain perfusion agents.
The neutral compounds [TcN(apc)] (294) and [TcN(tai)] (295) can be prepared from (227) in good
yields. The X-ray crystal structures were elucidated.362 The two structures are comparable, with
the Tc lying about 0.6 Å above the basal plane. Both complexes show a quasi-reversible, one-
electron oxidation wave at þ1.04 V vs. SCE in CH2Cl2. Since these potentials are very similar to
those of the free ligands, it was suggested that the oxidation process is ligand based. No cathodic
response was observed, consistent with that the nitrido ligand acting as a strong �-donor. The
sulfur ligands act as powerful �-acceptors in these complexes.408

A novel class of trigonal-bipyramidal TcV-nitrido complexes has been described. The bidentate,
mixed P,S ligands of the type R2PCH2CH2SH Hpet, (296)) (R= phenyl, methoxypropyl),
(R2

0P(CH2)3SH (R0= phenyl, tolyl) (Hppt, (297)) and Hpbt, (197)) afford the five-coordinate,
disubstituted complexes [TcN(PS)2], e.g., [TcN(pet)2] (298), by reaction with (227) after 1 h under
reflux in CH2Cl2. The complexes are formed in yields better than 90%, and were also formed in
good yields when starting directly from [TcNCl4]

�. With the same ligands and [TcNCl4]
� as

starting material, reduction to TcIII occurs, giving five-coordinate complexes of the type
[Tc(PS)2(S-P)] (299) or tris-substituted complexes of the type [Tc(PS)3] (300), which is also formed
from the reaction of [TcO4]

� with the corresponding ligands. The use of highly acidic solutions
prevents the reduction, presumably since the thiols are now protonated and nonreducing. The
X-ray crystal structures of several complexes have been elucidated and they exhibit similar
features. In the trigonal-bipyramidal structure type, the equatorial positions are occupied by the
nitrido and the two sulfur groups, and the axial sites by P donors. This is unusual in the sense that
square-pyramidal geometry is usual for this set of donors, particularly where the coligands
comprise four �-donors such as S� and X�. Since the phosphine-thiolato ligands have a mixed
set of �-donor and �-acceptor ligands, the square-pyramidal structure is not maintained. The
�-acceptors prefer trans positions, whereas the two �-donors are cis.409 This class of neutral TcN
complexes with mixed phosphino-thiolate ligands have been studied as potential myocardial
imaging agents. Some show reasonable heart uptake, but they have short residence times and
are therefore not convenient for clinical use.410

A trigonal-bipyramidal structure has also been found for the [TcN]2þ core with a mixed P2O2

ligand. Reaction of [TcNCl4]
� or [TcNCl2(PPh3)2] with 1,8-bis(diphenylphosphino)-3,6-dioxa-

octane (dpd, (301)) gave the structurally characterized complex [TcNCl2(dpd)] (302), in which the
two phosphorus atoms are trans and the nitride and the two chloride ligands form the equatorial
plane. The two ether oxygens are noncoordinating. A similar trigonal-bipyramidal structure is
also found for [TcNCl2(dppp)] (304), formed with the tridentate P2N ligand bis(diphenylpho-
sphinoethyl)propylamine (dppp, (303)). The aliphatic amine nitrogen trans to the nitrido ligand is
at a nonbonding distance of 2.70(1) Å, as expected for the high trans influence of nitride. However
conversion to square-pyramidal geometry might be expected by the addition of chloride trans to
nitrido, as observed for other complexes.394

More recently it has been proposed that changing the connectivity in [TcN(PS)2] to
[TcN(P2)(S2)] (298) would give asymmetric complexes with comparable stabilities. The reaction
of [Ph2P(CH2)2]O (pop, (305)) with (227) gives the distorted pseudo-octahedral complex
[TcNCl2(pop)] (306), in which the two P donors are trans. The distance to the ether O is

2.500(4) Å and essentially nonbonding. For (306) both cis and trans isomers exist, and the
reactivity of both was investigated towards bidentate OSH2 ligands such as 2-mercaptoethanol
or mercaptoacetic acid. The trans isomers were found to be almost inert towards substitution,
whereas the cis isomers of (306) reacted readily, forming complexes of composition
[TcN(PXP)(OS)] (307) (X=O,N).411 The precursors of the type [99mTcNCl2(PXP)] can be used
to label peptides at a high specific activity by replacement of the chlorides by an appropriate
bifunctional ligand.412 (Scheme 46)

Technetium 191



5.2.2.3.4 Imido complexes

Dianionic organoimido ligands (RN2�) are isoelectronic with the oxo group, but complexes of
technetium-containing imido ligands are comparatively rare. Although not yet employed in
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radiopharmaceutical compounds, the organoimido core may well have future applications in
technetium-based radiopharmaceuticals, since the R substituents can readily be varied, which
should allow fine tuning of the properties of a potential radiopharmaceutical. In addition, the
technetium(V) imido core is in some ways more stable than the corresponding oxo core. This is
shown by the nonexistence of [TcOCl3(PPh3)2], whereas the isoelectronic imido analogue
[Tc(NR)Cl3(PPh3)2] (308) is a very stable and useful compound. Thus, in many cases where the
oxo complex does not exist, the corresponding organoimido complex does.

Organoimido-complexes are prepared by two general routes. The organoimido group can be
introduced via a disubstituted organohydrazine such as 1-acetyl-2-phenylhydrazine (aph, (309))
with cleavage of the N�N bond, or via aromatic amines through double deprotonation. A less
common method in technetium chemistry is the reaction of an oxo complex with arylisocyanates,
which also generates organoimido complexes with the release of CO2. Furthermore direct reaction
of [TcOCl4]

� with aromatic amines may also yield TcV organoimido complexes.
The organoimido complex [TcCl3(NPh)(PPh3)2] (308) was synthesized from [TcO4]

� and (309)
in the presence of excess PPh3. The initial synthetic step must be carried out under alkaline
conditions, since even [NH4]

þ present as the counterion of [TcO4]
� is acidic enough to protonate

(309) at the phenyl nitrogen and prevent imide formation. The reaction is thus performed initially
under slightly alkaline conditions, followed by HX addition to give the complexes
[TcX3(NR)(PPh3)2] (X=Cl, Br) in very good yields.413–415 These complexes are golden brown
for X=Br� and green-brown for X=Cl�. An X-ray structure analysis showed a Tc�N�C angle
of 171.8(4)�. The IR absorption due to �(Tc¼N) occurs at 1,090 cm�1, a typical range for this
structural unit. If a hydrazine derivate such as N-benzoylhydrazine is reacted with [TcOCl4]

� and
PPh3, a complex formulated as [TcCl3(NH)(PPh3)2] is formed as an intermediate, and then loses
HCl to form the well-known nitrido complex [TcNCl2(PPh3)2] in excellent yields. 414

An alternative route to imido-complexes starts directly from the TcV precursor [TcOX4]
�. Reaction

with PhNCO gave blue-black [Tc(NPh)X4]
� (308a) (X=Cl�, Br�) in essentially quantitative yield

with loss of CO2. These complexes are quite moisture sensitive, but are useful starting materials for
substitution reactions. Reaction of [TcOCl4]

� with aromatic amines ArNH2 and PPh3 in alcohols
gives the complex (308) directly. The X-ray crystal structure of the tolylimido complex has been
elucidated and shows a Tc�N�C angle of 168� and a Tc�N distance of about 1.7 Å, typical for a
TcN multiple bond. The same reaction in the presence of a bidentate phosphine ligand, dppe,
produced the first cationic, purple, TcIV imido complex [TcCl(NAr)(dppe)2]

þ (310).416

Reaction of [TcOCl4]
� with (309) in MeOH followed by dppe gives [TcCl3(NPh)(dppe)] (311) in

relatively low yield. The X-ray crystal structure confirmed the formulation and the Tc�N�C
angle is close to 180�, indicating that the imido ligand is formally donating four electrons. The
low yield was expected, since the excess of dppe required to remove the terminal oxo group also
produces the cationic complex [TcCl(NAr)(dppe)2]

þ mentioned above, a complex that could
indeed be isolated from the reaction mixture. The reaction of (308) with pyridine leads to the
substitution of only one PPh3 with pyridine, to give [TcCl3(NPh)(PPh3)(py)] (312). Substitution of
two PPh3 did not occur as in the case of the rhenium analogue, probably due to the much milder
conditions applied in the Tc reaction.417

The reaction of the neutral complex (308) with excess PMe2Ph in refluxing MeOH gave the
cationic complex [TcCl2(NPh)(PMe2Ph)3]

þ (313), which has been structurally characterized. The
Cl� ligands are cis and one is trans to the organoimido group. The angle at the nitrogen atom is
178.8(2)� and the Tc�N bond length is 1.711(2) Å, consistent with a Tc�N triple bond. This
simple substitution chemistry illustrates that there are parallels between nitrido and organoimido
chemistry. Both form six-coordinate complexes with smaller tertiary phosphines, although the
imido complexes are cationic.418

The reaction of (308) with thiophenols gives [TcO(SPh)4]
� (89) in better yields than by direct

reaction with [TcOCl4]
�. With the sterically more crowded 2,3,5,6-tetramethyl-benzenethiol

(Htmbt, (314)), the Tc-organoimido core is retained and the complex [Tc(NPh)(tmbt)4]
� is formed

and can be identified by mass spectrometry. Reaction with {P(C6H4-2-SH)3} (H3PS3, (315)) gives
the five-coordinate TcIII complex [Tc(PS3)(PPh3)] (316).415

As already mentioned in Section 5.2.2.3.3(ii), the reaction of [TcNCl2(PPh3)2] with (o-aminophe-
nyl)-diphenylphosphine (H2app, (188)) produces the complex [TcNCl(H2app)2]

þ (262), whereas
reaction with [TcOCl4]

� gives a mixed amido-imido complex [TcCl2(app)(Happ)] (263). The
Tc�N imido bond length is longer than in the nonchelating imido complexes since the bond
order is essentially two, which is also reflected in the Tc�N�C angle of ca. 137�.295

The TcVII complex [Tc(NAr)3I] (28) mentioned in Section 5.2.2.1.2 can be reduced with two
equivalents of Na0 to the unique, trigonal-planar, homoleptic TcV imido complex [Tc(NAr)3]

�
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(317).171 The reactivity of this anionic complex towards main-group metals such as Hg and Au is
fascinating. Reaction with Ph3PAuCl produces [(ArN)3TcAu(PPh3)] (318). The structure is a
trigonal-based pyramid, with the Au in the apical site. The reaction with HgBr2 results in the
replacement of the two Br� by (317) giving [{(NAr)3Tc}2Hg] (319), which has a Tc�Hg�Tc angle
of exactly 180�.171 (Scheme 47).

5.2.2.3.5 Hydrazido, diazenido, and diazene complexes

As is evident from the previous section, organohydrazines act as reducing agents and the oxidized
hydrazine residue can also bind to the metal. Such ligands derived from organohydrazine
precursors are in general referred to as organohydrazide ligands. This class of ligands includes
the neutral hydrazino ligand (A), the anionic hydrazido (B), the neutral diazene (C), and the
dianionic hydrazido (D) ligand. D is also referred to as the isodiazene ligand, and can be observed
in both a linear (D) and bent (E) conformations. The diazenido ligand (F and G) is the most
frequently observed species in this family and is also found in two conformations. As shown by
the next section, organohydrazine ligands tend to react with high-valent technetium compounds
to form a hydrazide ligand, which can be chelated when a further coordinating group is present in
the organic residue. The assignment of oxidation state is not always unambiguous, and complexes
containing monodentate or chelating organohydrazide ligands in any of the forms mentioned
above will all be treated in the section below. A review of group 7 organohydrazide chemistry
gives classifications of ligand types based on crystal structure data, which are helpful for assign-
ment of metal oxidation states.419 (Scheme 48).

The reaction of [TcO4]
� with aph (309) in MeOH in the presence of HBr and PMe2Ph gives the

phenyldiazenido complex [Tc(NNPh)Br2(PMe2Ph)3] (320) as an orange compound. The form-
ation of the diazenido compound occurs with the cleavage of the N�COCH3 bond in (309) and
the PhN2 fragment coordinates to the technetium center. Conventionally the diazenide ligand is
regarded as being monoanionic, giving a formal oxidation state of three. The Tc�N�N angle is
172� and the Tc�N bond length 1.753(13) Å, indicating formal donation of three electrons and a
Tc�N multiple bond.420

The reaction of para-substituted phenylhydrazines with [TcO4]
� and PPh3 in EtOH under

reflux in the presence of HCl produces the bis-substituted TcIII diazenido complexes
[TcCl(NNC6H4-R)2(PPh3)2] (321) (R=CH3) in good yield. These compounds can also be prepared
at room temperature by direct reaction of [TcOCl4]

� with the appropriate hydrazine.416 The
structure is essentially trigonal bipyramidal, with trans phosphines in the apical sites. If dppe is
used instead of PPh3 for the reaction of arylhydrazines ArNHNH2 with [TcOCl4]

� or [TcO4]
�, the

six-coordinate, cationic complexes [TcCl(NNAr)(dppe)2]
þ (322) are formed. The diazenido ligand

is trans to chloride and the Tc�N�N angle is about 163�. This compares well with the bisub-
stituted complex in which the angles are 166� and 172�, respectively. Assuming that this bending
counts for a single bond, the oxidation state could be considered in these complexes as þIII rather
than þV. Interestingly, with p-nitrophenyl-hydrazine, only the monosubstituted complex
[TcCl2(NNC6H4-NO2)(PPh3)2] (323) can be synthesized.421

The bright orange complex [TcCl(NNC6H4Br)2(PPh3)2] (324) has also been prepared by the
reaction of [TcCl4(PPh3)2] with (p-bromophenyl)-hydrazine in methanol, in the presence of a base.
These complexes are, as expected, isostructural with the chloro analogue. The structure is a
trigonal bipyramid with the two phosphine ligands in apical positions, and depicts 166� and
170� angles for Tc�N�N. The bending can be ascribed to crystal-packing effects and is energe-
tically not significant. Mono-anionic diazenido ligands would count for an oxidation state þIII.
Complexes with various substituents on phenyl have been prepared in a similar manner. The
nitrogens of the diazenide ligands complexes (324) are basic. When exposed briefly to gaseous
HCl, the red, six-coordinate, protonated complex [TcCl2(NNC6H4Br)(NNHC6H4Br)(PPh3)2]
(325) is formed. Protonation takes place at the nitrogen adjacent to the phenyl ring. Longer
exposure to HBr in benzene allows the isolation of the dark purple, doubly protonated, cationic
hydrazido complex [TcBr2(NNC6H4Br)(NHNHC6H4Br)(PPh3)2]

þ (326), in which the chlorides
have been replaced by bromide.422

The bis(diazenido)technetium complex [TcCl(NNC6H4-Cl)2(PPh3)2] reacts with a variety of bi- and
tetradentate ligands with loss of one diazenido ligand and formation of six-coordinate complexes. The
reaction with Na[S2CNR2] (dtc) gives [Tc(NNR)(dtc)2(PPh3)] (327), and with dianionic tetradentate
ligands such as H2salen (38) the complex [Tc(NNR)(salen)(PPh3)] (328) is formed in good yield.
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The X-ray crystal structure of the latter was elucidated, showing the PPh3 and the diazenido ligand to be
cis. Reaction with excess maltol (3-hydroxy-2-methyl-4H-pyran-4-one, Hma, (78)) in EtOH under reflux
produces the 18-electron complex [TcCl(NNR)(ma)(PPh3)2] (329). More elegantly, similar diazenido
complexes were prepared directly from [TcO4]

� but in the absence of PPh3. In situ reaction of a solution
prepared from [TcO4]

� and phenylhydrazine with a range of ligands such as dithiocarbamate (dtc) gave
the complex [TcCl(NNR)2(dtc)2] (330), which is formally a TcV complex. Similarly, the reaction with (78)
gave the cationic complex [Tc(NNR)2(ma)2]

þ (331), which is formulated as six-coordinate. Reaction
with bipy gave the complex [TcCl(NNR)(bipy)2]

þ (332). The complex 1H NMR spectrum of (322)
implies two inequivalent bipy ligands and hence a cis geometry. Interestingly, this shows that bipy can
coordinate around the [Tc(NNR)]2þ core when it is generated in situ. The complex
[TcCl(NNC6H4Cl)2(PPh3)2] does not react at all with bipy, probably due to the sterically bulky PPh3

ligands. The 4-Cl phenyl substituent was chosen because the unsubstituted phenyldiazenido complexes
are inert to substitution, due to the polymeric character of the complex.423 (Scheme 49).

A diazene complex derived from thiobenzoylhydrazine has been described. The reaction of
thiobenzoylhydrazine (H2tbh, (333)) with [TcOCl4]

� in methanol under reflux yields
[Tc(HNNCSPh)2(S2CNPh)] (334) as lustrous red crystals. The reaction proceeds by condensation
to abstract the oxo ligand and the substitution of the chloride ligands. The persistent contamination
of the starting material with dithiobenzoic acid explains the presence of this ligand in the final
complex. The structure has been elucidated by X-ray crystal structure analysis. The Tc center
exhibits distorted trigonal-prismatic geometry through ligation to the S donors of the bidentate
thioacid group and the 	-nitrogen and S donors of the chelating diazene ligands.424

Reaction with 1,1-substituted hydrazines has been described and produces isodiazene com-
plexes. Thus, the reaction of [TcOCl4]

� with excess Ph2NNH2 (335) and PPh3 in refluxing MeOH
gave the six-coordinate complex [Tc(NNPh2)Cl3(PPh3)2] (336). The X-ray structure shows a
nearly linear Tc�N�N system. If the isodiazene ligand is regarded as being formally neutral,
the oxidation state of the Tc is þIII. In this structure, the two phosphines are trans and the Tc�N
and the N�N bond distances support the formulation as a complex of neutral isodiazene.425

A number of complexes derived from chelating hydrazine derivatives such as 2-hydrazinopyr-
idine (hypy, (337)) and hydralazine (hypyz, (338)) have been reported. The reaction of [TcO4]

� in
acidic MeOH with (338) produced the homoleptic cationic complex [Tc(HN¼NC8H5N2)3]

þ. This
complex can be described as a tris-organodiazene chelate complex in which the organohydrazine
precursor has been formally oxidized.426 The reaction of 2-hydrazinopyridine (337) with [TcO4]

�

at room temperature gives the mixed organodiazene-organodiazenido complex [TcCl3(NN-
Hpy)(HNNpy)] (339). The organodiazene (NHNpy) ligand forms a five-membered chelate sys-
tem, whereas the organodiazenido ligand coordinates by the �-nitrogen. Assuming a monoanionic
diazenido ligand, the formal oxidation state of the Tc is þIV.427

Chelating organodiazene complexes can also be obtained from TcIII precursors. Reaction of
[TcCl3(NCCH3)(PPh3)2] with 2-hydrazino-4-(trifluoromethyl)pyrimidine (CF3C4H2N2NHNH2)
(H2htfp, (340)) in refluxing MeOH leads to the substitution of one chloride and the acetonitrile
ligand to produce the peach-tan-colored complex [TcCl2(htfp)(PPh3)2] (341) in moderate yield.
The same complex can also be prepared directly from [TcO4]

� after initial reaction with the
hydrazine and subsequent addition of HCl and PPh3. The coordinated acetonitrile is lost during
the process and the organohydrazine is oxidized to the organohydrazide ligands. From the X-ray
crystal structure the two phosphines are trans, and the diazenido group is present as a chelating
ligand. Interestingly, technetium and rhenium behave differently. Under the same reaction
conditions but with rhenium, the complex [ReCl2(NNR)(HNNR)(PPh3)] is produced, which
contains both chelating diazenido and terminal diazene ligands. Both are uninegative and form
a 
- and a �-bond to the metal center. The reason for these differences between Tc and Re is
unknown.428
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Introduction of benzenthiolato ligands leads to dinuclear species. Thus, reaction of
[TcCl3(NNHpy)(HNNpy)] (339) (see above) with thiophenol gave the dinuclear complex
[Tc(SPh)2(NNHpy)(NNpy)]2 (342) in excellent yields. Two of the thiolato ligands bridge the
two Tc centers, with one terminal thiolate on each metal. The hydrazinopyridine-derived ligands,
as in the precursor, are �2-(diazene) and �1(diazenido) bound.429 An even more complex com-
pound is obtained by further reaction with 2-pyridinethiol. A monomeric complex is formed in
which one terminal benzenethiolato ligand, one chelating 2-pyridinethiolate, one �1-diazenido
ligand, and one �2 diazene ligand are coordinated to the metal, giving a six-coordinate species
which has been structurally characterized.430

An unusual compound is formed when [TcOCl4]
� is reacted with Me3SiNPPh3 (tms-np,(343))

in CH2Cl2. The neutral, yellow TcV complex [TcNCl2(NHPPh3)2] (344) is formed in 50% yield.
Complex (344) is a nice example of a phosphoraneimineato complex. The formation of a terminal
nitrido ligand from a phosphoraneiminate is unexpected, since the reverse reaction, the synthesis
of phosphoraneiminato complexes from nitrido complexes and phosphines, is common for a
number of transition metals. The nitrido ligand is an electrophile only in high oxidation states,
but not if the oxidation state is reduced. The X-ray structure was obtained showing trigonal-
bipyramidal structure, with the two phosphoranimine ligands trans to each other.431 Phosphor-
aneimine complexes of Tc are very rare and only one example has been described, obtained by
thermolysis of the salt [Ph3PNH2][TcO4].

432,433 (Scheme 50).

5.2.2.4 Oxidation State (IV)

Complexes of TcIV are relatively limited in number when compared to the neighboring oxidation
states. Complexes in oxidation stateþIV lie between those stabilized by �-donor ligands and those by
�-acceptor ligands. Accordingly, carbonyl complexes in this oxidation state are unknown, as are
complexes with terminal oxo or nitrido ligands. A frequent structural feature is the ‘‘[Tc(�-O)2Tc]4þ’’
core. These coordination compounds virtually form their own class of TcIV complexes. The chemistry
in water of this oxidation state is very limited. TcIV complexes which are water soluble tend to
hydrolyze and to form TcO2
H2O, which is the most stable form of TcIV. This tendency can be
suppressed only by the presence of hard, multidentate chelators such as edta and related polyamino-
polycarboxylic acids. Usually, the complexes contain three unpaired electrons and the magnetic
moments range between 3.5 B.M and 4.1 B.M. The dinuclear complexes, though, are in general
diamagnetic, since the unpaired electrons participate in strong metal–metal triple bonds or there is a
reduction in magnetic moment due to antiferromagnetic exchange between the metal centers.

5.2.2.4.1 Halide and pseudohalide complexes

As mentioned earlier, chlorination of Tc metal with Cl2 produces dark red TcCl4 (345) as the major
product.92,434 The structure consists of polymeric chains in which the Tc centers are chloride bridged
to give edge-sharing, distorted octahedra.435 (345) is a possible starting material for TcIV chemistry,
but because of the difficulty of its preparation it is rarely used. Reaction with Me3SiBr exchanges the
chloride for bromide and gives TcBr4 (346). When black (345) or the mixture of TcCl4 and Me3SiBr
is stirred in NCCH3, yellow or red solutions are formed which contain the solvent species
[TcX4(NCCH3)2] (347). The reaction of (345) in CH2Cl2 in the presence of 15-crown-5 afforded
yellow-green crystals in 70% yield. An X-ray structure analysis confirmed that the crown is
noncoordinating in this compound, but forms hydrogen bonds to an [H3O]þ. The anion is six-
coordinate [TcCl5(OH2)]

� (348), in which the Tc�O distance is 2.08 Å.436

The most convenient starting materials for TcIV chemistry are the binary halide complexes
[TcX6]

2� (X=Cl�, (69); X=Br�, (71); X= I�, (349)) and less commonly [TcO4]
� or [TcOCl4]

�. The
complexes [TcX6]

2� are among the earliest compounds prepared in technetium chemistry. The
complexes with X=Cl�, Br� and I� can be prepared by several routes. The most convenient
method consists of prolonged heating of [TcO4]

� under reflux in conc. HCl. Heating is required to
ensure that the kinetic intermediate [TcOCl4]

� is completely converted to (69), which is then
produced in quantitative yield.434,437 An alternative procedure is reduction of [TcO4]

� in conc.
HCl with KI. Recrystallization yields yellow crystals of K2[TcCl6].

438,439 Reaction of [TcO4]
� in

11M HCl with KI as a reducing agent produces a red precipitate, which was shown to be (349).
This complex is isostructural with (69).440
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The corresponding red species (71) is synthesized by the reaction of conc. HBr with [TcO4]
� or by

ligand exchange of (69) with conc. HBr.434,437,439 In the same way, deep purple [TcI6]
2� can be prepared

by ligand exchange on [TcX6]
2� (X=Cl� or Br�) with conc. HI or by the direct reaction of [TcO4]

�with
dilute HI. In the presence of the appropriate cations, salts such as Rb2[TcI6] can be obtained. Colorless
[TcF6]

2� (350) is more difficult to prepare. Originally K2[TcF6] was prepared by fusion of K2[TcBr6] with
excess KHF2. After recrystallization, pale pink crystals of the pure complex are produced.441 Alterna-
tively, the reaction of [TcF6] in anhydrous HF with [N2H6]F2 gave [N2H6][TcF6]. The magnetic moment
of this salt is 3.79 B.M., with a Weiss constant of T= 52K.182 A strong IR absorption at 545 cm�1 was
assigned to �Tc–F. An alternative and high-yield route to (350) consists of the ligand-exchange reaction of
(71) in 40% HF with AgF, with precipitation of AgBr during the exchange. A pale red compound
formed in solution as an intermediate was tentatively identified as [TcF5(OH2)]

�, which is slowly
substituted by a sixth fluoride ligand.442 X-ray crystal structures are available for [TcX6]

2� with a
number of counterions443–445 for (71) and (69)446 and for (349).447

The reactivity of the four hexahalogenotechnetate(IV) complexes is quite different. With the
exception of (350), all the complexes readily undergo hydrolysis to brown-black precipitates of
TcO2
H2O. [TcF6]

2�, however, is resistant to hydrolysis. The ligand-field splittings for [TcX6]
2�

are 28,400 cm�1 (X=F�),449 24,400cm�1 (X=Cl�),450 21,600 cm�1 (X=Br�),451 and 20,400 cm�1

(X= I�).452

The cyclic voltammetry of these complexes reveals some interesting electrochemical properties.
Due to the rapid hydrolysis of [TcX6]

2�, electrochemical studies were performed in acetonitrile
with [NBu4][BF4] as support electrolyte. Irreversible oxidation waves were observed at þ1.88 V
(X=Cl�) and þ1.70 V vs. SCE for X=Br�, respectively, and irreversible reductions occurred at
�0.34 V and �0.27 V.452 Spectroelectrochemical studies have been performed in acidic HX to
suppress the irreversible formation of TcO2. Under these conditions [TcCl6]

2� and [TcBr6]
2�

undergo reversible electrochemical reductions. The experiments confirm the net reduction of
TcIV to TcIII. The halide ligands are considerably more labile on TcIII than in the corresponding
TcIV complexes, as shown by the strong dependence of redox potential on the X� concentrations.
This raises the possibility of preparing [Tc(OH2)6]

3þ electrochemically. This has not yet been
achieved, but would merit more detailed investigation.453

A number of other partially hydrolyzed species have been described. The red species K2[TcCl5(OH)]
precipitates from solution during reduction of K[TcO4] by HCl/I440 and yellow Zn[TcCl5(OH)] and
La2[TcCl5(OH)]3 are formed by reduction of the appropriate [TcO4]

� salts with HCl.454,455 The
chemistry in water is sometimes remarkably different for rhenium and technetium. For instance, the
�-oxo bridged rhenium(IV) complex [{ReBr5(�-O)}2] is well established, but is unknown for Tc. On
heating [TcBr6]

2� in CF3COOH, dimeric [Br3Tc(�-Br)3TcBr3]
� is formed.456

In addition to the halogeno complexes of TcIV, complexes with isothiocyanate ligands are known and
these complexes were used for many years for the quantitative spectroscopic determination of techne-
tium.457,458A deep red-violet color is produced upon reaction of [NCS]� with [TcO4]

� in acidic solution,
which was found to be the complex [Tc(NCS)6]

2� (351) (�max= 500nm, "= 76,100).459,460 The same
compound can also be prepared by ligand exchange, by the reaction of (71) with [NCS]� in MeOH
under reflux. If N2H4
H2O is added to the reaction solution, the color changes immediately to deep
yellow and the air-sensitive, yellow-orange TcIII complex [Tc(NCS)6]

3� (352) forms. This compound
shows a reversible, one-electron oxidation at þ0.18V vs. SCE. Reaction of (352) with either (SCN)2 or
NO gives (351) in quantitative yield. Voltametric studies with (351) show an irreversible oxidation wave
atþ1.6V. Magnetic susceptibility measurements gave a magnetic moment of 4.1 B.M., consistent with a
4A2g ground state for this d3 ion. The X-ray crystal structure of the TcIII complex was determined and
shows an almost perfect octahedral structure.460 The X-ray crystal structure of the corresponding TcIV

complex was elucidated some time later and the geometry again is octahedral, with the TcIV atom
situated on a site of exact 4/m symmetry.461 (Scheme 51)

5.2.2.5.2 Complexes with oxygen ligands

Mononuclear TcIV complexes with exclusively oxygen donor ligands are rare. In contrast to (350)
and (69), (71) is very soluble in MeOH and the color of the solution changes gradually from dark
red to almost colorless. The solution becomes very acidic which is interpreted in terms of the
formation of methoxide complexes. Upon addition of KOCH3 to the solution, pale greenish salts
of composition K2[Tc(OCH3)6] (353) can be isolated. The complexes [Tc(eg)3]

2� (354) and
[Tc(butri)2]

2� (355) (H3butri= 1,2,4-butanetriol, (356)) are produced similarly. Reaction of (71)
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in methanol with the tripodal ligand tris(hydroxymethyl(trimethylammonium)methane iodide
(H3thmt, (357)) gave the structurally characterized zwitterionic complex [Tc(thmt)2] (358), in
which the trianionic core charge is compensated by two positive charges on the quaternary
amines to give an overall neutral complex. This complex was reported to be stable in aqueous
solution at pH> 4 for more than 24 h.462

Reaction of (71) with an aqueous solution of oxalic acid gives [Tc(ox)3]
2� (359) in good yield as

pale yellow crystals. The use of oxalic acid, rather than a salt, was necessary in order to prevent
the formation of TcO2, as observed earlier in attempts to make this complex. In contrast to
complexes of the form [Tc(L)3], in which L represents a bidentate dithiolato ligand, (359) has a
slightly distorted octahedral geometry. The twist angle between the triangular faces is 49�, which
is close to that for optimal octahedral geometry.128

Another TcIV complex with exclusively oxygen donors is generated with N-substituted
3-hydroxy-4-pyridinone-based ligands such as 1-ethyl-2-methyl-3-hydroxy-4-pyridinone (Hmepp,
(360)). The reaction of [NH4][TcO4] in EtOH/saline with (360) in the presence of Na2S2O4 gives,
after 16 h under reflux, the cationic complex [Tc(mepp)3]

þ (361). This compound has also been
prepared with 99mTc for radiopharmaceutical purposes. The compound shows two quasi-reversible
waves at �0.74 V and þ1.07 V vs. Ag/AgCl, which are tentatively assigned to the TcIV/TcIII and
TcIV/TcV couples. The large separation of the two redox waves indicates that the intermediate
TcIV oxidation state is strongly stabilized by six O donors, and the conproportionation constant
has been calculated to be 5.4� 1030.463

The reaction of acetylacetone (Hacac, (362)) with various TcIV starting materials yields com-
plexes in different oxidation states, depending on the reaction conditions. The homoleptic TcIV

complex [Tc(acac)3]
þ (363) can be prepared by oxidation of [Tc(acac)3] (364) with Fcþ.464 The

reaction of [TcX6]
2� or [TcX4(PPh3)2] (103) with (362) yields various [acac]� complexes that could

be isolated and characterized; examples are: [PPh4][TcX4(acac)] (365), [TcX2(acac)2] (366), and
[TcBr3(acac)(PPh3)] (367).465 The compounds are stable under acidic conditions, but are slowly
hydrolyzed in base and obey the rate law k[OH�][TcX2(acac)2].

461

Somewhat analogous reactions occur with salicylaldehyde (Hsal, (368)). In (368) as a solvent
for [PPh4]2[TcCl6], the complex [TcCl4(sal)]� (369) forms in good yield. The X-ray crystal
structure confirms this formulation and the magnetic moment is 3.8 B.M.466 The reaction of
(103) with dmso gives [TcCl4(dmso)2] (370), in which the dmso is oxygen bound as concluded
from spectroscopic data.467 (Scheme 52).
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5.2.2.4.3 Nitrogen ligands

Due to the high charge on the TcIV center, no homoleptic TcIV complexes containing exclusively
nitrogen donors are known, and they are invariably combined with anionic donors such as halides or
carboxylate. An early reaction was the direct combination of TcCl4 (345) with bipy in EtOH to give
the complex [TcCl2(bipy)2]

2þ (371), which precipitated out of the reaction solution after prolonged
heating. Heating of [TcCl2(bipy)2]Cl2 at 200 �C forms the thermodynamically favoured product
[TcCl4(bipy)] (372).189 Similarly, the pyridinium salt of (69) converts to [TcCl4(py)2] (373) when heated
to 300 �C under inert atmosphere to remove HCl. More directly, reaction of pyridine with
[TcCl4(PPh3)2] in EtOH readily yielded (373), whereas prolonged heating forms the corresponding
TcIII complex mer-[TcCl3(py)3] (374) in good yield. The reduction is caused by PPh3, since a clear rate
dependence on its concentration was found. Reaction with 4-methylpyridine or 3,5-dimethylpyridine
proceeds analogously.467The complex (373) is described as being stable under both alkaline and acidic
conditions. Its comparative insolubility in most of the common solvents is a surprising feature.468

The potential versatility of TcX4 (X=Cl, Br) is shown in the reaction with acetonitrile, in
which the polymeric structure is cleaved slowly and the complexes [TcX4(NCCH3)2] (375) are
formed. Similar behavior is found for isocyanides, which form the neutral species
[TcX4(CN–tBu)2] (376).436

The TcV complex [TcO2(PC3H5)3)3]
þ (209)361 reacts with isothiocyanate in acidic MeOH/

CH2Cl2 to give trans-[Tc(NCS)4(P(C3H5)3)2] (377). The trans configuration is deduced from 1H
NMR spectroscopy. Under slightly different reaction conditions or starting directly from [TcO4]

�,

a number of TcII complexes of the type [Tc(NCS)2(PR3)4] can be isolated and have been
structurally characterized.469

Dinuclear asymmetric and �-oxo-bridged complexes in which the two technetium atoms are in
intimate electronic communication have been synthesized. The reaction of solutions of [TcOCl4]

�

or [TcCl6]
2� with neat pyridines py-R (R=H, 2-Me, 3,5-Me2) gave asymmetric complexes of the

type [Cl2(py-R)3Tc(�-O)TcCl3(py-R)2] (378), and disymmetric complexes [Cl(py-R)4Tc-
(�-O)TcCl4(py-R)] (379) (R= 2-Me), which were prepared by direct reaction of [TcO4]

� with
2-methylpyridine with NaBH4 as a reducing agent. All these mixed-valent species can also be
obtained from other convenient starting materials, such as [TcO2(pic)4]

þ, by heating under reflux
in the appropriate neat pyridine. The complexes (378) and (379) (R= 2-Me) have been struct-
urally characterized. They show an almost linear Tc�O�Tc bridging system. The mixed-valent,
odd-electron compounds should exhibit a significant magnetic moment; however, because of
strong antiferromagnetic coupling between molecules across the bridge, the magnetic moment is
reduced. EPR spectra indicate that the single unpaired electron is located in a �-orbital involving
both Tc and the bridging oxygen. Substantial �-bonding or strong antiferromagnetic coupling
accounts for the pairing of the remaining 4d orbitals (Scheme 53)470.

5.2.2.4.4 Sulfur ligands

Technetium(IV) complexes with pure sulfur donors are not very common, but the compounds with
the ligands such as 1,2-dicyanoethenedithiol (H2mnt, (380)) or benzene-1,2-dithiol (H2bdt, (63)) are
known. The reaction of [TcBr6]

2� in EtOH with three equivalents of (380) immediately gives a color
change and the complex [Tc(mnt)3]

2� (381) can be precipitated in good yield by addition of
[AsPh4]

þ. The structure of this complex is between trigonal prismatic and octahedral, as indicated
by the corrected twist angle of 52�. The two triangular faces are almost parallel to one other.373

A number of reactions which give homoleptic TcIV sulfur-ligated complexes have been
described, and occur by a concerted reduction/substitution mechanism from higher oxidation
states. The reaction of [TcOCl4]

� with morpholino-dithiocarbamate (Hmodtc, (382)) results in
reduction and loss of the oxo group and the unusual complex [Tc(modtc)4] (383) is produced.471

The reaction of [TcOCl4]
� with 2-mercaptopyrimidine (Hmp, (384)) gives the structurally char-

acterized complex [TcCl4(mp)]� (385).472 Direct reduction of [TcO4]
� with H2bdt (63) forms a

unique dinuclear species [Tc2(bdt)4] (386). Each technetium center has trigonal-prismatic geo-
metry with six sulfur donors, four of which are bridging the two Tc centers. Thus, two dithiolate
ligands are terminal and two are bridging. The overall structure is best described as a rhombo-
hedral prism. The Tc�Tc distance is 2.591(3) Å, which implies the possibility of a Tc�Tc multiple
bond.373,473 A similar complex has been described in Section 5.2.2.3.2. The complex [Tc2(edt)4]
(225), with the same overall geometry as [Tc2(bdt)4], is available by reaction of (69) with Na2[edt]
(Scheme 54)374.
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5.2.2.4.5 Tertiary phosphine and arsine complexes

Mixed halide/tertiary phosphine complexes are important starting materials for TcIV chemistry. The two
key compounds [TcCl4(PPh3)2] and [TcCl5(PPh3)]

� can be obtained by the reaction of TcX4 with the
corresponding phosphine, or by direct reaction of [TcO4]

� with the phosphine in EtOH in the presence
of HX.474,475 A wide variety of such complexes have been described with X=Cl, Br, and different
phosphine ligands PR3. [TcCl4(PPh3)2] loses one phosphine ligand when reacted with HCl to yield
[TcCl5(PPh3)]

�.476 All the structurally characterized complexes have trans phosphine ligands.476–480

5.2.2.4.6 Mixed-donor-set polydentate ligands

Technetium(IV) complexes of ligands with mixed donor sets are known, particularly with N,O and
P,O ligands. A number of these are dinuclear and contain the ‘‘[Tc(�-O)2Tc]4þ’’ group. An example
of a mononuclear TcIV complex with a mixed P,O ligand is from the reaction of [TcOCl4]

� with the
bidentate ligand o-(diphenylphosphino)benzaldehyde (dpb, (387)). At room temperature after 24h,
red-purple crystals of [TcCl2(Ph2PCH(O)CH(O)CHPPh2] (388) are obtained, in which a tetraden-
tate P2O2 ligand is formed from the original bidentate PO system. Presumably the Tc center
promotes the bimolecular reductive coupling of the two aldehydes to give the diolate system. The
X-ray structure of this complex was determined and shows approximately octahedral geometry
about Tc, with cis-chlorides which are each trans to a glycolato oxygen.481
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The nearly planar, four-membered ring of [Tc(�-O)2Tc]4þ is a structural feature that is some-
times found upon reaction of multidentate chelators with [TcX6]

2� directly in water.. The first
complex of this kind was prepared as red-brown crystals directly from [TcO4]

� in acidic solution
and Na2H2edta (389), with [HSO3]

� as a reducing agent. An X-ray crystal structure was required
to identify the complex unambiguously as [(H2edta)Tc(�-O)2Tc(H2edta)] (390). The Tc�Tc dis-
tance is very short at 2.33 Å, indicating a strong Tc�Tc interaction. An EHT calculation showed
that the symmetry-matched d orbital is destabilized by the p orbitals of the bridging O ligands,
and thus the normal orbital sequence for a metal�metal multiple bond is altered to 
2�22*�*
*.
This scheme explains the diamagnetism and the lengthening of the M�M bond from that
expected for a triple bond, due to the occupation of antibonding orbitals.161 With H3nta (391),
the complex [(nta)Tc(�-O)2Tc(nta)]2� (392) was obtained by a similar synthetic procedure, and
was also structurally characterized.482 A variant on this procedure was chosen for the preparation
of the corresponding oxalato complex [(ox)2Tc(�-O)2Tc(ox)2]

4� (393). The reaction of [TcF6]
2�

for three days at 80 �C with oxalic acid gave the dimer complex (393) in 57% yield as dark red
crystals. The color suggests a similar electronic structure to that proposed for the corresponding
edta and nta complexes.484

A mixed-valent TcIII/TcIV complex containing the [Tc(�-O)2Tc]4þ core has been prepared using
1,4,7-triazacyclononane-N,N0,N00-triacetate (H3tcta, (394)). The reaction of Na2[TcO(eg)(tcta)]
with Na[BH4] in water caused a color change from turquoise to deep golden, and then to blue.
Column chromatographic separation gave the novel complex [(tcta)Tc(�-O)2Tc(tcta)]3� (395),
which has TcIII and TcIV centers. Oxidation of this complex with K2[S2O8] gave the deep pink
TcIV/TcIV complex [(tcta)Tc(�-O)2Tc(tcta)]2� (396), which was precipitated as the Ba2þ salt. The
structure of the TcIV/TcIV complex was determined by X-ray diffraction and confirmed the
expected dimeric structure with the [Tc(�-O)2Tc]4þ core (Scheme 55)484.
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5.2.2.5 Oxidation State (III)

Complexes of technetium in the oxidation state þIII are the second most numerous class of techne-
tium complexes. The reason for this lies not only in the availability of convenient starting materials,
but also in the fact that þIII represents a reasonably stable oxidation state. Many cationic TcIII

complexes are water- and air stable, which makes them attractive candidates for radiopharmaceutical
applications. However, no hexaquo-cation or other solvated Tc3þ cations have been described so far.
The oxidation stateþIII can conveniently be achieved by reduction and stabilization with appropriate
ligands. Since the TcIII center with its d 4 electronic configuration is of more pronounced b-character,
most of the fully characterized complexes are stabilized by ligands such as phosphines, arsines, and
isocyanides. TcIII is also the oxidation state in which organometallic complexes start to play an
important role, and complexes with CO, isocyanides, or carbenes have all been described. In general,
the structures are distorted octahedral, but the d4 configuration allows expansion of the coordination
number to seven, giving an 18-electron complex. Indeed, most of the seven-coordinate Tc complexes
with cyanide are in oxidation stateþIII. In contrast to Re, Tc complexes containing the equivalent of
the Re3 triangular core are rare and no such complex has yet been described. Typical organometallic
complexes in the oxidation stateþIII and lower will not be discussed here, except where reactions take
place at the coordinated ligands. Two complexes containing Tc�C bonds will be covered, however,
since they represent a fundamental class of TcIII complexes.

The classical homoleptic cyanido complex of TcIII, the seven-coordinate, yellow-orange com-
plex [Tc(CN)7]

4� (397), is formed from [TcI6]
2� and an aqueous KCN solution after 24 h of

heating under reflux. Careful exclusion of O2 is required, otherwise appreciable amounts of cyano
complexes in higher oxidation states are formed. The iodide acts as a reducing agent, since the
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reaction of TcO2 with cyanide gives the TcV compound [TcO(CN)5]
2�. The reaction of

[TcO2(py)4]
þ with cyanide produces [TcO2(CN)5]

2�. The �(CN) IR bands in the TcIII complex
are at 2,089 cm�1 and 2,046 cm�1, respectively. From IR and Raman spectroscopy it was possible
to predict the structure to be pentagonal bipyramidal, which is in agreement with the X-ray
crystal structure of the rhenium analogue.368

Another type of complex in which Tc�C bonds predominate is the seven-coordinate complex
[Tc(CNR)6X]2þ (398) (R= variety of organic groups; X=Cl, Br). The compounds are easily
prepared in good yield by reaction of the TcI complex [Tc(CNR)6]

þ485 with Br2 or Cl2 in
acetonitrile. Attempts to introduce a bipy ligand as well led to dealkylation of the isocyanide to
give the seven-coordinate complex [Tc(CNR)5(CN)X]þ (399). Reductive coupling of the coordin-
ated isocyanides was attempted, but the reduction of TcIII to TcI was the only reaction.486

5.2.2.5.1 Tertiary phosphine and arsine ligands

Complexes with tertiary phosphines and arsines are ubiquitous in TcIII chemistry. In general, the
complexes comprise a maximum of four neutral phosphorus donors in combination with other
anionic ligands. An important class are complexes of the general type [Tc(PP)2X2]

þ, which can be
prepared by several routes. The major interest in these compounds arose from the early observation
that these cations accumulate in the myocardia of animals, and therefore show promise as heart-
imaging agents with 99mTc. However, it turned out that there was no retention of these types of
complex in the heart in humans, probably due to reduction of TcIII to TcII. One synthetic route
involves reaction of (69) in hot DMF in the presence of diphosphines such as dppe, dppb, depe, or
dmpe. After several hours, reduction and substitution took place to afford the compounds
[Tc(PP)2X2]

þ (400) in yields ranging from 30% to 60%. The compounds were purified chromato-
graphically. A second method consists of the oxidation of the corresponding TcII complexes
[TcCl2(dppe)2] (401) with the appropriate halogens Cl2 or Br2 in CHCl3 or CCl4.

258 Alternatively, and
more appropriately for radiopharmaceutical applications, the complexes can be prepared directly
from [TcO4]

� in DMF in the presence of excess diphosphine ligand. The X-ray crystal structure of
[TcBr2(dppe)2]Br was determined and shows the expected trans configuration. Interestingly, the
complex [TcBr2(dppe)2]Br can be prepared by at least three different pathways, which indicates that
this complex is very thermodynamically favoured. More forcing reaction conditions starting from TcIV

or TcVII lead to the TcII complexes (401). Complexes of diarsines were prepared in the same way. The
halides in the complexes can be substituted by other anions such as [NCS]�. Interestingly, attempts to
substitute the halides with [CN]� or [N3]

� caused its reduction to the divalent state, with no substitu-
tion occurring. The complexes exhibit a rich electrochemistry. The TcIII/TcII and the TcII/TcI redox
couples are fully reversible, and the potentials depend strongly on the coordinated anions and the type
of diphosphine. The reduction potential for [Tc(SCN)2(dppe)2]

þ/0 is þ0.39V vs. Ag/AgCl, whereas
the same couple for [TcCl2(depe)2]

þ/0 is �0.252V. A linear relationship between E� and the energy of
the halogen to technetium charge-transfer bands was found. The reduction of the diphos complexes is
between 50mV and 100mV less negative compared to the analogous diars complexes.258,487A number
of combined electrochemical and spectroelectrochemical studies have been performed on these com-
plexes in various media and comparisons made with the corresponding rhenium compounds.488–491 A
linear relationship between the rhenium and the technetium complexes was shown for the MIII/MII

and MII/MI couples. A slope of about 1.04mV and the intercept of 219mV provide the average
potential difference between analogous rhenium and technetium complexes.491

This chemistry has been extended to include complexes of monodentate phosphines. Compounds of
the general type [TcX2(PR3)4]

þ were obtained during attempts to find a new synthesis for
[TcCl3(NPh)(PPh3)2] (308) (see Section 5.2.2.3.4) with less bulky phosphines. The reaction of
[TcO4]

� with PPh3, HCl and (309) gives (308).414 A similar reaction with PMePh2 instead of PPh3

under the same conditions gave [Tc(NPh)X2(PMePh2)3]
þ (403), as expected. For the less bulkier

PMe2Ph the organodiazenido complex [Tc(NNPh)Br3(PMe2Ph)2] (402) formed in 30% yield, together
with the imido complex [Tc(NPh)X2(PMe2Ph)3]

þ under the same conditions.420 The latter complex
has also been produced by ligand exchange of [Tc(NPh)Cl3(PPh3)2] with PMe2Ph.418 The access to
[TcX2(PR3)4]

þ resulted from studies to introduce even smaller phosphines, such as PMe3. Attempts to
exchange PPh3 in (308) with PMe2Ph or PR3 (R= -Et, -Me) gave trans-[TcX2(PMe2Ph)4]

þ (404).
When the starting material [TcCl4(PMe2Ph)2] (405) (see Section 5.2.2.4.5) was treated with excess
phosphine, (404) was produced in good yield. The complex trans-[TcX2(PMe3)4]

þ (406) is also
prepared as a yellow-orange precipitate by the same method, or alternatively by the direct reaction
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of [TcO4]
� with PMe3 in methanol after overnight reflux. The TcIII complexes with both PMe3 or

PMe2Ph are also available by reaction of excess PR3 with [TcCl4(PR3)2] or [TcCl3(PR3)3]. The
structures of both (406) and (404) have been elucidated, showing all the chloride in mutual trans
orientation.492 These complexes with monodentate phosphine ligands are versatile starting materials
for the development of TcIII chemistry. (Scheme 56)
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TcIII complexes with fewer than four phosphines are quite prominent as starting materials. It
was found as early as 1976 that the reaction of [TcO4]

� with PMe2Ph in the presence of HCl gave
[TcCl3(PMe2Ph)3] (407) in good yield.493 There is a mer-mer arrangement of ligands around the
Tc, with a significantly longer Tc�Cl bond trans to P than trans to Cl. The reaction of [TcOCl4]

�

with PMe3 in acetonitrile gives [TcCl3(PMe3)3] (408), which also has mer conformation.494 For
(407) the coordination number can be increased to seven by reaction with small �-acceptor
molecules such as CO. By bubbling CO through a solution of [TcCl3(PMe2Ph)3], one CO binds
to produce the 18-electron complex [TcCl3(CO)(PMe2Ph)3] (409). This complex has approxi-
mately C3v symmetry, with the C3 axis lying along the Tc�C�O bonds, and can be described
as having capped octahedral geometry.495 The same complex is also formed from [TcCl(CO)2-
(PMe2Ph)3] (410) after prolonged stirring in CHCl3 at room temperature.496

Attempts to prepare the analogous products with PPh3 and [TcOCl4]
� in MeOH fail, probably

due to the bulk of the phosphine, but the interesting complex [TcCl3(PPh3)2(DMF)] (411) is
formed from the same reaction in DMF. The X-ray crystal structure showed that the phosphines
are trans and that the DMF is coordinated via oxygen.497 The same reaction in acetonitrile gives
the related complex [TcCl3(PPh3)2(NCCH3)] (412) and this compound can also be prepared by the
reduction of [TcCl4(PPh3)2] with Zn metal in acetonitrile.498,499 The complex precipitates as a
bright orange powder directly from the solution and has a potentially rich chemistry. Reaction
with CO replaces CH3CN to yield the six-coordinate complex [TcCl3(PPh3)2(CO)] (413), which
was structurally characterized.500 There is no evidence for a seven-coordinate species. The �(CO)
is relatively high at 2,054 cm�1, indicating minimal �-backbonding. Although seven-coordinate
dicarbonyl complexes could be expected, no evidence for such a complex was found despite the
existence of [TcCl3(CO)(PMe2Ph)3]. This is probably due to the higher basicity of PMe2Ph over
PPh3, which does not sufficiently enhance the electron density at the TcIII center to stabilize a
second strongly �-accepting ligand. With NO and (412), the complex [TcCl3(PPh3)2(NO)] (414) is
formed as a green powder. The change in the formal oxidation state to TcII and the presence of
one unpaired electron is verified by a ten-line esr pattern. The NO IR stretching frequency of
1,805 cm�1 is consistent with a linear, terminally bound NO ligand.500

5.2.2.5.2 Nitrogen and oxygen ligands

Many compounds are known which contain both nitrogen and additional donors such as mono-
anionic sulfur or oxygen, neutral phosphines, or combinations of these. There are few examples of
complexes containing nitrogen and halide ligands only. Complexes of the general composition
[TcCl3(Nhet)3], where Nhet is an aromatic heterocycle, can be prepared by a variety of routes.
Reaction of [TcOCl4]

� with 4-picoline (pic) using PPh3 as a reducing agent gives [TcCl3(pic)3]
(415) in moderate yield as a yellow powder, and the corresponding pyridine complex [TcCl3(py)3]
(374) (see Section 5.2.2.4.3) can be prepared in the same way.467 The X-ray crystal structure shows
a meridional configuration for the three pic ligands. When PMe2Ph was used as a reducing agent,
the complex [TcCl3(PMe2Ph)2(pic)] (416) was produced. If a large excess of reducing agent is used,
the mixed-valence species [Cl(pic)4Tc�O�TcCl4(pic)] (379) is formed (see Section 5.2.2.4.3).
Electrochemical studies showed reversible reductions at �0.6 V (TcIII/TcII) and �1.74 V
(TcII/TcI), respectively, for the pic complex.501Complexes of type (379) were also obtained by reaction
of [TcCl4(PPh3)2] with a variety of heterocyclic amines in the presence of PPh3 as reducing agent.
The meridional geometry was concluded from 1H NMR signals that are contact shifted due to the
paramagnetism.467

The versatility of (412) as a starting material for accessing new, low-valent complexes of Tc is
impressively demonstrated by its reactions with pyridine, tetramethylethylenediamine (tmeda,
(417)), 4,40-dimethyl-bipyridine (Me2bipy), and terpyridine (terpy) in 1,2-dimethoxyethane.
Orange-yellow [TcCl2(PPh3)(py)3]

þ (418), purple [TcCl2(Me2bpy)2]
þ (419), yellow

[TcCl3(PPh3)(tmeda)] (420), and black-green [TcCl3(terpy)] (421) are formed in good to quanti-
tative yields. For the cationic compounds, one halide was precipitated with Tlþ. Reaction of (418)
with neat pyridine substitutes PPh3 and trans-[TcCl2(py)4]

þ (422) is formed. The structure of the
complex trans-[TcCl2(py)3(PPh3)]

þ has been elucidated. Substitution of the phosphines and halide
ligand occurs much more easily for Tc than for the Re analogues.502 Electrochemical data suggest
that the synthesis of lower-valent analogues is possible, and that low-valent oxidation states of Tc
can be stabilized with pyridine. Corresponding TcII and TcI complexes have indeed been prepared
by Zn0 reduction in neat aromatic amines (see Section 5.2.2.6.1).
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Dinuclear �-oxo complexes of TcIII with aromatic amines have also been prepared. The
reaction of [TcOBr4]

� in dmf with bipy gives, after 6–8 h heating under reflux, the complex
[{TcBr(bipy)2}2(�-O)]2þ (423) as purple crystals. Analogous complexes with phen or chloride
were prepared similarly. The phen complex crystallizes with 6 to 9 waters of crystallisation.
When [{TcCl(bipy)2}2(�-O)]2þ (423) is eluted from an anion-exchange column in water, chloride
is exchanged for [OH]� and [{Tc(OH)(bipy)2}2(�-O)]2þ (424) is produced as an orange solid.
The structures of [{TcBr(bipy)2}2(�-O)]2þ and [{TcCl(phen)2}2(�-O)]2þ were determined. The
Tc�O�Tc axis is almost linear and the average Tc�O distance is 1.824(5) Å, intermediate between
a double and a single bond, indicating significant �-bonding between the Tc atoms.503

A similar complex [{Tc(terpy)(Me2bipy)}2(�-O)]4þ (425) can be prepared as a purple solid in
45% yield from the reaction of (421) with TlO2CCF3 and Me2bipy. Reduction with Zn dust in
acetone gives the corresponding TcII complex [{Tc(terpy)(bipy)}2(�-O)]2þ (426) in 82% yield. The
X-ray crystal structure of the TcIII complex shows two identical N5O coordination cores rotated
by about 90� to each other. The Tc�O�Tc bond angle of 171.3� is almost identical to the
complex described above. Cyclic voltammetry shows two reversible, one-electron reductions at
�0.14 V and �0.39 V. The separation of the two couples by 0.25 V indicates that, unlike other oxo-
bridged binuclear complexes, the two Tc atoms are not strongly coupled and the reductions occur
in orbitals which are located to a significant extent on the Tc centres (Scheme 57)504.

The reaction of (407) in refluxing ethanol with bidentate heterocyclic amines such as bipy or
phen gives [TcCl2(bipy)(PMe2Ph)2]

þ (427). As a consequence of the trans effect, the remaining
chlorides are cis. The Cl trans to phosphorus and one additional phosphine have been substituted
regioselectively. Analogous behavior occurs for PEt2Ph and phen.505

Attempts to prepare heterocyclic diamine complexes starting from the TcIV complex
[TcCl4(PPh3)2] give only low yields of [TcCl3(bipy)(PPh3)] (428). However, bipy complexes in
other, lower oxidation states are also produced and are discussed in Section 6.6.1. When mer-
[TcCl3(PMe2Ph)3] reacts in a nonpolar solvent such as toluene with bipy, phen, or bipyrimidine, it
gives the neutral complexes fac-[TcCl3(PMe2Ph)(NN)] (429) (NN= heterocyclic diamine). Reac-
tion in a polar solvent, though, gives the cationic compounds [TcCl2(PMe2Ph)2(NN)]þ (430) in
good yields. Depending on the solvent, different isomers are formed. These compounds have also
been produced directly from [TcO4]

� and the appropriate diamine, using excess PMe2Ph as a
reducing agent. Longer refluxing times afford considerable amounts of the TcII complexes
[TcCl2(PMe2Ph)2(NN)]. The X-ray structure of [TcCl3(PMe2Ph)(bipy)] confirmed the fac-geo-
metry. The bipy ligand is trans to both chloride ligands.467

TcIII complexes with Schiff-base-type ligands have been prepared by two different synthetic
strategies. The TcV precursor [TcO({acac}2en)(OH2)]

þ (431) reacts with three equivalents of
various phosphines to give [Tc({acac}2en)(PR3)2]

þ (432) in very good yield. Alternatively, reaction
of [TcO4]

� with the Schiff-base ligands (141a) or (141b) and phosphines produces the same
compound, albeit in lower yields. The X-ray crystal structure shows the two phosphines to
be trans. In the mechanism proposed, the first phosphine coordinates to the TcV center trans to
the oxo group and a second reduces the TcV center, producing a phosphinoxide ligand which is
then replaced by phosphine.506 Other Schiff-base ligands have also been investigated. Extended
spectroelectrochemical studies with these complexes have been performed.489 Complexes with
substituted (acac)2en ligands are of interest in the context of the search for new myocardial
imaging agents. Variation of the substituents in the tetradentate ligand, as well as the phosphines,
has been systematically studied and gives the series of ‘‘Q-compounds’’. Q12 has shown promise
as a myocardial imaging agent.506–509 Compounds of the general type [Tc(N2O2)(PR3)2]

þ are
prepared for radiopharmaceutical applications as described above, or directly from [99mTcO4]

�

with SnII tartrate as a reducing agent. The structure of Q12 (433) is shown in Section 5.2.3.1.1.510

A range of complexes with tridentate, Schiff-base-type ligands (HNSO) such as (251), derived from
S-methyl-dithiocarbazate, have been prepared (see also Section 5.2.2.3.3(ii)). This is illustrated by the
two ligands S-methyl-3-(20-hydroxy-1-naphthylmethylene)-dithiocarbazate (S1dtca) and S-methyl-3-
(20-hydroxybenzylidene)-dithiocarbazate (S2dtca), which react with [TcOCl4]

� to give the dark red and
structurally characterized TcV complexes [TcOCl(S1dtca)] and [TcOCl(S2dtca)], respectively. These
complexes are square pyramidal as expected, with doubly deprotonated tridentate ligands. The
reaction with [TcOCl4]

� in the presence of the ligand (251), PPh3, and HCl gave the dark red TcIII

complexes [TcCl2(S
1dtca)(PPh3)2] (434) in good yields. Not surprisingly, all attempts to reduce the TcV

complex to TcIII with PPh3 as reductant gave no reaction, even under harsh conditions, demonstrating
the excellent stability of the TcV complexes. The structure of the TcIII complex shows bidentate
coordination through N and deprotonated S, while the phenolic hydroxy group remains uncoordin-
ated. The phosphines are trans (Scheme 58)385.
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A novel type of seven-coordinated TcIII complex is obtained when dimethylglyoxime (Hdmg,
(435)), in the presence of a boronic acid derivative such as an alkylboronic acid, is reacted with
[TcO4]

� in the presence of SnII as a reducing agent. Alternatively, direct reduction/substitution
from (69) or [TcOCl4]

� can be used. This produces red to orange tris-(dioximato) compounds of
the type [TcCl(dmg)3(BR)] (436), with various R groups which are capped at one end by the
boronic acid. These are abbreviated as BATO complexes (boron acid adducts of technetium
dioximes). A chloride (or other monodentate anion) completes the coordination sphere. The
single, hexadentate ligand consists of three bidentate dioxime groups joined through three
covalent B�O bonds to a tetrahedral boron cap derived from methyl or butyl boronic acid.
The six ligating nitrogen atoms form a distorted trigonal prism, with the two planes being almost
parallel to each other. Distortion from the perfect prism arises from the presence of the seventh
chloride ligand. This chloride is labile, as predicted by X-ray photoelectron spectroscopy, and can
readily be exchanged for hydroxide or other mono-anions. The synthesis of a bis-capped complex
by removal of the chloride as AgCl was not successful. The same type of BATO complex can also
be synthesized with other diones, such as cyclohexanedione-dioxime (Hcdo, (437)).511 These
complexes are highly lipophilic and of potential use in radiopharmacy for imaging heart and
brain perfusion. That the synthesis of these BATO complexes is probably templated is shown by
preparation of the precursor [TcCl(dmg)3] (438) and its reaction with an alkyl boronic acid.
Reaction of [TcO4]

� in the presence of SnII gives the complexes [Tc(dioxime)3(�-OH)(SnCl3)]
(439) in 97% yield. Here the seventh site is occupied by a hydroxy ligand that bridges to SnIV. The
SnIV is hexacoordinate and bound to three chlorides and to two oxygens from two of the three
dioxime ligands. Acidification of (439) with HCl removes the Sn cap to give the deep red-orange,
seven-coordinate complex (438), which was also prepared directly from [TcO4]

� and (435) with
PPh3 as reducing agent. The ligand geometry around the Tc center is very similar to that with a
boron cap. As in the BATO structure(s) there are two equivalent and one unique dioxime ligands,
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which lie in a paddle-wheel array about the Tc. [TcCl(dmg)3] reacts rapidly with boronic acid to
form the TcIII BATO complexes (436). No bis capping was possible.512 An unusual boron-capped
TcIII mixed imine-oxime complex has been produced from the reaction of [TcCl3(PPh3)2(NCCH3)]
with Hdmg and ethylboronic acid. This gives the red-violet complex [TcCl(dmg)2(bdi)(BR)]
(bdi= butane-2,3-dione imine-oxime) in low yield. This synthesis is general and has been used
to prepare several complexes with mixed imine-oxime ligands. It seems that the imine-oxime
ligand is generated by reduction of Hdmg prior to coordination.513

An interesting study with BATO compounds concerns the linkage isomerization of coordinated
[NCS]� in [Tc(NCS)(cdoh)2(cdo)(BMe)] (440). Both a red, N-bond isothiocyanato complex
[Tc(NCS)(cdoh)2(cdo)(BMe)] and the brown, S-bond thiocyanato complex [Tc(SCN)(dmg)3(BR)]
(441) were isolated from the direct synthesis from [TcO4]

�. The N-bound (440) was found to be
thermodynamically more stable than the S-bound isomer (441) and the conversion was monitored
elegantly by spectroscopic methods. The X-ray crystal structure of (440) was determined. The
NCS� and SCN�-substituted analogues exhibited �C	N stretch at 2,114–2,124 cm�1 and at
2,055–2,079 cm�1, respectively.514 (Scheme 59).

Organohydrazines are good reducing agents, and the coordination chemistry of organohydra-
zides is of interest owing to their structural versatility. Some complexes of these have already been
discussed in Section 5.2.2.3.5, since the oxidation state of the metal is not unambiguously clear.
However, the examples that follow formally contain TcIII. The reaction of (412) in refluxing
methanol with hypy (337) gives pink [TcCl2(hypy)(PPh3)2] (442) in good yield. The structure of
the corresponding Re complex was elucidated, showing a six-coordinate structure with bidentate
chelating organodiazenido coordination. In a second TcIII complex [Tc(hypy)2(PMe2Ph)Cl)]þ

(443), the hypy fragment coordinates in both mono- and bidentate fashion. One of the hypy
ligands is of the neutral organodiazene type and the other is a mono-anionic, monodentate, linear
diazenido ligand. The X-ray crystal structure of the rhenium complex was determined. This
complex has special electronic characteristics that might be attributed to the �-system formed
by the chelate, in which the lone pair of electrons is donated in the t2g set of the metal, allowing
the product to behave as a diamagnetic pseudo-MI complex with diamagnetic behavior, as
evidenced by sharp 1H NMR signals.515 The general behavior of organohydrazines is demon-
strated by the reaction of [TcOCl4]

� with H2NNPh2 (335) and PPh3 in refluxing MeOH to give
the orange-yellow complex [TcCl3(NNPh2)(PPh3)2] (336) (see Section 5.2.2.3.5). The correspond-
ing methylphenyl-substituted isodiazene complexes have been prepared, but no structural data is
available for comparison.416

A unique compound is produced from the reaction of [Tc2Cl8]
2� (444) (see Section 5.2.2.5.5)

with acetonitrile in the presence of HBF4 Et2O. One week of heating cleaves the Tc�Tc quadruple
bond and the mononuclear complex [TcCl2(NCCH3)4]

þ (445) is formed. The X-ray crystal
structure confirms the trans locations of the two chlorides. Electrochemical studies of the complex
showed a reversible, one-electron reduction to [TcCl2(NCCH3)4]

0 at �0.62 V vs. ferrocene. A
second, but irreversible, reduction occurred at �1.96 V. Irreversibility is probably due to the
expulsion of either one or two Cl� ligands.516 A side product from this reaction was
[Tc2(NCCH3)10]

4þ (446) (see Section 5.2.2.5.5). The acetonitrile ligands are extremely labile. 1H
NMR in CD3CN shows only the signal of free CH3CN, and the potential of such complexes to
provide access to other low-valent complexes is evident (Scheme 60).

5.2.2.5.3 Oxygen ligands

A number of TcIII complexes containing oxygen ligands have already been mentioned in earlier
sections. The examples discussed here comprise in general ligands derived of the acetylacetone
(Hacac, (362)) type, with variations containing either two oxygen donors or one oxygen and one
sulfur donor. Since these acac complexes are long established in coordination chemistry, complexes
with Tc were produced quite early. The reduction/substitution of pentane-2,4-dione (Hacac) with
trans-[TcCl4(PPh3)2] gave the first, orange-red acac complex of TcIII [TcCl(acac)2(PPh3)] (447). The
array of four oxygens is nearly planar and the Cl� and the phosphine are trans.517,518 Direct
reaction of several other TcIV precursors with neat (362) gave a number of other acac complexes
of TcIV and TcIII; thus [TcX6]

2� with (X=Cl, Br) gave the TcIV complexes [Tc(acac)X4]
� (365) after

2 h under reflux in pure ligand. Starting from [TcX4(PPh3)2], the complex [TcX3(acac)(PPh3)] (367)
is produced. The TcIII complexes [TcX2(acac)(PPh3)2] (448) are obtained after 10h reflux starting
from [TcX6]

2� or [TcX4(PPh3)2]. An extension of heating time to 12h causes replacement of one
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more PPh3 and one halide to give the bis-substituted complex (447); finally after 18h heating complete
substitution occurs and the violet, homoleptic acac complex [Tc(acac)3] (449) is produced.465 The
X-ray crystal structure of [Tc(acac)3] revealed an almost regular octahedral geometry about Tc.519The
same complexes can also be synthesized by direct reaction of [TcO4]

� with (362) and with reducing
agents such as [S2O4]

2�.464 A variety of other homoleptic tris-diketonate complexes have been
prepared with hexane, heptane, and octane backbones under similar conditions. The X-ray crystal
structure of the hexane-2,4-dionato complex was also determined.520 Ligand self-exchange reactions
were performed with [Tc(acac)3] and 14C-labeled acacH ligand. The rate constant under pseudo-first-
order conditions was 2.1� 10�4 s�1 at 141 �C, and no catalysis by water was observed. The tempera-
ture dependence of the reaction gave �H#= 119kJmol�1 and �S#=�27kJmol�1. Based on this
data, an Ia mechanism was proposed via a seven-coordinate intermediate.521

Mixed �-diketonato complexes of the type [Tc(acac)2(�-dik)] (450) have been obtained by
CH3CN substitution in [Tc(acac)2(NCCH3)2]

þ (451). Under strongly acidic conditions in aceto-
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nitrile, one of the acac ligands in (449) is substituted and the cationic compound (451) is formed.
These acetonitrile ligands can then be substituted by a variety of ligands such as benzoylacetone
(Hbza), dipivaloylmethane (Hdpm), and others to form the neutral complexes [Tc(acac)2(bza)]
(452) and [Tc(acac)2(dpm)] (453).522 Complexes with some monothio-�-diketones have been also
prepared. Reaction of the ligand monothio-dibenzoylmethane (Hmtm,(454)) with the TcIII pre-
cursor [Tc(tu)6]

3þ (456) in MeOH under reflux gave the homoleptic, dark blue, six-coordinate
complex [Tc(mtm)3] (455) in 83% yield.523 The X-ray crystal structure of this complex was
determined and shows essentially perfect octahedral coordination. A number of other mono-
thio-�-diketones have been prepared in the same manner (Scheme 61)524.

5.2.2.5.4 Sulfur and mixed P,S and P,N and P,O ligands

Technetium(III) complexes containing sulfur donors exclusively in the coordination sphere are
relatively rare. Most of the TcIII complexes have various combinations of S and P, N, O, or even
organometallic carbon ligands. A homoleptic complex of the type TcS6 is represented by the
tricationic thiourea complex [Tc(tu)6]

3þ (456). This deep red complex is prepared from [TcO4]
� in

12M HCl and excess thiourea at room temperature. The thiourea ligands are coordinated through
sulfur and are essentially planar, with Tc�S�C angles close to 120�. Although the complex is
octahedral there are significant distortions, which are due to the Jahn–Teller effect and are also
reflected in the corresponding Tc�S bond lengths. This complex has proved to be a versatile
starting material. The reaction of (456) with dppe in 12M HCl gives [TcCl2(dppe)2]

þ (400) in
moderate yield. The reaction with ButCN in methanol yields the TcI complex [Tc(CNtBu)6]

þ

(457).525

The interest in TcIII complexes containing multidentate thioether ligands has also been motiv-
ated by the potential use of these compounds in radiopharmacy. The reaction of [TcO4]

� in
acetone in the presence of SnII, with the tetradentate thioether ligands 3,6,9,12-tetrathiatetra-
decane (tttd, (458)) or 5,8,11,14-tetrathiaoctadecane (ttod, (459)) and a number of monodentate
thiols (HSR) gave dark red to black complexes [Tc(tttd)(SR)2]

þ (460) and [Tc(ttod)(S-Ph)2]
þ

(461), respectively. The X-ray structure of (461) was determined. Strong distortion of the octahe-
dron leads to diamagnetism in these TcIII complexes, in which the thiophemolato ligands are
cis.526 A more recent paper describes a novel class of sulfur-rich TcIII complexes. The reaction of
[TcOCl4]

� or [TcNCl4]
� with dithiobenzoic acid (piperidinium salt) in CH2Cl2 gives

[Tc(S3CPh)2(S2CPh)] (462) in 67% yield as a dark red compound. X-ray structure analysis
confirmed the presence of two perthiobenzoate ligands, forming two five-membered chelate
rings around the TcIII center. This type of coordination is unprecedented for Tc. A reversible,
one-electron oxidation is observed by cyclic voltammetry at þ0.894 V and a reversible reduction
at �0.556 V.527

Complexes containing the methanethiolato ligand have been produced stepwise from [TcO4]
�.

An improved reaction with neat dmpe at room temperature gave the known TcV complex
[TcO(OH)(dmpe)2]

2þ (204) in 90% yield.358 Further reaction with Na[SCH3] in degassed ethanol
gave the blue TcIII complex trans-[Tc(SCH3)2(dmpe)2]

þ (463), which was structurally characterized.
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Analogous complexes with a number of other bidentate phosphine ligands were prepared simi-
larly. Since the solution of this reaction is purple, it was suspected that another compound was
also present. Indeed, reaction of (463) with Na[BH4] or with Na[SCH3] in EtOH gave a deep
purple solution, attributed to the TcII complex [Tc(SCH3)2(dmpe)2] (464). The equilibrium
between the TcIII and TcII is pH dependent, since addition of acid to (464) readily produces
(463). The TcIII compound undergoes a reversible reduction, slightly dependent on the diphos-
phine at about �0.55 V vs. Ag/AgCl and a second at �1.72 V. An irreversible oxidation is seen at
þ0.9 V. When (204) is reacted with H2tdt, the orange TcIII complex [Tc(tdt)(dmpe)2]

þ (465) is
formed, which was structurally characterized.528 The geometry about Tc is intermediate between
octahedral and trigonal prismatic, and represents a hybrid between octahedral [Tc(dmpe)3]

þ and
trigonal-prismatic geometry for [Tc(bdt)3]

�.128 The geometry is very similar to that of
[Tc(meph)(dmpe)2]

þ (466) (H2meph= o-mercaptophenolate, (467)). This red compound is pre-
pared by the direct reaction of (467) with the TcIII precursor trans-[TcCl2(dmpe)2]

þ in 46%
yield.529 The complex [Tc(tdt)(dmpe)2]

þ displays two reversible, one-electron reductions and one
quasi-reversible oxidation, at potentials comparable to those for the complex
[Tc(SCH3)2(dmpe)2]

þ.530

The ability of phosphine ligands to act as both reductant and ligand has been exploited in the
synthesis of complexes of monosubstituted phosphines of the type Ph2P–RCO2H (R= o-C6H4,
C2H4, or CH2). Pure complexes of the type [TcL3] were readily obtained, giving an impetus for
research with other functional groups.531 Typically, direct reaction of [TcO4]

� with an excess of
(o-aminophenyl)diphenyl-phosphine (Happ, (188)) in EtOH for several hours produces deep
purple [Tc(app)3] (468) in 85% yield (see also Section 5.2.2.3.2). The structure is octahedral
with trans-N,N, trans-P,P and one trans-P,N coordination. In the presence of a strong acid
such as CF3COOH, the blue, monoprotonated complex [Tc(adp)2(Hadp)]þ (469) forms. Con-
ductivity measurements are in agreement with a neutral and a monocationic species respectively.
When no base was added to the original reaction mixture, the monoprotonated complex was
present in significant amounts. A reversible acid/base equilibrium exists, with a pKa value of
about 9.1. The X-ray structure of the protonated form shows that the coordination geometry is
distorted octahedral, with the phosphorus and the nitrogen atoms adopting a meridional arrange-
ment. Two Tc�N bonds are short and the third, longer Tc�N distance is attributed to a
protonated Tc�NH2 bond.345

Similarly the reaction of a suspension of [NH4][TcO4] in EtOH with 2-diphenylphosphino-
phenol (POH, (199)) or –thiophenol (Hpbt, (197)) gave green [Tc(PO)3] (470) or deep red
[Tc(pbt)3] (471), respectively. Both have been structurally characterized and show a strongly
distorted octahedral structure. Both structures are almost perfectly superimposable and have
magnetic moments of 3.0 B.M. and 2.7 B.M., respectively, which is in agreement with that expected
for a TcIII complex.349,351 The complex (470) has been prepared with 99mTc and its biological
properties investigated. In contrast to Tc complexes containing the same ligand but in different
oxidation states, no accumulation in any particular organ was found.532 In contrast, reaction of
[TcO4]

� with an excess of the mixed bidentate thiol-phosphine ligands 2-diphenylphosphino-
ethanethiolate Hdpet, (472)) and -propanethiolate (Hdppt, (473)) gave neutral, five-coordinate
complexes of the type [Tc(PS)2(SP¼O)] (474). The same complexes can also be prepared from
[TcOCl4]

�. The oxidized phosphine ligand originates from the reduction of [TcO4]
� and is

coordinated by the thiolato group only. The structure is trigonal bipyramidal, and the three
sulfur donors are located on one triangular face.533 With these aliphatic backbone ligands, the
corresponding tris-substituted, six-coordinate compound of the type [Tc(PS)3] can be prepared
applying the same conditions as described for the aromatic analogues above (see
Section 5.2.2.3.2(viii)).351

Although TcIII is electronically able to accommodate seven ligands, different coordination
numbers are frequently found, especially with sterically crowded ligands or with those that impose
a special geometry. A good example of this behavior is found with sterically hindered arene
thiolates. The reaction of [TcCl6]

2� with 2,3,5,6-tetramethyl-benzenethiole (Htmbt, (314)) in
MeOH/acetonitrile, and in the presence of a base and Zn dust as a reducing agent, gave after
30 min at room temperature dark blue [Tc(tmbt)3(NCCH3)2] (475) in 70% yield. The same
compound is also produced with other sterically hindered thiols, such as 2,4,6-tris-isopropylben-
zenthiolate. The X-ray structure shows a trigonal-bipyramidal geometry, with the two NCCH3

ligands trans and an N�Tc�N angle of 178.8�. The acetonitrile ligands are easily exchanged by
other small �-acceptor molecules. This reaction with isopropyl-isocyanide gives within 1min
[Tc(tmbt)3(CN-iPr)2] (476) as purple-pink crystals in quantitative yield. Bubbling CO through a
solution of (475) overnight gave orange [Tc(tmbt)3(CO)2] (477). Exploiting the trans effect in the
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last compound allows the replacement of one CO ligand by NCCH3 or py to form the orange
complexes [Tc(tmbt)3(CO)(NCCH3)] (478) and [Tc(tmbt)3(CO)(py)] (479), respectively. In all the
complexes, the trans arrangement of the small ligands is retained and the sterically demanding
thiolato ligands occupy the trigonal plane. It was shown by NMR techniques that two conformers
of (478) exist in solution and are rapidly interconverting into each other. In one the acetonitrile
ligand is ‘‘up’’ and in the other one it is ‘‘down’’ with respect to the thiolate group. Prolonged
heating under reflux in PriNC leads ultimately to the formation of [Tc(CN-iPr)6]

þ.534

Various TcIII complexes with several types of ‘‘umbrella’’ ligands have been prepared. The
reaction of tris-(o-mercaptophenyl)-phosphane (H3PS3, (315)) with [TcO4]

� in acetonitrile/water,
in the presence of [S2O4]

2� and CH3NC in chloroform, gave the five-coordinate, orange complex
[Tc(PS3)(CNCH3)] (480) in 82% yield. The same type of complex can also be prepared with
PriNC instead of CH3NC. When excess CH3NC was reacted with [Tc(PS3)(CNCH3)], the coor-
dination of a second isocyanide ligand occurred to produce blue [Tc(PS3)(CNCH3)2] (481). With
isocyanide ligands it is obviously possible to extend the coordination number from five to six. The
addition of the second isocyanide is rapid, but reversible. In vacuo this second ligand is lost readily
to regenerate the five-coordinate species.535

As described earlier, the reaction of [TcO4]
� in the presence of PPh3 with 1-acetyl-2-phenylhy-

drazine yields the phenylimido complex [TcBr3(NPh)(PPh3)2)] (see Section 5.2.2.3.4). This TcV

complex reacts with an excess of PhSH or (314) to produce [TcO(SPh)4]
� and

[Tc(NPh)(tmbt)4(PPh3)], respectively. The reaction of [TcBr3(NPh)(PPh3)2] with the umbrella-
type ligand (315) in MeOH and in the presence of ‘‘proton sponge’’ leads to reduction and the
formation of red-brown [Tc(PS3)(PPh3)] (482) in good yield. The loss of the phenylimido ligand is
accompanied by reduction from TcV to TcIII.415

Trigonal-bipyramidal complexes of TcIII with umbrella-type ligands with H3NS3 donor sets
have also been produced directly from [TcO4]

�. The reaction of tris-(2-thioethyl)amine (H3NS3,
(483)) with [TcO4]

� in the presence of PPh3 in acidic EtOH/H2O gave the violet complex
[Tc(NS3)(PPh3)] (484) in 62% yield. A ligand-exchange reaction with [TcCl3(NCCH3)(PPh3)2]
gave the same complex, also in good yield. The X-ray crystal structure of the complex shows the
expected trigonal-bipyramidal geometry. The PPh3 ligand can be exchanged with isocyanides to
give [Tc(NS3)(CNCH2CO2CH3)] (485). A very low �(CN) for (485) was observed in the IR. The
long CN bond distance observed in the rhenium analogue supports the observation that strong
donation by the sulfurs enhances the back-bonding ability of Tc.536 This novel type of mixed-
ligand complex enabled the preparation of a series of complexes with 99mTc, in which the
biomolecule is attached to Tc via the ester group on the isocyanide ligand.537 (Scheme 62)

A novel type of trigonal-bipyramidal TcIII complex has been prepared by applying the meth-
odology described earlier for a mixed-ligand complex with TcV. The five-coordinate complexes
[TcO(SES)(S-p-C6H4-OMe)], in which SES is a tridentate dithiolato fragment of the type
�S(CH2)2E(CH2)2S

� (E=O,S), are converted via reduction/substitution in the presence of
PMe2Ph into the corresponding five-coordinate TcIII complexes [Tc(SES)(SC6H4OMe-
4)(PMe2Ph)] (486). In these complexes the electron density at the metal center has been increased
by changes in the related geometry from square pyramidal to trigonal bipyramidal. They are
characterized by the presence of strongly �-donating ligands at the trigonal base and �-acceptors
at the trans-axial positions. The X-ray structures of several complexes have been determined. For
[Tc(SES)(SC6H4OMe-4)(PMe2Ph)] (E is N, O, or S), the coordinating heteroatoms ‘‘E’’ is always
found in the axial position trans to the phosphine ligand. These complexes can also be prepared at
the n.c.a. level with 99mTc directly from [99mTcO4]

� for possible radiopharmaceutical application.
The synthesis and characterization of these so-called [3þ 1þ 1] mixed-ligand complexes opens new
possibilities in the labeling of biomolecules.538 This type of complex was also prepared by a different
synthetic route. Reaction of [TcCl4(PPh3)2] with a substituted thiophenol and the tridentate ligand
‘‘SOS’’ gave, after 2 h reflux, the corresponding deep violet TcIII complex [Tc(SOS)(SPh)(PPh3)] in
moderate yield.539 In contrast to many mixed-ligand complexes based on the [3þ 1] approach, the
[3þ 1þ 1] complexes are more stable towards glutathione challenge.540

Neutral, seven-coordinate complexes with alkyl xanthates [ROCS2]
� (R=Et, Bun, etxan, (487))

can be produced from [TcOCl4]
� in EtOH in the presence of PPh3. The brown-red, seven-

coordinate complexes [Tc(etxan)3(PPh3)] were produced in 60–70% yield. These complexes can
also be prepared under similar conditions directly from [TcO4]

�. The X-ray crystal structure of
[Tc(butxan)3(PPh3)] (488) shows a coordination number of seven, with geometry best described as
capped octahedral. The Tc and the P are situated on a threefold axis.541 99Tc NMR spectroscopy
has been used to characterize these complexes, and the resonances were found at about 2,880 ppm
relative to [TcO4]

�. Complexes with ethylxanthate and dimethyldithiophosphate ([dmtp]� (489))
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have also been prepared by direct substitution on [TcCl3(PMe2Ph)3] in THF, to give seven-
coordinate complexes such as [Tc(etxan)3(PMe2Ph)] (490). The reaction with (489) and
[TcCl3(PMe2Ph)3] in acetone proceeded differently. One chloride and one phosphine ligand
were replaced and the six-coordinate, orange-red complex [TcCl2(PMe2Ph)2(dmtp)] (491) formed
in 66% yield. Both of the last complexes were structurally characterized.542

A unique example for the in situ formation of a carbonyl complex of TcIII is the reaction of an
aqueous solution of [TcO4]

� with formamidinesulphinic acid (Hfas, (492)) and Na[dtc]. A pre-
cipitate formed, which contained the orange-brown, seven-coordinate TcIII complex
[Tc(dtc)3(CO)] (493). The X-ray crystal structure confirmed the formula. The complex consists
of a distorted pentagonal pyramid containing a terminal linear Tc�CO group. Two of the dtc
ligands occupy equatorial positions, while the third spans an equatorial and the remaining axial
site. The �CO appears at 1,895 cm�1. The origin of the CO ligand is Hfas, since the use of other
reducing agents did not result in the incorporation of CO. It is probable that the CO ligand is
formed after coordination of H2N(NH)CSO2H to Tc, since this reducing agent is known to ligate
to Tc.543 It is noteworthy that this seven-coordinate complex (493) adopts a pentagonal-bipyr-
amidal geometry with one arm of a dtc ligand coordinated trans to CO, whereas
[Tc(S2COR)3(PPh3)] (488) is capped octahedral.

The reactivity of thioether ligands bound to TcIII was demonstrated for complexes 1,4,7-
trithiacyclononane (9-S-3, (494)). The reaction of [TcO4]

� in acetonitrile with (494) in the presence
of HBF4 gives, after addition of SnCl2 as a reductant, the red-orange TcII complex [Tc(9-S-
3)2][BF4]2 (495) in 92% yield. In an attempt to prepare the corresponding TcI complex by
reduction with ascorbic acid in water, one of the 9-S-3 rings loses ethene, with concomitant
ring cleavage and the formation of the TcIII complex [Tc(9-S-3)(S(CH2)2S(CH2)2S)]þ (496). The
same reaction occurs with both Re and with 99mTc. This type of reaction is known to occur for
other transition-metal complexes. The cyclic voltammetry of the complex [Tc(9-S-3)2]

2þ shows
redox processes at þ0.87 V and �0.4 V. However, the TcI species is short-lived and gas evolution
takes place. The reaction mechanism clearly proceeds by the reduction of TcII to TcI, ethene
formation, and oxidation of the metal to TcIII (Scheme 63).544,545

5.2.2.5.5 Dinuclear TcIII complexes containing multiple bonds

The identification of metal�metal multiple bonds belongs among the most important discoveries
in coordination chemistry. Single and multiple bonds between metal centers have been ration-
alized and characterized for many elements. From the time when the true character of [Re2Cl8]

2�

was recognized, it seemed reasonable to anticipate the preparation of the Tc homologues. The
existence of intermetallic bonds is not very extensive in Tc chemistry; however, some basic and
important compounds have been prepared and fully characterized. Shortly before the establish-
ment of Re�Re multiple bonds546–548, the first such compound with a metal–metal multiple bond
of Tc was prepared by the reduction of [TcCl6]

2� (69) with Zn� as a reducing agent in conc. HCl.
Under these conditions, the mixed-valent complex [Tc2Cl8]

3� (497) with NH4
þ or Y3þ as a

counterion was isolated as a black salt and characterized by elemental analysis. The oxidation
state of þ2.5 was confirmed by oxidative titration with CeIV. This compound, containing a
Tc�Tc bond of order 3.5, is sensitive towards hydrolysis and oxidation.549 The unambiguous
proof of the existence of this compound was provided by structural characterization of
[NH4]3[Tc2Cl8] a few years later. The eclipsed conformation of the two TcCl4 units and the
very short Tc�Tc distance of 2.13(1) Å confirmed the presence of a Tc�Tc multiple bond. The
presence of an unpaired electron in the multiple bond was confirmed by EPR measurements,
which gave the magnetic moment of 1.78 B.M. The g values and hyperfine coupling constants,
together with the susceptibility data, leave no doubt that the compound contains one unpaired
electron delocalized over the two equivalent Tc atoms.550,551 At about the same time, the X-ray
crystal structures of the isomorphous complexes K3[Tc2Cl8] and Y[Tc2Cl8] were solved. The
Tc�Tc bond in the first complex is slightly longer than in the corresponding Y3þ salt at
2.117(2) vs. 2.105(1), respectively.552,553 The Tc�Tc bond consists of one 
-, two �-, one
-bond, and one electron residing in the antibonding * orbital, giving rise to a bond order of
3.5. Spectroscopic studies reveal a band in the NIR between 6,000 cm�1 and 8,000 cm�1 showing
vibronic structure. This band is attributed to the !* transition.554 This is the only band in
the visible region of the spectrum.555 From these data, the existence and characteristics of (497)
became well established. Originally, the existence of the corresponding TcIII complexes was
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controversial. It had been reported that the reduction of (69) with Zn� led to the formation of
[Tc2Cl8]

2�, besides [Tc2Cl8]
3� 556,557 A quasireversible, one-electron oxidation at þ0.14 V vs. SCE

was found from cyclovoltammetric experiments. The lifetime of this species should be >5 min,
which should allow its isolation. Interestingly the [Re2Cl8]

3� is very short lived, while the
corresponding [Re2Cl8]

2� is indefinitely stable.555 Soon after this conclusion, [NBu4]2[Tc2Cl8]
was synthesized directly from [TcO4]

� and conc. HCl, with H3PO2 as a reducing agent. A dark
green solution was obtained, containing [TcCl6]

2� and (444). Repeated purification gave an olive-
green product which was diamagnetic, and which is in agreement with an even number of
electrons.558 A strong absorption at 700 nm was attributed to a ! * transition. Although it
was claimed that this synthesis is not reproducible,188 [Tc2Cl8]

2� was subsequently produced by
Zn� reduction of (69) in conc. HCl. Both green (444) and blue greyish (497) could be isolated as
the [NBu4]

þ salts. Isolation was possible due to the different solubilities in acetone. [Tc2Cl8]
3� is

in fact sensitive as a solid and in solution towards aerobic oxidation, under which it forms the
TcIII compound [Tc2Cl8]

2�. Raman and IR spectroscopy confirmed the formulation. The Tc�Tc
stretching vibration was found in the IR at 307 cm�1. The reaction of [Tc2Cl8]

2� in acetone and
under argon in the presence of a few drops of bromine-free HBr gave for the first time the
corresponding bromo complex [Tc2Br8]

2� (498) as a deep red salt. The Tc�Tc stretching vibration
was found in the IR at 323 cm�1.559 The structure of the complex was finally confirmed by X-ray
structure analysis and is strictly isomorphous with the Re homologue. One of the most striking
features in the structures is the Tc�Tc bond length. The removal of the * electron is expected to
shorten the M�M bond; however, the distance is 2.147(4) Å and is thus considerably longer than
in [Tc2Cl8]

3�.560

These dinuclear complexes provide versatile starting materials for the preparation of complexes
with other ligands. One of the first examples is the preparation of [Tc2Cl2(piv)4] (500) (piv= pivalato
O2CCMe3, (499)). The reaction of [NH4]3[Tc2Cl8] with pivalic acid at 150 �C for 36 hours produced
the red complex. Obviously oxidation took place, and a quadruple bond is formed between the two
Tc centers. The structure is paddle-wheel-like and consists of four bridging piv ligands and one
chloride on each Tc along the central Tc�Tc axis. The quadruple bond is 2.192(1) Å, again
considerably longer than in [Tc2Cl8]

3�.561 In a similar procedure, [NH4]3[Tc2Cl8] was reacted in
molten 2-hydroxy-pyridine (Hopy, (501)) at 150 �C for 18 h with careful exclusion of air. This
produced in almost quantitative yield the complex [Tc2Cl2(opy)4]

� (502), as a dark green solid in
which the oxidation state of the precursor was maintained and the M�M bond is of order 3.5. The
X-ray crystal structure shows infinite chains of paddle-wheel [Tc2(opy)4]

þ cations, bridged by linear
chloride ligands. The coordination at one Tc center is alternating N,O from the opy ligands. The
Tc�Tc distance is 2.095(1) Å and is one of the shortest known so far. The Tc bond order is 3.5 and
the Tc�Tc stretching vibration is found in the IR at 383 cm�1. The electronic absorption spectra
have been examined in considerable detail and, for the rich vibrational structure of the !*
transitions, whose 0–0 band is at 12,194.4 cm�1, a general assignment has been suggested.562 The
acetato analogue of [Tc2Cl2(piv)4], [Tc2Cl2(ac)4], was obtained from the reaction of K[TcO4] in HCl
with acetic acid in different organic solvents, as cherry-red crystals.563 Other synthetic routes from
[Tc2Cl8]

3� have also been described.564,565 The reaction of [Tc2Br8]
2� with acetic acid/acetic anhy-

dride gave [Tc(ac)4Br2] (503) as an orange-red powder in 80% yield. [Tc(ac)4Cl2] has been prepared
analogously. Thorough analysis of the IR and Raman bands allowed a full assignment and the
calculation of force constants. The Tc�Tc stretching vibration is found in the IR at 319 cm�1 for the
chloro and at 310 cm�1 for the bromo complex.566

The complex [Tc2(ac)2Cl4(OH2)2] (504) has been prepared by the direct reaction of acetic
anhydride and HBF4 with [Tc2Cl8]

2�. By treatment with donor bases such as dmf, dma, dmso,
triphenylphosphinoxide, or py, the water ligands are substituted and complexes of general
composition [Tc2(ac)2Cl4L2] (505) are formed. The starting material (504) was also produced by
a novel method. The reaction of [TcOCl4]

� in the presence of [NBu4][BH4] in acetic anhydride at
�30 �C with 50% HBF4 gave, after a short time, deep green (504) in 89% yield. The complexes
with the donor bases were achieved as green materials by mixing the starting material with a few
drops of the appropriate compound. The X-ray crystal structure of [Tc2(ac)2Cl4(dma)2] (506)
shows a cis arrangement of the bridging acetate ligands and the terminal chlorides. The dma
ligands are axial and coordinate via the amido oxygen. The Tc�Tc distance is 2.1835(7) Å,
significantly longer than in (444). This elongation is due to the axial ligands, which clearly weaken
the Tc�Tc bonds. Electronic spectra show only minor dependence on the base. The characteristic
! * transitions are found for all the adducts in the range 648–652 nm.567 The correlation
between the donor strength of the axial bases and the Tc�Tc vibrational bands has been
investigated. A linear relationship between the Donor number DN and the �M–M was found.
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For the strongest donor py, the band is at 282 cm�1; for the weakest donor, H2O, at 311 cm�1.
The correlation for Re is less distinct.568 (Scheme 64)

A series of triply metal�metal-bonded ditechnetium(II) phosphine complexes of the general
formula [Tc2Cl4(PR3)4] (507) have been prepared. Since they serve as synthons for a number of
other ditechnetium complexes in higher oxidation states, these TcII complexes are also discussed
here. These dinuclear complexes are prepared from the mononuclear precursor compounds
[TcCl4(PR3)2]. The starting materials with PEt3, PnPr3 were prepared as blue solids from
[TcCl4(PPh3)2] by phosphine exchange. The precursors [TcCl4(PMe2Ph)2] (405) and
[TcCl4(PMePh2)2] were produced as green solids from [NH4][TcO4] with a variation of the
original method.475 The dinuclear complexes were then prepared in benzene or THF in the
presence of finely divided Zn and after sonification for 6 h, in almost quantitative yield for all
the phosphines mentioned before. This rational synthetic design comprises a two-electron reduc-
tion of the TcIV center, precipitation of ZnCl2 and the formation of the Tc	Tc triple bond.569

The complexes are diamagnetic and show a series of weak absorptions in the range 488–700 nm.
The low molar aborptivities for these transitions are similar to the spin- and orbitally forbidden
transitions found for other M�M-bonded complexes containing an electron-rich 
2�422* triple
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bond. The structures of three complexes were elucidated. The structures are made up of two trans-
TcCl2(PR3)2 fragments that are rotated 90� with respect to each other, to give an eclipsed
geometry with approximate D2d symmetry. The Tc�Tc distance for the PEt3 complex is
2.127(1) Å, the shortest for the three structures described. Two reversible oxidation couples
were electrochemically measured. Depending on PR3, the first oxidation wave is found between
�0.48 V (PEt3) and �0.26 V (PMePh2), the second at þ0.88 V and þ0.92 V vs. Fcþ/Fc, respectively.
The reversibility implies that synthesis of the mono- and dicationic species [Tc2Cl4(PR3)4]

2þ/þ

should be possible.569 Indeed, mild chemical oxidation of [Tc2Cl4(PMe2Ph)4] with [Fc][PF6] in
acetonitrile produced green [Tc2Cl4(PMe2Ph)4]

þ (508) in 82% yield. In the presence of Cl�, one of
the phosphines is substituted to give neutral, orange [Tc2Cl5(PMe2Ph)3] (509). The complexes are
paramagnetic, which is consistent with a 
2�42* electronic configuration. The X-ray crystal
structure of complex (508) shows that the dinuclear cation adopts an eclipsed structure, with an
arrangement of ligands similar to that observed for the neutral counterpart. The Tc�Tc bond is
shorter at 2.1074(9) Å, consistent with the bond order of 3.5 due to the depopulation of *.
[Tc2Cl5(PMe2Ph)3] is structurally similar, in that it consists also of two eclipsed ML4 fragments
with a relatively short Tc�Tc separation of about 2.1092(4) Å.570 Compounds of composition
[Tc2Cl4(PR3)4] reacted with molten formamidines such as diphenyl formamidine (Hdpf, (510)) to
yield mixtures of tris- and tetrakis-bridged formamidinate complexes [Tc2(dpf)4Cl] (511) and
[Tc2(dpf)3Cl2] (512), in modest yield. The displacement of the chloride and the phosphine to
form red (511) and purple (512) is accompanied by oxidation. The X-ray structures of the tolyl
analogues have been determined. The structure of [Tc2(dtolf)3Cl2] can be described as a paddle
wheel in which one of the bridging bidentate ligands has been replaced by two chlorides. The
Tc�Tc bond lengths in both complexes are in the expected range, and the paramagnetism is
consistent with a bond order of 3.5.571 For better understanding of the bonding involved in these
metal–metal-bonded systems, theoretical calculations have been performed. For both complexes
the HOMO is the *, and the ordering 
<�<< *<�*<
* was confirmed.571 Other
complexes containing a Tc�Tc multiple bond are also discussed in Section 5.2.2.6.3 (Scheme 65).
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5.2.2.6 Oxidation State (II)

Complexes containing technetium in the þII oxidation state are relatively few. In general, the
complexes are prepared by reduction/oxidation reactions from other oxidation states rather than
by direct ligand substitution on TcII precursors, since simple binary compounds are not known—
with the exception of the serendipitously prepared [TcBr4]

2� mentioned in Section 5.2.2.3.3(ii).157

The complexes usually have distorted octahedral geometries and are paramagnetic, as expected
for the d5 low-spin electronic state. EPR provides a useful tool for the detection of species in this
oxidation state, and for reactivity studies in solution. The nuclear spin of 99Tc is 9/2, which gives
10-line EPR spectra and, based on the following, the whole terminology can be treated as a d1

configuration. The low oxidation state and the relatively high number of available electrons make
TcII favor soft ligands such as phosphines, NO, or isocyanides, with considerable participation of
backbonding. A number of these ligands are typically organometallic, and will not be treated here
unless substantial ‘‘classical’’ coordination chemistry is involved. It is noteworthy that organo-
metallic complexes of TcII are still rare, probably as a consequence of the odd number of
electrons, which is not compatible with the 18-electron rule. For such paramagnetic complexes,
ligands with an odd number of electrons such as NO are often involved in coordination. There is
a considerable tendency to form metal�metal bonds, as exemplified by the Tc2 compounds, but
also by the considerable number of halide clusters in mixed oxidation states involving
metal�metal bonds rather than bridging ligands.

5.2.2.6.1 Nitrosyl and thionitrosyl complexes

The preparation of the first nitrosyl complex goes back to the early days of Tc chemistry. The
reaction of [NH4]2[TcCl6] with 2M hydroxylamine hydrochloride solution gave, after evaporation
overnight and recrystallization from water/EtOH, a pink complex which was originally formu-
lated as a hydroxylamine complex of TcI.549 A later study showed that the precise composition of
the pink complex is trans-[Tc(NO)(NH3)4(H2O)]2þ (513), the first TcI nitrosyl complex. The pKa

value of this complex is 7.3, as determined by potentiometric titrations. This strong acidity can be
explained by the influence of the strong �-acid NO, which prefers a good 
- or �-base in the trans
site for optimal thermodynamic stability. In that sense, [OH]� is the ideal ligand and, hence, the
coordinated water in (513) is very acidic. The corresponding green TcII complex trans-
[Tc(NO)(NH3)4(H2O)]3þ (514) was prepared in good yield by oxidation with CeIV in 2M
HClO4. The magnetic moment is 1.7 B.M and the complex is stable only in acidic solution.572

A subsequent X-ray structure analysis confirmed the proposed formula, and the assigned oxida-
tion number of I was evident from the diamagnetism in this compound. The NO ligand, which
has to be considered as [NO]þ, is located trans to the water, whereas the four NH3 ligands lie in
the plane.573

An interesting starting material for TcII nitrosyl chemistry is [NBu4][Tc(NO)Br4] (515), which
was first prepared in good yield by the direct interaction of NO gas with TcO2 H2O in 4M HBr.
The blood-red crystals were precipitated from the solution by the addition of the bulky counter-
ion. The complexes with Cl� and I� were prepared by anion exchange or by reaction with HI in
acetone under reflux.55,574 The green chloro complex [NBu4][Tc(NO)Cl4] (516) can also be
prepared by the direct reaction of [NBu4][TcOCl4] or [NBu4]2[TcCl6] with hydroxylamine in
MeOH. Recrystallization from MeOH/Et2O gave the six-coordinate, bright green complex
[NBu4][Tc(NO)(HOCH3)Cl4], which was structurally characterized. The Tc�N�O angle is
175.5�, and thus in good agreement with the formulation as coordinated [NO]þ. The Tc�O
bond is elongated to 2.126 Å as a consequence of the strong trans effect of the [NO]þ ligand.575

The reaction of (515) with excess NCS� allows the isolation of ink-blue [Tc(NO)(NCS)5]
2�

(517), which can be reduced electrochemically to TcI at 0.14 V vs. SCE, or with hydrazine, to rust-
colored crystals of [NBu4]3[Tc(NO)(NCS)5] (518). The �NO appear at 1,785 cm�1 for the TcII

complex and at 1,685 cm�1 for TcI. Both are at lower frequencies than for the five-coordinate
complex [Tc(NO)Br4]

�, where �NO is at 1,795 cm�1.55,574

The EPR spectra of various TcII complexes have been investigated in detail. The EPR of the six-
coordinate, deep blue complex [AsPh4]2[Tc(NO)(NCS)5], prepared from [NH4][TcO4] in dmf and in
the presence of KNCS and H2NOH
HCl, has been studied in nonaqueous solution in the liquid
and in frozen glass phases. With g?= (þ)2.045 and g||= (þ)1.928, and A||= 0.0236 and
A?= 0.0095 cm�1, the spectrum is characteristic of a low-spin 4d5 system in an axial-symmetrical
environment. The small quadrupole moment observed is solvent dependent.576 When Hacac is
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added to a solution containing freshly prepared [Tc(NO)Cl4]
� the red acac complex

[Tc(NO)(acac)Cl3]
� (519) is produced, which can be extracted into organic solvent. The structure

is distorted octahedral, with one of the acac oxygen donors trans to the nitrosyl ligand. The
Tc�N�O bond angle is only 158.6�, which is considerably smaller than in the examples above.
The �NO appears in the IR at 1,770 cm�1. The EPR spectra at room temperature show the expected
10 lines, due to the splitting by Tc. At �196 �C the spectrum may be modeled with three g values:
gx= 2.0107, gy= 2.02225, and gz= 1.94600.575,577 (Scheme 66)

A limited number of thionitrosyl complexes have been prepared. The reaction of [TcX6]
2� with

trithiazyl chloride (NSCl)3 in CH2Cl2 at room temperature overnight gave red-brown
[AsPh4][Tc(NS)Br4] (520) and yellow [AsPh4][Tc(NS)Cl4] (521), together with considerable
amounts of [AsPh4][TcNBr4] and [AsPh4][TcNCl4] (34). Both NS complexes react with NCS� to
yield deep purple [AsPh4][Tc(NS)(NCS)4] (522). As is evident from EPR investigations, the
reaction with trithiazyl chloride usually produces the thionitrosyl compound, which undergoes a
slow desulfurization reaction over 24 h to give more than 80% of the nitrido complex. The
reaction from (520) to [TcNBr4]

� with formation of S8 is a formal four-electron oxidation, but
similar desulfurization has also been observed for other thionitrosyl complexes such as
[Tc(NS)Cl3(PMe2Ph)(OPMe2Ph)]� (523). The �NS for (521) appear at 1,214 cm�1 and 1,219 cm�1,
respectively.578 Nitrosyl complexes with mixed halide/phosphine coordination were obtained by
direct nitrosylation of mer-[TcCl3(PMe2Ph)3] with NO in benzene. The blue-green complex
[Tc(NO)Cl3(PMe2Ph)2] (524) was produced in 62% yield. �NO is at 1,805 cm�1, and in the EPR
spectra well-resolved 99Tc hyperfine splitting is observed, indicating a ground state for the
unpaired electron which is well separated from the other orbitals. At low temperature, analysis
of the hyperfine splittings shows strong covalent interactions for the in-plane ligands.579 The
corresponding red thionitrosyl complex [Tc(NS)Cl3(PMe2Ph)2] (283) was prepared directly from
[TcNCl2(PMe2Ph)3] (229), with S2Cl2 as the sulfurizing agent, from CH2Cl2 under reflux. For the
nitrosyl and the corresponding thionitrosyl complexes, the chlorides can be exchanged for
bromide by reaction with HBr in acetone 2/1 under reflux. The yield of green [Tc(NO)Br3(P-
Me2Ph)2] (525) is 95%, but for purple [Tc(NS)Br3(PMe2Ph)2] (526) it is only 29%. No evidence
was found for the concomitant formation of [Tc(NO)Br4]

�.580 A more thorough study of forma-
tion of the thionitrosyl complexes of TcII by the S2Cl2 reaction revealed formation of the deep red,
mixed phosphine/phosphineoxide complex [Tc(NS)Br3(PMe2Ph) (O¼PMe2Ph)] (523) in 60%
yield under reflux conditions.581 The structure was elucidated, showing the NS and the phosphine-
oxide in mutually trans orientations and the three chlorides and the remaining phosphine in a
plane of the distorted octahedron. The structure of (283) remained unsolved for a long time. The
reaction of [TcNCl2(PMe2Ph)3] with bis(diphenylthiophosphoryl)amide (280) gives the six-coor-
dinate TcV complex [TcNCl(PMe2Ph)2(dtp)] (282) and [TcN(dtp)2] (281) (see Section 5.2.2.3.3(ii)).
The further reaction of (282) at room temperature in CH2Cl2 with S2Cl2 gave the thionitrosyl
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complex (283) in 27% yield, in which the bidentate ligand has been replaced. The structure
reveals the two phosphine ligands are trans. It is noteworthy that the same reaction with
rhenium produced the ReI complex [Re(NS)Cl2(PMe2Ph)3] as mer and trans stereoisomers. The
observed reduction to ReI follows the general trend that the reaction of MV nitrido precursors
with S2Cl2 generates ReI complexes, whereas Tc under the same conditions yields the complexes of
TcII (Scheme 67)403.
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5.2.2.6.2 Heterocyclic amine ligands

As mentioned in Section 5.2.2.5.2, heterocyclic amines are versatile ligands which can stabilize
low oxidation states of Tc. The TcIII compound [TcCl3(PPh3)2(NCCH3)] (412) has proven to be
an extremely versatile starting material for complexes containing heterocyclic and nonaromatic
mono- and bidentate amines, such as [TcCl2(Me2bipy)2]

þ (419), [TcCl3(PPh3)(tmeda)] (420),
[TcCl3(terpy)] (421), [TcCl2(PPh3)(py)3]

þ (418), and trans-[TcCl2(py)4]
þ (422). The interest in

developing coordinatively unsaturated low-valent and electron-rich technetium centers led to
the preparation of purple [TcCl2(py)4] (527) and red-purple [TcCl(py)5]

þ (528). The reaction of
[TcCl4(py)2] in pyridine with Zn dust as a reductant gave (527) in 67% yield. The X-ray crystal
structure showed the chlorides to be trans. The reaction of [TcCl2(py)4] in pyridine with Na[BPh4]
gave the cationic complex (528). Reduction of the TcIII complex (421) in pyridine with Zn� dust
gave the TcI complexes [TcCl(terpy)(py)2] (529) and [Tc(terpy)(py)3]

þ (530). The TcII/I couple for
complex (528) is observed at �1.33 V vs. NHE; however, attempts to reduce this complex to TcI

with magnesium failed.502 The comparison of structural data for these TcIII, TcII, and TcI

complexes provides evidence for the electron-rich character of these low-valent Tc complexes.
For instance, a decrease of 0.04 Å and an increase of 0.07 Å are observed in the trans-Tc�N and trans-
Tc�Cl bond distances, respectively, for the similar complexes (527) and (415).501 Such structural
differences are best explained by a dramatic increase in the �-basicity of TcII relative to TcIII.

A further example of homoleptic TcII complexes with heterocyclic amines is provided
by the dicationic complex [Tc(bipy)3]

2þ (531). Starting from the TcIII precursor
[TcCl3(NCCH3){(C6H4Me-3)3}2], the reaction with phen, bipy, or terpy gave the dark blue
(531) and [Tc(phen)3]

2þ (532) or black [Tc(terpy)2]
2þ (533), respectively, in good yields. The

structure of (531) was determined. Both optical isomers were found to be present in the crystal.
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Electrochemical analysis of (531) showed three reversible reductions at �0.34, �1.36, and �1.70V vs.
SCE, respectively.499,582

Another example of a TcII complex containing exclusively nitrogen donors is the potentially
heptadentate ligand tren-py3, produced from tren by condensation with three pyridine-aldehyde
molecules bearing different substituents. The reaction of the TcIII precursor (412) with a metha-
nolic solution of tren and the corresponding pyridine-aldehyde gave, after 1 h of reflux, the
complexes [Tc(tren-py3)]

2þ (534) in moderate yield as purple compounds. The reaction with
other Tc precursors in higher oxidation states gives the same dicationic complexes. The structure
of one compound was determined, and showed hexadentate coordination. The mean imine
nitrogen�Tc bond length is 2.071 Å. The bridging nitrogen in the tren framework is at a
distance of 2.933 Å and the angles between the arms are almost 120�, demonstrating the strong
repulsion between Tc and this nitrogen. The coordination geometry is best described as a
trigonally distorted octahedron. As evident from electrochemical studies, at least two different
stereoisomers exist in solution. Two compounds of the same composition could be isolated from
the synthesis reaction, one product showing an irreversible oxidation at þ1.02 V, the other major
product at þ0.17 V. The exact nature of the two isomers has not been elucidated.583 (Scheme 68)
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5.2.2.6.3 Tertiary phosphine and arsine ligands in combination with other donors

Mixed halide-phosphine complexes of TcII date back to the early years of Tc chemistry. The first
structurally characterized complex was [TcCl2(PPh(OEt)2)4] (535). This yellow complex was
synthesized by the reaction of [NH4]2[TcCl6] with PPh(OEt)2 and Na[BH4] as a reducing agent.
The X-ray crystal structure shows the two chlorides trans and the four phosphines in a plane. Due
to the packing requirements of the phosphine ligands, the octahedron is tetrahedrally distorted.
When the reaction was performed in the absence of a reducing agent, the red cationic TcIII

complex [TcCl2(PPh(OEt)2)4]
þ (536) formed in almost quantitative yield. Upon prolonged reac-

tion with excess phosphonite ligand, the TcIII complex reduced further to (535).584,585 The
corresponding diarsine complexes with o-phenylenebis(dimethylarsine) (opd, (537)) have been
known for a long time. The complexes [TcX2(diars)2] (538) are obtained by reduction of the
TcIII analogues with H3PO2.

183,586 Beside these ‘‘classical’’ diarsine-type complexes of TcIII and
TcII, the TcV precursor [TcO(OH)(diars)2]

þ (539) has been shown to be a valuable precursor for
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the preparation of mixed arsine-thiolato complexes. Dark yellow (539) is produced directly from
[TcO4]

� with (537) in acidic MeOH and at elevated temperature, in 70% yield. When NaSCH3

was added to this solution, the blue TcIII complex trans-[Tc(SCH3)2(opd)2]
þ (540) was produced

in moderate yield. A similar reaction with NaSCH2Ph (Htbal, (541)) gave directly the correspond-
ing blue-purple TcII complex [Tc(SCH2Ph)2(opd)2] (542) in 11% yield. This compound is not
stable in solution, and decomposed over time to the blue TcIII species trans-[Tc(SCH2Ph)2(opd)2]

þ

(543). The analogous blue-purple complex trans-[Tc(SPh)2(opd)2] (544) was synthesized by the
same route. By oxidation of the TcII complex with atmospheric oxygen, the isomer cis-
[Tc(SPh)2(opd)2]

þ (545) was isolated in moderate yield. The isolation of the species cis-
[Tc(SPh)2(diars)2] was not possible. All the TcIII complexes could be converted to the neutral
TcII species by reduction with [NBu4][BH4] in acetonitrile. The X-ray crystal structures of trans-
[Tc(SPh)2(diars)2] (546) and trans-[Tc(SCH3)2(diars)2] (547) were determined. Electrochemical
investigations reveal that the complexes have reversible TcIII/TcII and irreversible TcIII/TcIV

redox processes.587 Similar reactions with corresponding bidentate phosphine ligands have been
described in Section 5.2.2.5.4.528,588,589 (Scheme 69)

The synthesis and properties of the TcIII complexes [TcX2(dppe)2]
þ (400) with various bidentate

phosphines have been described. These TcIII compounds exhibit a rich electrochemistry, with
reversible TcIII/TcII redox couples.258,487 It transpires that complexes of TcII such as
[Tc(NCS)2(dppe)2] with [NCS]� (548) are stable, in contrast to their analogues with halides.
The redox couples for TcIII/TcII and TcII/TcI are found at þ0.39 V and �0.60 V vs. Ag/AgCl,
respectively, clearly indicating the stability of the TcII compound. In contrast the first redox
couple for the chloride complex is at �0.001 V. This dramatic stabilization presumably reflects the
more effective �-accepting ability of [NCS]�. The X-ray structure analysis of (548) confirms that
the thiocyanates are nitrogen bound and are trans.590 More recently, in an attempt to prepare
cationic Tc complexes with monodentate phosphines, several phosphine [NCS]� complexes of
TcIV and TcII have been prepared. The reaction of [TcO2(PR3)4]

þ with excess NaNCS in CH2Cl2
gave the TcIV complex [Tc(NCS)4(PR3)2], (377). The reaction with P(OMe)Ph2 or PMe2Ph and
[TcO4]

� in MeOH and in the presence of NaNCS gave the TcII complex trans-[Tc(NCS)2(PR3)4]
(549) in moderate yield. The structures of both complexes were established showing that in
complex (549) the [NCS]� ligands are trans.469

Complexes of the general formula cis(X),trans(P)-[TcX2(PR2R
0)2(L)] (R is Me or Et and R0 is Ph, L

is bipy or phen) have been prepared by the replacement of one halide and one phosphine ligand in
mer-[TcX3(PR2R

0)3] (407), followed by reduction to TcII. The green complex cis(X),trans(P)-
[TcX2(PMe2Ph)2(bipy)] (550) has been prepared in this manner, as has the related, green terpy
complex trans-[TcBr(PMe2Ph)2(terpy)]þ. For the latter complex, evidence suggests a two-step proce-
dure, in which the terpy ligand first displaces one halide and one phosphine and displacement of a
further halide is accompanied by reduction to TcII. Reduction is induced by addition of hydroxide,
but does not take place in acetonitrile: only in EtOH. It is assumed that the reductant is in fact the
ethoxide ion, which is oxidized to aldehyde, a well-known process for transition-metal ions.591,592

A similar approach for the preparation of the complexes with heterocyclic amines discussed
above started from [TcCl3(PPh3)2(NCCH3)] (412). Reaction with bipy, phen, or bpm gave directly
the corresponding TcIII complexes fac-[TcCl3(PPh3)(NN)] (428), where NN is the heterocyclic
amine. The same reaction starting from mer-[TcCl3(PMe2Ph)3] gave the corresponding complexes
[TcCl2(PMe2Ph)2(NN)]þ (427) or [TcCl3(PMe2Ph)(NN)] (429). The corresponding TcII complexes
were formed as by-products (see Section 5.2.2.5.2). Upon the addition of KOH solution to
complex (427), reduction to the corresponding green TcII complex (550) occurred. Heating
(427) in MeOH under reflux and in the presence of excess PMe2Ph gave the dark brown, cationic
TcII complex [TcCl(PMe2Ph)3(NN)]þ (551) in good yield.593

The direct reaction of [TcO4]
� in ethanolic solution with dppe and oxalic acid produces the red

TcII complex [Tc(ox)(dppe)2] (552). Attempts to prepare similar complexes with succinic acid,
phthalic acid, or salicylic acid failed, or the complexes were stable in solution only.594 Similarly,
cationic complexes of TcII are produced by reaction of the versatile precursor [TcO(OH)(dppe)2]

þ

(204) with various dithiocarbamates, which produces several complexes of general formula
[Tc(dtc)(dppe)2]

þ (553). For this reaction the reductant formamidine sulphinic acid (510) was
required in an alkaline solution. The X-ray crystal structure of [Tc(S2CNMe2)(dppe)2]

þ (554)
shows a distorted octahedral geometry. Cyclic voltammetry reveals a reversible reduction wave
TcII/TcI couple at �0.53 V, and a reversible oxidation at þ0.3 V for the TcIII/TcII couple.595 The
same compound (554) was also prepared from the thiourea precursor [TcO(tmtu)4]

3þ (91).The
reaction of this precursor in dmf in the presence of dppe produced a mixture of brown
[TcO(dtc)(tmtu)2]

2þ and the TcII complex (553). The first compound is probably an intermediate
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in the reaction. The coordinated dimethyl dithiocarbamate dtc is produced by rearrangement of
the original thiourea ligands. The X-ray crystal structures of both complexes were determined.221

The yellow, phosphine-containing TcII complex [TcCl2(PMe2Ph)(dmpe)] (555) was prepared by
concomitant substitution/reduction of the TcIII precursor [TcCl3(PMe2Ph)3] with excess dmpe in
ethanol. The structure shows a distorted octahedral geometry around the Tc.596

A novel and potentially very useful TcII complex with PPh3 has been prepared. The reaction of
[TcCl4(PPh3)2] (103) with Zn� in CH3CN gave the TcII complex trans-[Tc(NCCH3)4(PPh3)2]

2þ

(556), which was structurally characterized. This complex can be reduced with cobaltocene to the
corresponding TcI complex [Tc(NCCH3)4(PPh3)2]

þ (557). This chemistry is mirrored by the
reversible redox couple at �0.55 V vs. ferrocene for TcII / TcI (Scheme 70)597.
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Macrocyclic thioether complexes of technetium are relatively rare. The first example of a
sandwich-like complex has been described with TcII. The synthesis of [Tc(9-S-3)2]

2þ (495) (see
Section 5.2.2.5.4) was achieved by reaction of [NBu4][TcO4] with 9-S-3 in refluxing acetonitrile,
with SnCl2 as reducing agent and HBF4
Et2O 85% yield. The magnetic moment is 1.8 �B at
310 K, which is consistent with that expected for a low-spin d 5 system with minimal orbital
contribution. Cyclic voltammetry reveals quasi-reversible processes at þ0.05 V and þ1.4 V vs.
SCE, corresponding to the TcII/TcI and TcII/TcIII couples, respectively. Controlled potential
electrolysis gave the corresponding pale yellow TcIII and cherry-red TcI complexes. The X-ray
crystal structure of (495) reveals an average Tc�S bond length of 2.38 Å.598 As described in
Section 2.5.4, what was believed to be the TcI complex [Tc(9-S-3)2]

þ turned out to be a TcIII

complex in which one ring spontaneously expelled ethene, with C�S bond cleavage and forma-
tion of coordinated 1,5-dithiol-3-thiapentane.544,545 This unusual behavior was investigated by
ESI-MS, and theoretically by extended Hückel-theory MO calculations. The complexes [Tc(9-S-3)2]

þ/2þ

were investigated in comparison to other isoelectronic 9-S-3 complexes such as Ru, Rh, or Pd.
It was concluded from the theoretical calculations, that the C�S bond is indeed weakest in the TcI

and ReI complexes, followed by TcII and ReII, while the C�S bonds in later transition metals

Technetium 231



with d5 and d 6 configuration are weakened much less significantly. The theoretical predictions are
supported by the experimental results, in particular from ESI-MS.599

5.2.2.6.4 Complexes of TcII with Tc�Tc multiple bonds

As mentioned earlier in Section 5.2.2.5.2, the reaction of [Tc2Cl8]
2� (444) in acetonitrile and with

HBF4
Et2O gave the TcIII complex [TcCl2(NCCH3)4]
þ (558) in 30% yield as a side product. The

major product in this reaction was the unique and fully solvated blue ditechnetium cation
[Tc2(NCCH3)10]

4þ (559). This TcII complex has been prepared in several ways. These include
the reaction of HBF4
Et2O with [Tc2Cl4(PEt3)4] in acetonitrile (81%), or reduction of [TcCl6]

2� in
toluene with nBu3SnH and subsequent acidification with HBF4
Et2O (54%). Alternatively, start-
ing from [NBu4]2[Tc2Cl8] in acetonitrile, as described above, produced (559) in 14% yield beside
the side product (558). The reaction of [Tc2(NCCH3)10][BF4]4 with eight equivalents of
Tl(O3SCF3) gave the structurally characterized complex [Tc2(NCCH3)8(O3SCF3)2][BF4]2 (560)
as a blue solid. It consists of two [Tc(NCCH3)4] fragments which are linked by a short Tc�Tc
triple bond of 2.122(1) Å. The pseudoplanar [Tc(NCCH3)4] units are staggered with respect to
each other, resulting in a torsion angle of 43.5�. The two triflate ligands are axial; ignoring
triflates, the molecular cation has D4d symmetry. A ground-state configuration of 
2�42*2 is
expected. The absence of -bonding between the technetium atoms means there is no rotation
barrier between the two fragments, and the molecule adopts the sterically favored, staggered
geometry. Complex (559) was characterized by spectroscopic methods. The 1H NMR spectrum in
CD3NO2 gave two separate signals from coordinated acetonitrile in a ratio of 4:1. As evident from
the 1H NMR in CD3CN, the two axial ligands are readily displaced by solvent molecules.516

Acetonitrile solutions of [Tc2(NCCH3)10][BF4]4 gradually lose their color when exposed to light,
and the process is accelerated by irradiating a sample with a tungsten lamp for 12–24 h. The
mononuclear, fully solvated TcII complex [Tc(NCCH3)6][BF4]2 (561) could be precipitated from
the solution and its structure was determined. The Tc center is coordinated to six acetonitrile
ligands, with almost perfect octahedral geometry. The magnetic moment is 2.1 �B, as determined
by the Evans method. A plausible mechanism for the formation of (561) could be that photoexcita-
tion gives a mixed-valent, charge-separated TcI�TcIII species that undergoes bond cleavage and
subsequent comproportionation to the observed TcII species.600 The lability of the coordinated
ligand suggests that this compound could be a very versatile synthon for further TcII chemistry.
A reversible reduction at �0.81 V vs. Fcþ/Fc and a quasi-reversible oxidation at þ0.72 V were
found. The analogous Re�Re bond cannot be broken under photolytic conditions.

Reduction of [Tc2(NCCH3)10][BF4]4 (559) in acetonitrile with cobaltocene leads to a mixed-
valence TcI/TcII complex [Tc2(NCCH3)10][BF4]3 (562), in which one acetonitrile adopts a very
unusual �,�1,�2 coordination mode. The reaction is performed at r.t. and the color gradually
changes from blue to brown to give (562) in 70% yield. The X-ray crystal structure confirms the
unusual coordination mode of one acetonitrile ligand which is bridging via its nitrogen atom, and
binds furthermore via the nitrile carbon to one of the Tc centers. Based on the reduction potential
of �0.82 V, it is believed that the complex is first reduced and then undergoes a rearrangement to
the product complex. The question of which of the two nonequivalent Tc centers is in oxidation
state þII cannot be answered conclusively. Electrochemical studies show that the mixed-valence
complex can be further reduced at �1.12 V, probably to a bridged TcI TcI complex. The observed
oxidation at þ0.25 V would correspond to a bridged TcII TcII complex. Although these com-
pounds have not so far been isolated, the observed redox chemistry is unparalleled among
homoleptic acetonitrile complexes.601 (Scheme 71)

5.2.2.7 Oxidation State (I)

The chemistry of TcI is dominated by organometallic complexes. The relatively high electron
density of the d 6 system demands stabilization by substantial participation of �-accepting ligands
in the coordination sphere. Carbonyl, isocyanide, or phosphine ligands are thus, frequently
encountered. Complexes containing cyclopentadienyl ligands are also quite numerous, but these
classical organometallic complexes will not in general be treated here. The low-spin d 6 electronic
configuration of the TcI center in an octahedral environment leads to 18-electron complexes,
which explains both the thermodynamic and kinetic stability of many complexes. TcI chemistry

232 Technetium



became important in particular, since the preparation of cationic homoleptic isocyanide com-
plexes allowed the preparation of useful myocardial imaging agents.

5.2.2.7.1 Complexes containing C and P ligands

The importance of cyanide in the development of the coordination chemistry of virtually all
transition-metal elements is illustrated for technetium, where homoleptic cyano complexes are
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among the first that appeared in the literature. The bright olive-green TcI complex K5[Tc(CN)6]
(563) was prepared directly from [TcO4]

� or from [TcO(OH)(CN)4]
2� (219) (see Section

5.2.2.3.2(ix)) by reduction with potassium amalgam in the presence of KCN.602,603 The complex
is isomorphous with the corresponding Mn and Re complexes. �CN is found in the IR at 1,950 cm�1,
slightly higher than for Re at 1,940 cm�1. The compound is stable in dry air, but is readily oxidized
to higher oxidation states when wet. Probably due to the stability of the cyanide ligands and the
insolubility in common organic solvents, no attempts to substitute one or more cyanides have been
undertaken. Nevertheless, (563) could represent an attractive starting material for the preparation
of new, mixed-ligand compounds of TcI or other oxidation states.

Although technically organometallic, the homoleptic isocyanide complexes of TcI [Tc(CNR)6]
þ

(564) have to be mentioned here since they represent a fundamental class of complexes, not only
in terms of their chemistry but also because of their radiopharmaceutical application (see Section
5.2.3.1.1). In spite of their stability, they are important starting materials for further complexes.
The reaction of [NH4][TcO4] in alkaline water/EtOH under reflux for 30 min with various
isocyanides and [S2O4]

2� as reductant gave pale yellow (564) in moderate to very good yields.
These isocyanide complexes display a reversible, one-electron oxidation in the range of þ0.8 V to
þ1.2 V, depending on the organic substituent. The same reaction with [ReO4]

� was not successful,
since [S2O4]

2� is not a sufficiently strong reductant. With the alternative starting material
[ReOCl3(PPh3)2], the ReI compounds were produced in moderate yield.485 The X-ray crystal
structure of complex (564) showed a highly symmetric octahedral geometry. The Tc�C bond
distances are 2.029(5) Å and the angles are almost rectangular.604

Mixed isocyanide/phosphine complexes can be obtained via several routes. The reaction of the
suitable TcI starting material [TcH(N2)(dppe)2] (565)605 with excess CNBut in MeOH under reflux
gave colorless trans-[Tc(CNBut)2(dppe)2]

þ (566) in good yield. The �CN IR bands appear at 2,049 cm�1

and 2,079 cm�1 for CNBut, and at 2,058 cm�1 and 2,115 cm�1 for the corresponding cyclohexyl-
isocyanide. The frequencies suggest a strong back-donation from Tc to isocyanide.606 Since
(565) is not a widely available starting material, an alternative route to mixed isocyanide/phos-
phine complexes was sought. The reaction of the TcIII precursor [Tc(tu)6]

3þ (456)525 with dppe
and CNBut in EtOH under reflux gave the colorless compound (566) after 10 h, but only in low
yield. The X-ray crystal structure confirmed the expected trans configuration and a Tc�C bond
distance of 2.034(4) Å. The compound undergoes a reversible single electrochemical oxidation at
þ0.91 V vs. SCE, which is about þ0.11 V higher than for the Re analogue.607 The preparation of
mixed isocyanide TcI complexes of the type [Tc(CNR)x(CNR0)(6�x)]

þ from (456) has been
explored. Heating (456) under reflux in MeOH with a mixture of CNR and CNR0 in various
ratios and in an overall hundredfold excess gave mixtures of all possible complexes. Since they all
exhibit different chemical shifts in 99Tc NMR spectroscopy, the relative amounts of each present
could be estimated directly from integration of the NMR spectra. Their chemical shifts range
from�1,800 ppm to�1,840 ppm. The preparation of mixed-ligand complexes by conproportionation
of pure compounds [Tc(CNR)6]

þ and [Tc(CNR0)6]
þ under reflux for hours failed. No ligand

exchange occurred at all, reflecting the very high kinetic stability of binary TcI isocyanide
complexes. Treatment of, e.g., [Tc(CN-R)6]

þ with a large excess of CN–R0 under forcing condi-
tions was equally unsuccessful. This behavior clearly implies that the mixed isocyanide complexes
must be formed prior to reduction to TcI, or no exchange would occur.608

Direct reaction of [NH4][TcO4] with CNBut in the presence of PPh3 under reflux in EtOH gave,
after 1 h, the white cationic complex [Tc(CNBut)5(PPh3)]

þ (567) in poor yield. The five isonitrile
ligands give rise to three IR bands, at 2,170, 2,094, and 2,059 cm�1. Similar conditions with less
CNBut gave the complex [Tc(CN-tBu)4(PPh3)2]

þ, again in poor yield. The �CN IR bands for the
complexes appear at 2,154, 2,090, and 2,059 cm�1. The 1H NMR implies that the two phosphines
are trans. Interestingly, for these syntheses the phosphines adopt the function of reducing agents.609

This synthetic approach was optimized using the TcIII complex mer-[TcCl3(PMe2Ph)3] (407) as a
starting material. When this complex was heated in EtOH under reflux in the presence of 10
equivalents of CNBut, the mixed-ligand complex [Tc(CNBut)4(PMe2Ph)2]

þ (568) was produced in
50% yield, and a higher excess of the isocyanide produced [Tc(CNBut)5(PMe2Ph)]þ (569) in 35%
yield. The X-ray crystal structures of both complexes were elucidated. It is again interesting that the
complex (568) could not be converted into (569) even under forcing conditions.610

Due to their high kinetic stability, the homoleptic isocyanide complexes of TcI undergo only a
limited number of subsequent reactions. When (564) (R¼tBu) is irradiated with a UV lamp for
four days in acetonitrile with bipy, the color of the solution becomes deep red and the red-orange
compound [Tc(CNtBu)4(bipy)]þ (570) can be isolated in 6% yield. The same reaction with a
number of bipy derivatives such as Me2bipy, Me4phen, or NO2phen gave analogous compounds
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in comparably low yields. The direct reduction of [TcO4]
� in alkaline water with [S2O4]

2� in the
presence of different bipy derivatives and CNBut gave the complexes (570),
[Tc(CNBut)4(Me4phen)]þ, [Tc(CNBut)4(Me2bipy)]þ, and [Tc(CNBut)4(NO2phen)]þ, in variable
yields. The structure of (570) was determined. The most remarkable feature is the bent C�N�C
angle at one of the isocyanide ligands trans to bipy (148�). The Tc�C bond distance of 1.90(2) Å
is significantly shorter than for normal isocyanides. It appears that the 
-donating properties of
the bipy ligand allow the Tc center to back-donate electrons into the Tc�C bond, to the point
where the bent nitrogen rehybridizes. The oxidation state of Tc is now formally þIII as a
consequence of the intramolecular oxidation of TcI, which is supported by 99Tc NMR data in
which the chemical shift is in a range typical for TcIII complexes at around �860 ppm. The
isocyanide nitrogen can be protonated with strong acids, which is typical behavior for electron-
rich metal sites.611 (Scheme 72)
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The oxidation potential of the homoleptic isocyanide complexes (564) suggests that they could
be oxidized to the corresponding TcII complexes [Tc(CNR)6]

2þ with moderate oxidizing agents
such as NOþ. This reaction is well established for the Mn analogues. However, the reaction of
[Tc(CNBut)6]

þ with various oxidizing agents, such as NOPF6 or nitric acid in glacial acetic acid,
led to the formation of the yellow nitrosyl TcI complex [Tc(NO)(CNBut)5]

2þ (571) in good yields,
which has �CN in the IR spectrum at 2,220 cm�1 and 2,240 cm�1 and �NO at 1,865 cm�1. There was
no detectable reaction with NO gas. The reaction of the TcII starting material [Tc(NO)Br4]

� (515)
with CNBut in MeOH under reflux gave the purple TcI complex [Tc(NO)Br2(CNBut)3] (572), with
�CN at 2,230 cm�1 and 2,160 cm�1 and �NO at 1,755 cm�1. Both complexes are formally 18-electron
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species. The relatively high frequencies of all these IR bands reflect the 2þ charge, and indicate
that �-backbonding does not play an important role. The X-ray structure of the complex (572)
was determined. One CNBut is trans to the NO ligand, the two Br� are trans, and the CNtBu
ligands are therefore meridional. Due to the strong trans effect of the NO ligand, the Tc�C
distance trans to it is significantly elongated. In contrast, attempts to prepare the analogous
Mn nitrosyl compound failed, and only the homoleptic MnII complexes [Mn(CNBut)6]

2þ were
isolated (Scheme 73)612.
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5.2.2.7.2 Tertiary phosphines and dihydrogen complexes

A homoleptic TcI complex with phosphine ligands was first produced by the direct reaction of
[TcO4]

� with dmpe in strongly alkaline water/EtOH mixture at 132 �C for 1 h. Precipitation with
bulky anions gave the TcI complex [Tc(dmpe)3][PF6] (206) as colorless crystals in moderate yield.
The complex can also be prepared from [TcO2(dmpe)2]

þ (203) or trans-[TcCl2(dmpe)2]
þ (205).358

Electrochemical studies revealed that the TcI compounds [Tc(dmpe)3]
þ and [Tc(depe)3]

þ undergo
reversible oxidation to the corresponding TcII complex at a moderate potential. For the dmpe
ligand, the oxidation potential in DMF for TcII/TcI is at þ0.422 V (vs. SCE) and for depe at
þ0.276 V.488 The purple TcII complexes [Tc(dmpe)3]

2þ (573) and [Tc(depe)3]
2þ (574) could be

prepared in acetonitrile by oxidation of (206) with H2O2 and precipitation with saturated
[NH4][PF6] solution. The synthesis of the TcI complex with the monodentate phosphite ligand
[Tc(P(OCH3)3)6]

þ (575) is accomplished in a similar manner, by reaction of the phosphite with
[TcO4]

� in a sealed pressure bottle at 100 �C in MeOH for 0.5 h. The ease with which reduction
from TcVII to TcI takes place with P(OCH3)3 is remarkable and confirms the reductive capabilities
of this phosphite ligand. The 99Tc NMR spectrum of (575) exhibits the expected septet centered at
�422ppm vs. [TcO4]

�, with a Tc–P coupling constant of 909Hz.613

The first �2-H2 complex of Tc has been prepared by the treatment of [TcCl4(PPh3)2] (103) with
Zn powder and dppe to give as a first step the deep green, 16-electron species [TcCl(dppe)2] (576),
which is extremely reactive towards oxygen. This strong Lewis acid is stable under an inert gas
atmosphere, but readily forms the yellow N2 complex [TcCl(N2)(dppe)2] (577), reversibly, when
exposed to nitrogen. In solution, the structure of complex (576) is dynamic, whereas in the solid it
adopts trigonal-bipyramidal geometry with the chloride in the basal plane. Surprisingly, the
complex does not appear to undergo any o-metalation reactions with the phosphine phenyl
groups. Reaction with H2 leads to an instantaneous color change to yellow, and the formation
of [TcCl(H2)(dppe)2] (578). The H2 resonance in 1H NMR appears at �13.3 ppm. An X-ray
crystal structure analysis confirmed the octahedral geometry but, because of disorder, the H2

could not be located. However, the visualized pentagonal pyramid formed by the other ligands
indicates the presence of the �2-H2 ligand. Furthermore, the T1 criterion as a discrimination
between classical and nonclassical ‘‘H2’’ coordination showed between 200 K and 300 K a sharp
V-shaped plot, as predicted by theory, and a minimum T1 value at 20þ/�2 ms at 245 K,
supporting the 
-coordination of H2. The isolation of [TcCl(dppe)2] is vital in the synthesis of
Tc dihydrogen complexes.614 [TcCl(dppe)2] has also been utilized for the synthesis of carbene and
carbyne complexes of TcI.615
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The interesting mixed aqua-phosphine compound [Tc(OH2)2(dppe)2]
þ (579) has been produced

as a by-product in the preparation of [TcNCl2(PPh3)2] (227). This is one of the rare cases of low-
valent Tc complexes containing water as a ligand. The X-ray crystal structure confirmed that the
H2O ligands are trans, with elongated Tc�O distances of 2.252 Å and 2.307 Å. Although no further
chemistry has been reported, this interesting compound merits further study.616 (Scheme 74)
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5.2.2.7.3 Dinitrogen complexes and nitrogen ligands

The N2 complex [TcCl(N2)(dppe)2] (577) was described in the previous section. The related
hydrido dinitrogen complex can be prepared by the reduction of (103) in benzene with sodium
amalgam under an N2 atmosphere, in the presence of dppe. The yellow and air-stable complex
[TcH(N2)(dppe)2] (565) was isolated605 and structurally characterized.617 The hydrido ligand is
trans to N2 and the Tc�N distance is 2.05(1) Å. In the 1H NMR the hydride resonance is found at
�10.1 ppm. As already demonstrated (see previous section), (565) is a versatile starting material
for TcI, as both the dinitrogen ligand and the hydride can be replaced by appropriate ligands.
When (565) is dissolved in benzene under an atmosphere of CO, the complex [TcH(CO)(dppe)2]
(580) is formed in good yield, and has �CO at 1,859 cm�1. If complex (580) is heated under reflux
in acetonitrile, the hydride ligand is replaced and the cationic complex trans-
[Tc(CO)(NCCH3)(dppe)2]

þ (581) is formed in 57% yield, with the �CO at 1,882 cm�1. The reaction
of (565) with various isocyanides or P(OCH3)3 replaces the N2 ligand cleanly, with formation of
[TcH(CNR)(dppe)2] (582) or [TcH(P(OCH3)3)(dppe)2] (583). Similarly, [TcH(CN-R)(dppe)2] in
acetonitrile gives [Tc(CNBut)(NCCH3)(dppe)2]

þ (584), in 59% yield. The trans disposition of the
CNBut and CH3CN ligands is confirmed by 99Tc NMR, where the Tc resonance is split into a
quintet disposition due to coupling to the four equal phosphorus donors.618

A complex with a bridging N2 ligand has been prepared from [Tc{HB(pz)3}(CO)3] (585) by UV
irradiation. One CO ligand is cleaved in a coordinating solvent, and the intermediate
[Tc{HB(pz)3}(CO)2(sol)] reacts with N2 to give the dinuclear, �-N2-bridged, brown complex
[Tc{HB(pz)3}(CO)2]2(�-N2) (586) in 15% yield. The X-ray crystal structure reveals that the
Tc�N bond distances are 2.19 Å and 2.21 Å, and that the N–N distance of 1.160(3) Å is slightly
longer than in elemental N2.

619 When [Tc(NCCH3)3(CO)3]
þ (587), which is prepared from

[TcBr(CO)5], is reacted with tri- and bidentate ligands such as 9-N-3, 9-S-3, or bipy, the com-
plexes [Tc(9-N-3)(CO)3]

þ (588), [Tc(9-S-3)(CO)3]
þ (589), and [Tc(NCCH3)(bipy)(CO)3]

þ (590) are
formed in very good yield. The reaction of (590) with two equivalents of tertiary phosphines gave
complexes of the type [Tc(PR3)2(bipy)(CO)2]

þ (591).620

As mentioned in Section 5.2.2.6, the reaction of [TcCl3(PPh3)2(NCCH3)] (412) with Zn dust
with heterocyclic amines produces complexes of Tc in oxidation states þIII, þII, and þI. When
[TcCl3(terpy)] (421) prepared in this manner is reacted with Zn dust in pyridine, the two TcI

complexes [Tc(terpy)(py)3]
þ (530) and trans-[TcCl(terpy)(py)2] (529) are formed. The X-ray struc-

tures of both compounds were elucidated. Electrochemical data for the complex (529) shows a
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reversible TcIII/TcII couple at 0.41 V and a TcII/TcI couple at �0.82 V vs. NHE, whereas the
cationic complex (528) had corresponding redox processes at þ0.7 V and �0.43 V vs. NHE.502

A further example of a complex containing no Tc�C bonds with a formal TcI oxidation state is
provided by chelating diazene ligands. When [NBu4][TcO4] is reacted with the organohydrazine
hydrazaline C8H5N2NH-NH2 (hypyz, (338); see also Section 5.2.2.3.5) in MeOH under reflux, the
green-blue tris-diazene complex [Tc(hypyz)3]

þ (592) is formed in 55% yield. The reaction involves
a six-electron reduction of TcVII, which is accomplished by oxidizing each of the three organohydra-
zines by two electrons, which then coordinate as neutral diazenes. The compound was characterized
by FAB-MS, IR and 99Tc NMR spectroscopy. It has been proposed that the NH ligands adopt
a facial arrangement. For further discussion of the 99Tc NMR spectrum, see Section
5.2.2.8.1.426

The reactivity of the versatile TcI starting materials [TcCl(PMe2Ph)3(CO)2] (410)496 and mer-
[TcCl(PPh3)2(CO)3] (593) towards pseudoallyl ligands such as triazenido, formamidinato, and
acetamidinato has been investigated. Deprotonation of ArNHXNAr (X=N, Htaz, (594),
X=CH, Hfaz, (595), X=CCH3, Haaz, (596)) with BuLi in benzene and addition of the complex
(410) gives, after 3 h under reflux, the general complexes [Tc(PR3)(CO)2(ArNXNAr)] (X=N,
C(CH3) and CH, (597)). The color of the compounds ranges from orange to pale yellow and the
yields are in general very good. For all of the complexes the phosphine ligands are trans, and �CO

appears as two strong bands at 1,920 cm�1 and 1,840 cm�1 in the IR, suggesting cis CO arrangement.
The slight increase in CO stretching in comparison to (410) is reasonable based on the �-acceptor
order CO> pseudoallyl> phosphine. The triazenido complex shows an IR band at 1,260 cm�1,
which is characteristic for the chelating ligand.621 The reaction of (593) with the lithium salt of
N-2-hydroxy-benzylidene-2-thiazolylimine (Hohbt, (598)) leads to replacement of one halide and
one CO and formation of the red-violet, structurally characterized species [Tc(ohbt)(PPh3)2(CO)2]
(599). The ohbt ligand is bound via the imine N and the deprotonated hydroxy group, and the �CO

is at 1,940 cm�1 and 1,855 cm�1.622 The tridentate amine ligands [HB(pz)3]
� and 9-N-3 react with

(593) to substitute the halide, one CO, and one phosphine to yield the cationic complexes [Tc(9-
N-3)(CO)2(PPh3)]

þ (600) and [Tc{HB(pz)3}(CO)2(PPh3)] (601) in good yields. These complexes
have been structurally characterized and no isomers were detected. The �CO values are at 1,936 cm�1

and 1,849 cm�1 for (601) and at 1,937 cm�1 and 1,856 cm�1 for (600).623

Another example of a facially coordinating tridentate nitrogen ligand was described quite early in
the context of porphyrin chemistry. When [Tc2(CO)10] (602) is reacted in boiling decaline with
mesoporphyrin IX dimethyl ester (H2MP), the TcI complex [Tc(CO)3]2(�-MP) (603) is produced, in
which the X-ray structure confirmed that the two Tc centers occupy the two different faces of the
porphyrin plane.624 The X-ray structure confirmed this quite uncommon configuration. Each Tc is
coordinated to three adjacent pyrrole nitrogen atoms; two of the nitrogens coordinate to both Tc,
whereas the other two are bound to one Tc only. The mechanism of formation is remarkable. When
the ratio H2MP/Tc is about 1, the mononuclear complex (604) is observed and can be isolated.
However, when the same reaction is carried out for longer periods of time, only the dinuclear complex
(603) and free H2MP are present. Similarly, the isolated mononuclear complex (604) disproportion-
ates thermally into the dinuclear complex and free H2MP, implying that the mononuclear complex is a
kinetic intermediate. The �CO resonances in the IR appear at 2,025 cm�1 and 1,925 cm�1 for the
mononuclear species, and at 2,036 cm�1 and 1,925 cm�1 for the dinuclear complex (Scheme 75).625

5.2.2.7.4 Nitrosyl and thionitrosyl ligands

In addition to the nitrosyl complexes mentioned above in the context of isocyanides in Section
5.2.2.7.1, there are limited numbers of other NO and NS species formally containing TcI. The direct

reaction of [TcNCl4]
� (34) with heterocyclic amines as solvent and [S2O4]

2� as reducing agent
produces green mer-[TcCl2(NS)(py)3] (605) and mer-[TcCl2(NS)(pic)3] (606), respectively, in good
yields. Both have �NS at 1,173 cm�1. The X-ray crystal structure of the picoline complex con-
firmed the formula. The Tc�NS bond is 1.73 Å and is therefore significantly shorter than a
normal Tc�N bond, implying substantial �-bonding. Other thionitrosyl complexes have been
made with S2Cl2 as the sulfur donating agent; it appears that dithionite can serve the same
purpose with the advantage of also being a powerful reducing agent. It is known that [S2O4]

2� is
in equilibrium with [SO2]

�, which is a good one-electron reductant.626

The reaction of [Tc(NO)Cl4]
� (516) with PPh3 in acetonitrile gave, after 6 h under reflux, the

orange-yellow TcI complex [Tc(NO)Cl2(PPh3)2(NCCH3)] (607), in 71% yield627 (�NO 1,721 cm�1).
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This complex is a versatile starting material for the preparation of further TcI nitrosyl
compounds. It has a similar reactivity to [TcCl3(PPh3)2(NCCH3)] (412), in that the acetonitrile
and one halide are easily replaced by incoming ligands.628 Thus reaction with one equivalent of a
xanthate or mercaptopyridine gave complexes of the types [Tc(NO)Cl(PPh3)2(S2COR)] (608) and
[Tc(NO)Cl(PPh3)2(S-py)] (609) in good to very good yield. The complexes are bright yellow, with
�NO around 1,700 cm�1. With an excess of xanthate, further substitution of a chloride and one
PPh3 was achieved, and the bright red compounds [Tc(NO)(PPh3)(S2COR)2] (610) were formed.
The product is determined by reaction stoichiometry and similar selectivity can be achieved with
(412) and xanthates. IR characterization of these xanthate derivatives suggests that the linear
NOþ binding mode has not been changed by the ligand exchange, as �NO remains around
1,700 cm�1. Spectroscopic analysis of the bis-xanthate complexes by 1H NMR is straightforward,
with no fluxional behavior evident, and is consistent with one xanthate in a cis,cis position
relative to the nitrosyl group and the other one cis,trans.629 When [Tc(NO)Cl4]

� 55,574 is reacted
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with PPh3 in MeOH, the orange-pink solvent complex [Tc(NO)Cl2(PPh3)2(HOCH3)] (611) is
formed in 56% yield. If [Tc(NO)Cl2(PPh3)2(NCCH3)] (607) is heated under reflux in pyridine
for 24 h, the two phosphines and the NCCH3 ligand are replaced by py and the structurally
characterized red complex [Tc(NO)Cl2(py)3] (612) is formed. The same reaction in neat pyridine
at room temperature gave deep orange [Tc(NO)Cl2(PPh3)(py)2] (613), and with pyridine in MeOH
under ambient conditions the monosubstituted, bright orange complex [Tc(NO)Cl2(PPh3)2(py)]
(614) was produced. The reaction of (611) with terpy under reflux gave dark green [Tc(NO)Cl2
(terpy)] (615), whereas with phen the dark purple [Tc(NO)Cl2(PPh3)(phen)] (616) is formed.630

The reaction of (412) with the organohydrazine 2-hydrazinopyridine (hypy, (337)) in MeOH under
reflux replaces the NCCH3 ligand, one phosphine, and the dark purple organodiazene complex
[Tc(NO)Cl2(PPh3)(HN¼NC5H4N)] (617) is formed in 85% yield. The X-ray crystal structure shows
a chelating diazene ligand, with the pyridine nitrogen trans to NO. When 2-hydrazino-4-trifluoro-
methyl)pyrimidine is reacted the same way in CH2Cl2, the diazenido complex
[Tc(NO)Cl(PPh3)2(N¼NC5H2N2CF3)] (618) is formed. Here the product contains a diazenide derived
from the organohydrazide ligand, and a chloride is consequently lost instead of a PPh3.

631 (Scheme 76)

5.2.2.7.5 CO complexes

Organometallic complexes in general are not regarded as being compatible with the aqueous
aerobic conditions normally encountered in radiopharmaceutical chemistry, although hexakis
(isocyanide) complexes of TcI suggest the contrary. Complexes incorporating the fac-[Tc(CO)3]

þ

core have been shown to be versatile starting materials for the preparation of classical coordin-
ation compounds in water. When [TcO4]

� or [TcOCl4]
� react with BH3
THF under 1 atm of CO,

the water-soluble, colorless, dianionic complex [TcCl3(CO)3]
2� (620) is formed in good to very

good yield.632 The unusual, hydride-bridged, trinuclear complex [Tc3(�-H)3(CO)12] (621) was
isolated as an intermediate and structurally characterized.633 Upon dissolution in water or organic
coordinating solvents, complexes of general formula [Tc(sol)3(CO)3]

þ are readily formed, of which
the organometallic aqua-ion [Tc(OH2)3(CO)3]

þ (622) is of particular importance in the context of
radiopharmacy. This precursor reacts with many mono-, bi-, or tridentate ligands in water and in
organic solvents, and this chemistry has been reviewed.63 The reaction with CNBut readily gives
the complexes [TcCl(CNBut)2(CO)3] (623) and cationic [Tc(CNBut)3(CO)3]

þ (624), which have
been structurally characterized. The reaction with S-donors such as 2-mercaptoethanol (HSetoh)
leads to the triply-bridged complex [Tc2(�-SEtoh)3(CO)6]

� (625), which also has structurally been
characterized.632 In alkaline water, [Tc(OH2)3(CO)3]

þ is hydrolyzed reversibly to dinuclear [Tc2(�-
OH)3(CO)6]

� (626), trinuclear [Tc3(�-OH)3(�
3-OH)(CO)9]

� (627), and tetranuclear [Tc4(�
3-

OH)4(CO)12] (628).634,635 Reaction of (620) in MeOH with tridentate and hexadentate thiacrowns
produced [Tc(9-S-3)(CO)3]

þ *(629), [Tc2(18-S-6)(CO)6]
2þ (630), and [Tc2(20-S-6)(CO)6]

2þ (631),
all in good yield, and these were structurally characterized.636 The halide-free tri-aquo species
(622) can be prepared as for (620) directly from water and [99mTcO4]

� in quantitative yield for
99mTc, using Na[BH4] as reductant under 1 atm of CO, or more directly and elegantly using the
compound boranocarbonate [H3BCO2H]�, which acts both as reductant and source of CO (see
Section 5.2.3.1.2).637,638 (Scheme 77)

5.2.2.8 Selected Topics in Technetium Chemistry

5.2.2.8.1 99Tc NMR spectroscopy

Of the many spectroscopic tools that have been employed to investigate Tc complexes, 99Tc NMR
is the least known. However, a number of thorough studies discussed later in this section show
that 99Tc NMR spectroscopy is a very versatile and convenient method to follow reactions in
solution, and to gather some mechanistic insights. Moreover, the chemical shifts give information
about the electronic state of the Tc. One of the key advantages of the 99Tc nucleus is its very high
receptivity. It is the fourth most sensitive nucleus for NMR detection, 2,134 times more receptive
than 13C and 0.275 times than 1H. Since only one isotope is available, no ‘‘isotope dilution’’ takes
place. The gyromagnetic ratio is 6.0211 and the quadrupole moment is 0.3� 10�25 cm2.639

Usually a solution of [NH4][TcO4] in D2O is used as the relative reference for quoting the
chemical shifts of new compounds. The exact resonance of this sample was determined to be at
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22.508311MHz relative to the protons in Me4Si at exactly 100 MHz. The effect of quadrupole line
broadening is attenuated to some extent by the magnitude of I (I= 9/2), and the line widths are
among the narrowest of all quadrupolar nuclei studied to date. One would expect efficient
relaxation via the quadrupole moment, giving very short T2 times and consequently broad
NMR signals. Also if the electronic distribution around the nucleus is symmetrical, sharp
resonances can be obtained.

No recent, systematic studies of 99Tc chemical shifts are available in the established literature.
The range of chemical shifts as a function of oxidation state has been from an earlier systematic
compilation of data. Although the chemical shifts of a number of complexes fall outside the range
defined for particular oxidation states, they rationalize the realtionship between  and other
physico-chemical data such as, for instance, spectroscopic properties. It can be stated in general
that the resonances decrease monotonically by reducing the oxidation state. Technetium(V)
compounds typically appear between 5,500 ppm and 0 ppm, TcIII compounds between 0 and
�1,400 ppm, and TcI complexes from �1,400 ppm up to �4,000 ppm. This shift to higher field
is related to an increased shielding when going from high valencies to low valencies. According to
molecular orbital theory, the paramagnetic shielding term is proportional to r�3 and inversely
proportional to �E as a number directly related to the HOMO-LUMO gap. Thus, a lower
oxidation state goes along with larger, more diffuse orbitals and is directly related to ligand
effects such as their position in the spectrochemical series. In a particular oxidation state, the
resonances of complexes with strong field ligands will lead to lower shielding and, hence, the
resonances appear at higher field; whereas weak field ligands display this effect less markedly and
the chemical shifts will be found in the low field region, attributed to the low deshielding effects of
such ligands. This is demonstrated with the two TcV complexes (218) and [TcO2(py)4]

þ (110). The
chemical shift of the former is found at 882 ppm, the resonance of the latter at 2,881 ppm. Weak
field ligands decrease shielding; strong field ligands increase shielding. This is confirmed by
another TcV complex, [TcOCl4]

�, which has a resonance at �5,000 ppm in accordance with the
even weaker field ligand Cl�. Even the electronic properties of substituents in ligands can
significantly influence the chemical shift of 99Tc, demonstrating its high sensitivity towards
electronic ligand properties. In agreement with the influence of the parameters mentioned above
is the observation that the 99Tc nucleus in complexes of formula [Tc(CN-R)6]

þ is appreciably
deshielded relative to alkyl substituents, when R is an aromatic system.640

The high receptivity of the 99Tc nucleus is expected to allow the detection of very low
concentrations in solution. Obviously, the sensitivity and the limit of detection does not only
depend on the receptivity, but also on the NMR spectrometer used. A study with a 250 MHz
NMR spectrometer investigated the possible detection limits under optimized conditions with
[TcO4]

�. Since [TcO4]
� has a rather sharp line, good signal/noise ratios could be achieved even for

very dilute solutions. A sample with a concentration of about 40 mg L�1 (0.4 mM) gave, after 2 h
time and 3,200 transients, an SN of 2; for a solution of 12 mg L�1 (0.12 mM) the same ratio was
found after 12 h or 20,000 scans. More concentrated solutions gave the corresponding spectra
after reduced scanning time. It is an important result of this study that the SN ratio does not
decrease linearly with concentration, but decreases approximately proportionally to the square
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root of the concentration.641 It has to be emphasized that the most dilute solution used in these
determinations approaches the concentrations that are available from the radiopharmaceutically
relevant 99Mo/99mTc generators. The high receptivity of 99Tc was applied in a biochemical study
which extended the use of 99Tc NMR for analysis of the chemical state of Tc compounds within
subcellular compartments of living cells. As mentioned earlier, the complexes [Tc(CN�R)6]

þ have
a narrow single line in the range of �1,900 ppm, an important base for direct measurement of this
complex in living systems. Heart cells that were equilibrated with [Tc(CN�R)6]

þ

(R¼C(CH3)2(OCH3)) showed a narrow single peak, with the expected chemical shift and without
evidence for significant line broadening or chemical shift displacement compared to an external
aqueous chemical standard. This directly implies that the complex exists unbound to proteins
within the cell and within the mitochondrial matrix. Separation of mitochondria from the cells
showed that 87% of the complex was related to mitochondria and, thus, demonstrates the
localization of this lipophilic organometallic complex in situ even at high dilution. Since it is of
the utmost importance to know the nature and the metabolism of radiopharmaceuticals, 99Tc
NMR might serve as an extremely versatile tool for such a purpose, however limited to relatively
symmetrical species.642

The 99Tc NMR spectrum of an aqueous [NH4][TcO4] solution was determined very early,643

but was then all but ignored until the 1980s when the first detailed report about NMR
characterization of [TcO4]

� appeared. A relatively diluted sample of [NH4][TcO4] gave a sharp
signal after only one transient. The relaxation parameters T1 and T2 were measured by inverse
recovery and CPMG methods, respectively, and yielded T1= 0.13 s and T2= 0.10 s. The similarity
in these values is expected for quadrupolar relaxation of 99Tc and they are in excellent agreement
with the value for T2 estimated from half-height peak width, ��1/2. Normal 17O abundance of
water was sufficient to observe the decet in 17O NMR due to the coupling to 99Tc; however,
750,000 transients and a measurement time of 34 h were required.644 In another initial study,
[TcO4]

� was stirred in 17O-enriched water over one week in order to get 17O-enriched [TcO4]
�.

The 17O spectrum recorded consists of an equal intensity decet at 748.6 ppm, with ��= 23 Hz
arising from spin coupling to I= 9/2 of 99Tc. The 99Tc spectrum yielded, in addition to a strong
central line and couplings caused by Tc17OO3, and Tc17O2O2, a set of smaller splittings that
appear on each of the main lines. These splittings were attributed to primary isotopic shielding
effects arising from a statistical distribution of 16O/17O/18O isotopomers. The isotopic shift per
oxygen mass unit was 0.22 ppm and the ��1/2 of the main signal is 2.7 Hz.545 In this early study, a
number of other TcVII complexes were also studied. The resonance for [TcO3F] (5)100 in HF(l) was
found at 43.7 ppm, with ��1/2= 23 Hz. The 99Tc–17O coupling is 139.8 Hz, comparable to 131.4
H2 found in [TcO4]

�, suggesting that there is little distortion from the tetrahedral O�Tc�O
angle. Since fluoride can be abstracted from (5), addition of AsF5 to this solution gave new
resonances at higher frequencies. A signal at 160.7 ppm (��1/2= 670Hz) was shown to be due to
the [TcO3]

þ cation with corresponding 17O resonance at 1,214 ppm. Two other resonances at
245.9 (��1/2= 135) and 396.3 (��1/2= 375) ppm were attributed to the complexes [Tc2O5F4] and
[TcO2F3] (6), respectively, (see later in this section). Furthermore, the compound [TcO2(CN)4]

3�

(218) was investigated, showing a resonance at 806.0 (642) ppm. The deshielding for TcV with
respect to TcVII is contrary to the trend anticipated on the basis of formal oxidation state alone.
The binary hydride complex [TcH9]

2� has been found to resonate at �3,672 (22) ppm. The 1H
resonance appears at �7.22 ppm and the 1H–99Tc coupling is 24Hz.645 The coupling constants 1H,
17O to 19F are generally quite small and do not suggest a strong interaction between 99Tc and
these isotopes. The 99Tc resonance in the homoleptic TcI complex [Tc{P(OCH3)3}6]

þ (575) is the
expected septet centered at �422 ppm (see later in this section), with a Tc–P coupling constant of
909 Hz. This coupling constant is much larger than those with H, O, and F and implies a strong
99Tc�31P interaction. The chemical shift of 31P is at �158.8 ppm and is in the range observed for
other phosphite complexes. The signal is the expected decet, with an Overhauser enhancement of
the two outermost peaks.613 This 99Tc NMR study was extended to comparable complexes
containing dimethylmethylphosphonite (dmmp) or the bidentate phosphine ligand reported as
dmpe. The 99Tc resonance for [Tc(dmmp)6]

þ is found as a septet at �248 ppm, with a Tc�P
coupling constant of 778 Hz. The resonance for [Tc(dmpe)3]

þ (206) is a septet at �13 ppm, with a
coupling constant of 574 Hz.358 Both the 99Tc chemical shifts are linearly related to the number of
oxygens bound to phosphorus, since shielding is related to the �-donor and the �-acceptor ability
of the ligand. The coupling constants for the dmmp ligand indicates that through �-backbonding
it is dominated by orbital and dipolar terms.646

While the three chemical shifts above for the ‘‘[Tc(P)6]
þ’’ complexes have the expected relative

values, they appear wrong relative to [TcO4]
�. The very broad spectral window (10,000 ppm) over
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which 99Tc resonances are found brings the danger that folded spectra, rather than the true
resonances, are measured: thus, careful investigations are required to determine the real signal.
This is obviously the case in these compounds; it was shown later that these signals at anom-
alously low field were wrong, and the real resonances were found at �1,854 ppm for [Tc(dmpe)3]

þ

and at �1,658 ppm for [Tc(tmp)6]
þ, with the same coupling constant of 574 Hz.647

99Tc NMR spectroscopy was subsequently applied to investigations of high-valent, mixed oxo-
fluoro complexes of TcVII. As mentioned earlier, the resonance of [TcO3F]100 in HF(l) was found at
43.7 ppm, with ��= 23Hz. When [Tc2O7] is reacted with XeF6, the TcVII complex [TcO2F3] (6) is
produced. This compound behaves as a Lewis acid and adds one more fluoride, with formation of
the anion [TcO2F4]

� (7) or neutral [TcO2F3(NCCH3)]. The 99Tc NMR spectra of (7) dissolved in
CH3CN displays a broadened 1:2:1 triplet at 343.2 ppm, with a coupling constant of 235Hz to 19F.
In HF(l), however, a well-resolved triplet at 247.4 ppm was found, with a coupling constant of
260Hz. The resonance of (6) in CH3CN is broad, excluding the measurement of 99Tc�19F coupling
constants, and  is about 265ppm.102 The 99Tc NMR spectrum of (6) was measured at �120 �C in
SO2ClF in order to quadrupole collapse the 99Tc�19F couplings. The spectrum now shows two
signals in a relative ratio of 2:1 at 76.2ppm and at �148.6 ppm, which is consistent with a cyclic,
fluoride-bridged, trinuclear complex (see Section 5.2.2.1.1). When the temperature was raised to
30 �C, one single resonance at 211 ppm was found, with partially resolved couplings to the terminal
fluoride ligands.103 The 99Tc NMR spectra of [TcOF5] (8) recorded at 35 �C and at 30 �C in HF
showed broad resonances at 394.5 ppm and at 433.8 ppm, respectively.104 At �110 �C in SO2ClF the
19F NMR resonances appears as a doublet at 364.1 ppm and a quintet at 62ppm, with a ratio of 4:1
as expected for the known mononuclear structure of [TcOF5].

105

The first 99Tc NMR spectra of carbonyl complexes were reported in 1987. The Tc0 complex
[Tc2(CO)10] (602) gives one single resonance at �2,477 ppm, showing the magnetic equivalence of
the two Tc centers. Relaxation time measurements gave T1= 0.42 and T2= 0.38 sec, respectively,
with ��1/2= 1.4 Hz. When this compound is brominated to yield [TcBr(CO)5] the symmetry is
lowered, and the corresponding single-line signal was found at �1,630 ppm with ��1/2= 186 Hz.
The relaxation times are also much shorter, with T1= 2.8 ms and T2= 1.7 ms.648

Shortly afterwards, systematic studies were undertaken with complexes containing the fac- and
mer-[Tc(CO)3]

þ moiety.649 Starting from [TcBr(CO)5], compounds containing the ‘‘fac-[Tc(CO)3]’’
core with C, N, and P ligands were synthesized and the 99Tc NMR systematically investigated.
Compounds of the general type [TcBr(CO)3(P)2] give resonances in the range �1,450 ppm and
�1,650 ppm; complexes of the type [TcBr(CO)3(N)2], where N is an aromatic amine or a mono-
dentate ketonoxime, gave between �1,000 ppm and �1,100 ppm; and [TcBr(CO)3(C)2], where C is
an isocyanide, gave between �1,750 ppm and �2,100 ppm. Different stereoisomers of mer- and
fac-geometry can be distinguished clearly, not only via their chemical shifts but also by line width.
Line broadening is not only a consequence of the symmetry of the complex, but is also influenced
by the electronic properties of the participating ligands. For instance, the trans-
[TcCl(CO)3(PPh3)2] has ��1/2= 2,800Hz, while the corresponding fac isomer has ��1/2= 500 Hz,
despite the lower symmetry of the latter one (Cs vs. C2v).

650 Reaction of [TcBr(CO)5] with phenyl-
4,6-0-(R)-benzylidene-2,3,0-bis(diphenylphosphino-�-D-glucopyranoside (Ph-�-glup) gave exclu-
sively the fac isomer of [TcBr(CO)3(Ph-�-glup)], whose 99Tc resonance was found at �1,655 ppm
with ��1/2= 3,800 Hz. The resonance lies well within the range found for complexes of the type
[TcBr(CO)3P2].

651 Complexes with dithiolate ligands and various Tc(CO)x groups were also
investigated, and these 99Tc resonances are at lower field relative to the Tc(CO)3 complexes.
The complex [Tc(CO)4(dtc)] has a peak at �1,072 ppm, with ��1/2= 760 Hz.652 [TcH(N2)(dppe)2]
(565) is the starting point for a number of other complexes (see Section 5.2.2.7.1). The resonance
of complex (565) is found at �1,676 ppm, with ��1/2= 5,130 Hz. When the N2 was replaced by a
number of other �-acceptors, the resonance shifted to �1,321 (L=CO), to �1,310
(L=C6H11NC), and to �1,080 ppm (L=CNBut). A similar trend is observed when CO is
replaced by dppe: the resonance for [Tc(CO)(NCCH3)(dppe)2]

þ is at �1,436 ppm, but for
[Tc(CO)3(NCCH3)(dppe)]þ it is at �3,517 ppm.618

As mentioned earlier, the position of the 99Tc NMR signals gives some information about the
electronic state and the formal oxidation number. This is illustrated by the substitution of
isocyanide ligands in homoleptic TcI isocyanide complexes. The 99Tc resonances are typically in
the region of �1,900 ppm, depending on the substituent on the isocyanide. Substitution of two
isocyanide ligands in [Tc(CNBut)6]

þ (564) by phen, bipy, and others to give [Tc(CNBut)4(NN)]þ

(570) shifts the resonances downfield to about �850 ppm, which is within the range for TcIII

complexes. This assignment of an oxidation state of three is in agreement with the X-ray
structural data, which shows that the isocyanide ligand trans to bipy is significantly bent at the
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nitrogen, having a C�N�C angle of 148�. The Tc–C distance is significantly shorter as well, and
displays clear double bond character. A further interesting feature of these complexes is the linear
relationship between the 99Tc chemical shifts and �max values of their UV spectra. The values of
the observed chemical shifts in the complexes of type (570) are accounted for by the paramagnetic
shielding term 
p, which is inversely proportional to the HOMO-LUMO gap �E. As �E
decreases and 
p becomes more negative, the chemical shift becomes more positive. This gives a
linear relationship within this class of compounds between �max values and  which is nicely
verified.611 Coligands such as PPh3 do not show this effect to a similar degree, due to decreased
donating ability. When one or two isocyanide ligands are displaced in [Tc(CNBut)6]

þ to give
[Tc(CNBut)5(PPh3)]

þ or [Tc(CNBut)4(PPh3)2]
þ, the 99Tc resonances appear at �1,827 (3,000 Hz)

and �1,760 (6,000 Hz) ppm, respectively.609

Resonances located outside the typical TcI region are also found for some compounds of
formula [Tc(sol)3(CO)3]

þ (sol=H2O, MeOH). When [TcCl3(CO)3]
2� (620) is dissolved in water

the organometallic aquo-ion [Tc(OH2)3(CO)3]
þ (622) is formed, which has a 99Tc resonance at

�876 ppm, with ��1/2 of 67 Hz. The enhanced �-backbonding to CO results in a depletion of
electron density at TcI. When good anionic donors such as Cp or Cp* (Cp¼C5H5, Cp*
¼C5Me5) are introduced into these compounds to give the pianostool structure complexes
[CpTc(CO)3] or [Cp*Tc(CO)3], the chemical shifts appear again within the expected limits for
TcI at �1,716 ppm and �1,874 ppm, respectively.634 In less coordinating solvents, such as MeOH,
the resonance of [Tc(HOCH3)3(CO)3]

þ is shifted downfield from the TcI region to �744 ppm.
Replacing the solvent molecules by macrocyclic thioethers shifts the resonances back to higher
field and into the typical TcI region. The chemical shift for [Tc(9-S-3)(CO)3]

þ is at �1,656 ppm,
and for the dinuclear compound [Tc2(20-S-6)(CO)6]

2þ, in which three thioether groups coordinate
to the Tc center, is at �1,468 ppm with ��1/2 of 360 Hz. Interestingly, in the dinuclear complex
the smaller thiacrown 18-S-6 coordinates only through two sulfurs, and the remaining coordina-
tion site is occupied by one tosylate on each Tc. The chemical shift of [Tc2(tosylate)2(18-S-
6)(CO)6] is at �1,488 ppm, comparable to the dicationic complex.636 The stepwise substitution
of the solvent in complexes such as [Tc(sol)3(CO)3]

þ by isocyanide ligands illustrates the trends
which occur on replacing the solvent by �-acceptors. In D2O/THF (622) shows a resonance at
�896 ppm. When one equivalent of CNBut is added a strong signal appeared at �2,372 ppm,
which persisted after addition of one further equivalent, implying that the �2,372 ppm resonance
is due to [Tc(sol)(CNBut)2(CO)3]

þ. After the addition of one further equivalent of CNBut, there
was one sharp resonance at �2,106 ppm, which was assigned to [Tc(CNBut)3(CO)3]

þ.632 The
triply thiolate-bridged anionic complex (625) displays a resonance at �1,354 ppm. Two other
complexes illustrate the relationship between the electronic properties of ligands and 99Tc NMR
chemical shifts. The TcI complexes [Tc{HB(pz)3}(CO)2(PPh3)] and [Tc(9-N-3)(CO)2(PPh3)]

þ were
prepared frommer-[TcCl(PPh3)2(CO)3]. The resonances for these complexes are found at�1,198 ppm
and �934 ppm, respectively. This demonstrates again that account must be taken of the electronic
effects of ligands before relating chemical shift to formal oxidation state.623 A 99Tc NMR study of
the exchange of 13CO in (622) under moderate pressure demonstrated the kinetics involved in this
reaction. A further interesting result of this study arose on extended storage of this sample under
CO pressure, which generated a new septet centered at �961 ppm with a 99Tc–13C coupling
constant of 261 Hz. This signal must be due to the homoleptic carbonyl complex [Tc(CO)6]

þ,
which is surprisingly formed in the aqueous medium.653

The capped octahedral complexes [Tc(S2COR)3(PPh3)] have chemical shifts that are slightly
dependent on the substituent R in the xanthate ligands, and are found around 2,860 ppm. This is
the typical range for the TcV complexes (800–5,500 ppm). This strong downfield shift of the
resonances can again be attributed to the paramagnetic shielding effect. The weak field (small
�E) sulfur donors in this ligand will result in a strong deshielding of the Tc nucleus, since the
paramagnetic deshielding term is small.531

5.2.3 RADIOPHARMACEUTICAL TECHNETIUM-CHEMISTRY

The major driving force for the development of technetium coordination chemistry has undoubt-
edly been the potential applications in diagnostic nuclear medicine. The primary requirements for
a radionuclide to be used in imaging are that the radiation emitted must be of appropriate energy,
the decay half-life must lie in a suitable time window, it must be relatively cheap and readily
available in the radiopharmacy, and finally it must have highly flexible co-ordination chemistry.
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99mTc meets all these requirements. A widely available generator system is the source of 99mTc for
nuclear medicine and consists of an alumina column loaded with 99Mo in the form of [99MoO4]

2�.
99Mo decays by �-emission over 67 h to give [99mTcO4]

�, which can be eluted as a solution of
0.9% saline and at an approximate concentration between 10�6 M and 10�8 M. With suitable
generator design and careful use, there is no 99Mo co-eluted with the 99mTc.

The 99Mo does not decay directly to 99Tc but via the metastable 99mTc. The conversion of
99mTc to 99Tc is spin forbidden and therefore slow, with a half-life of 6 h, and is accompanied by
the emission of pure �-radiation with an energy of about 140 keV, which is ideal for imaging
target sites within the body.

The preparation of the pharmaceutical is achieved simply by injection of generator eluate into
a vial containing ligand and reductant. Heating may be necessary, to ensure complete reaction.
A portion of the vial contents is then injected into the patient for imaging.

99mTc imaging started in 1961 with the use of [99mTcO4]
� to image the thyroid, prompted by the

presumed similarity between [TcO4]
� and thyroid-essential I�. This was the first so-called tech-

netium essential agent, in which the biodistribution was based on the physical properties of the
complex (charge, size, lipophilicity, etc.). Subsequently 99mTc complexes were successfully devel-
oped for the imaging of organs such as heart, liver, kidney, brain, and also bone. Examples of
each of these are considered in more detail below.

There was, however, an increasing demand for more sophisticated diagnosis tools which would
image specific receptor sites in the body. This led to the development of the so-called second-
generation 99mTc agents which comprise a stable 99mTc complex linked to a targeting biomolecule
such as a monoclonal antibody, a peptide, or other biologically active molecules. This is achieved
by using a bifunctional chelating agent which binds strongly to 99mTc and also has a site to
covalently attach the targeting molecule. This is very much a nontrivial task, as the metal chelate
fragment of the conjugate must not interfere with the receptor-binding ability of the targeting
entity. Careful manipulation of charge, size, and lipophilicity of the metal chelate component is
needed to optimize receptor binding.

It would be ideal if the receptor-binding capability could be directly incorporated into the
peripheral structure of the ligand. Preliminary steps have been taken with the synthesis of
complexes in which the exterior surfaces of the complex resemble a steroidal hormone (see Section
5.2.3.1.2), but much remains to be done to optimize receptor binding.

There are formidable obstacles for technetium coordination chemists to overcome in the
synthesis of suitable complexes. The starting point must be [99mTcO4]

� and syntheses must
proceed in high yields (>95%) in aqueous solution, in air at high dilution and in the presence
of a very large excess of chloride. Once prepared the chelate must be kinetically inert, of
appropriate charge, size, and lipophilicity characteristics, and resistant to oxidation or reduction
at biologically accessible potentials. Despite all these challenges, a significant numbers of 99m-
technetium complexes are in routine use in hospitals for diagnostic imaging. Reviews which link
coordination chemistry with chemical applications are comparatively rare, but several have
appeared and give good summaries of the current state of technetium-based radiopharmaceutical
development.76–78 The sections below summarize the chemistry underlying the major imaging
agents in actual clinical use or with promising biological characteristics.

5.2.3.1 Co-ordination Complexes for Radiopharmaceutical Applications

5.2.3.1.1 Heart imaging agents

In the past 201Tl has been the agent of choice for myocardial imaging, as it is taken up by
myocytes via the Naþ/Kþ ATPase pump.654 However the unfavorable physico-chemical proper-
ties of 201Tl have led to strenuous efforts to replace this isotope by 99mTc. Early structure–activity
relationship studies suggested that effective myocardial agents must be monocationic. This was
supported by studies that showed that [99mTcCl2(dmpe)2]

þ (205) and [99mTcCl2(diars)2]
þ demons-

trated good heart uptake in dogs.258,487,655,656 The preparation of [99mTcCl2(dmpe)]þ (205) was
conveniently performed directly from [99mTcO4]

�. However, the heart images in humans were
poor and the complexes were not pursued.657 The lack of heart retention of [99mTcCl2(dmpe)2]

þ is
ascribed to its reduction to the neutral TcII species [99mTcCl2(dmpe)2], which is eliminated via the
liver. Several strategies were adopted to overcome this problem, involving the introduction of
stronger electron-donating ligands. Attempts to reduce the oxidizing potential by introducing
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donating groups such as [CH3S]� were chemically successful, but did not lead to the development
of a useful myocardial imaging agent based on the respective framework.

Schiff bases fall into this category and the complex (433), as shown in Scheme 78, was
successfully prepared and has been described in Section 5.2.2.5.2. An extensive series of complexes
of this type (‘‘Q’’ compounds)506,510 were subject to exhaustive biological testing. The furanone
group improves clearance from the blood and enhances the blood/heart ratio. The best in vivo
performance was achieved with tris(1-methoxypropyl)phosphine as the axial ligands.74 The pre-
paration of the 99Tc complex started from [TcOCl4]

�. Initial reaction with the Schiff-base ligand
at r.t. is followed by the action of the phosphine at elevated temperature, which leads to
reduction/substitution to the final TcIII compound. The synthesis of the radiopharmaceutical is
a two-step procedure as well: [99mTcO4]

� is first reacted with the Schiff-base ligand in the presence
of SnCl2 and then the phosphine is added as the CuI complex. An alternative procedure does not
require SnII as an additional reducing agent. [99mTcO4]

� is directly reacted for 10 min at 100 �C in
the presence of the corresponding ligand and then phosphine in the form of the complex
[Cu(tmpp)4]

þ to afford the single, mixed-ligand product in over 95% yield, despite the fact that
two ligands are present in large excess. This procedure is ideal for a radiopharmaceutical
preparation and demonstrates the ultimate synthetic stage that has to be achieved. Q compounds
have also found applications in the context of multiple-drug resistance (MDR), as discussed
below.
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A number of other attempts to prepare cationic complexes which retain physiological stability
were undertaken. The major obstacle to the use of cationic complexes with a predominance of
phosphine ligands is their facile reduction. However, TcV complexes of the type [TcO2(P–P)2]

þ

(P–P= bidentate phosphine) are resistant to reduction, and this has been exploited in the devel-
opment of the successful heart-imaging agent Myoview1 by Amersham International. This
complex, abbreviated as [99mTcO2(P53)2]

þ (632) (P53= bis(2-ethoxyethyl)phosphinoethane) has
a single positive charge, and the ethoxyethyl groups confer the appropriate lipophilicity to
optimize the biodistribution in terms of heart uptake and clearance from blood and liver. It has
a first-pass heart uptake of about 1–2% of injected dose56 and is believed to be taken up into
myocardial cells with a similar mechanism to the hexakis(isocyanide) complexes (see below).
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One of the first and most successful heart agents to be developed was based on the cationic,
homoleptic, TcI isocyanide complexes described in Section 5.2.2.7.1. Complexes of the type
[99Tc(CN-R)6]

þ (564) were synthesized for the first time in the early 1980s by direct reduction
of [99mTcO4]

� with [S2O4]
2� in the presence of the corresponding isocyanides.485,658 These com-

plexes are extremely stable, due to the d 6 electronic configuration, thus avoiding dissociative
ligand loss or associative substituion of competing ligands in biological systems. The complexes
are excreted essentially unchanged. The use of methoxyisobutylisocyanide (mibi) optimises heart
retention versus organ and blood clearance, and permits excellent heart images to be obtained.659

The compound is conveniently synthesized from saline, with SnCl2 as a reducing agent and mibi
present in the form of the CuI complex [Cu(mibi)4]

þ. 99mTc-sestambi (Cardiolite1) and Myo-
view1 have now largely replaced 201Tl for myocardial imaging and are in worldwide use.
Although monocationic, it has been shown that uptake does not occur via the Naþ/Kþ channels,
but rather by a metabolism process involving electrochemically driven diffusion of the cations
across the membranes The uptake is dependent on lipophilicity and is mainly a metabolism-
dependent process.660–662 The mitochondrial localization of the 99mTc cations appears to be
related to the high negative charge (�165mV) across the membrane. The rate of loss of
[Tc(mibi)6]

þ from myocardial cells has been measured and shown to be much slower than uptake,
explaining the minimal redistribution of such agents.662–664 Thus, uptake mechanism of this
cationic complex differs completely from 201Tlþ in that they do not act as potassium analogues,
but do require metabolic integrity for uptake by the myocytes.

Many studies have been performed in order to compare the mode of action, and retention
kinetics in the myocardium, and the way of excretion of these different cationic species for both
cell cultures, as well as in whole heart preparations. Even 99Tc NMR spectroscopy has been used
to characterize in vivo the nature of the compounds for sestamibi (see Section 5.2.2.10.1). A recent
comparative kinetic study between the different cations can be taken as a base for the clinical
interpretation of the different perfusion imaging findings.665

[99mTc(CN�R)6]
þ and other cationic complexes have also been found to be taken up by

various tumors by mechanism and kinetic rate laws comparable to those found in myocardial
uptake. Therefore, these compounds are investigated for tumor imaging, and are studied in
particular for breast-tumor imaging.664,666–668

Two neutral complexes also show promising behavior as heart-imaging agents. 99mTc teborox-
ime (Cardiotec1) is a member of the so-called BATO class of complexes, and has been discussed in
Section 5.2.2.5.2. It is neutral and seven-coordinate, and is formed in a Tc-templated reaction
from [TcO4]

� under reducing conditions.511 The compound is marketed as a myocardial imaging
agent that is useful in differentiating normal from ischaemic and infarcted myocardium, using
rest-and-stress techniques for the evaluation of coronary artery disease.669 It has a very high first-
pass uptake, which is achieved within a few minutes after injection, but the mechanism by which it
enters and leaves cells is unknown. The rate of myocardial washout is biphasic, with both rapid
and relatively slow components.670 Under physiological conditions, the chloride ligand is quite
labile and exchanges for hydroxide with a half-life time of 13 min, which seems not to affect the
potential of this agent.671 However, images have to be taken within a few minutes after admin-
istration, which presents difficulties in clinical studies.

The second neutral myocardial imaging agent is the complex [TcN(NOEt)2] (633) (CISBio)
(where NOEt= S2CNEt(CH2OMe)). Dithiocarbamato TcV nitrides have been discussed in Sec-
tion 5.2.2.3.3(ii). The convenient synthesis from [99mTcO4]

� using S-methyl-N-methyldithiocarba-
mate gives the product in high yield, and has been crucial for the viability of [99mTcN(NOEt)2] as
a radiopharmaceutical.672 Although complex (633) has a very favorable initial heart uptake of 5%
of injected dose, clearance from the blood is comparable to the cationic agents.

The search for other myocardial imaging agents goes on, and it remains a challenge for
coordination chemists to synthesize new complexes based on the known mechanisms of heart
uptake and heart retention. As is obvious from the described compounds, a cationic charge is not
a necessity, but the mechanism related to the retention of such compounds has been the most
thoroughly studied and rationalized (Scheme 78).

5.2.3.1.2 Brain-imaging agents

Brain imaging has become a major goal of 99mTc coordination chemistry, both for perfusion
imaging and, more recently, for the labeling of so called central nervous system (CNS) receptor
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ligands. These biological ligands target receptors in the brain and are important because of their
implication in a wide range of mental disorders, such as Parkinson’s and Alzheimer’s disease or
schizophrenia. This latter type is discussed later in this section. 99mTc-based perfusion agents still
play an important role in the assessment of regional cerebral blood flow, although other diag-
nostic techniques such as MRI and ultrasound are now strongly competitive. However, the ability
of radioactive tracers to detect small structural changes or brain-function disturbances remains an
advantage. Such agents must have specific chemical and biological characteristics in order to
traverse the intact blood brain barrier (BBB). The extraction of the complex must be high and
proportional to the blood flow, and it must cross the BBB by passive diffusion. The complexes are
invariably small, lipophilic, and neutral. A further desirable characteristic is the availability of a
functional group that is metabolized in the brain, leading to a charged compound that is
subsequently trapped in the brain. Otherwise washout is rapid and imaging difficult. Apart
from such a specific partial degradation reaction such as ester hydrolysis, the radiopharmaceutical
should be metabolically stable.673

The genuinely promising first complexes were TcV compounds containing the [Tc¼O]3þ core
and derivatized propyleneaminoxime ligands. The ligand is triply deprotonated, which leads to
neutral complexes of general formula [TcO(PnAO)] (119) in which the two amineoxime units are
bridged by a propylene backbone. The synthesis and the structure of this type of compound, as well
as some SARs, in terms of coordination chemistry have already been discussed in Section
5.2.2.3.2(iv). In 1983 it was found that this type of complex with the ligand (3,3,9,9)-tetramethyl-
4,8-diazaundecane-2,10-dione dioxime) was lipophilic and able to cross the blood brain barrier quite
efficiently, but was not trapped. This and analogous complexes are synthesized by reduction of
[99mTcO4]

� in the presence of the ligand and SnCl2 as a reducing agent.263,674 The required trapping
was achieved by varying the position of the substituents on the basic amine-oxime framework, as in
(RR,SS)-4,8-diaza-3,6,6,9-tetramethyl-undecane-2,10-dione dioxime. The abbreviation for this
compound is 99mTc-d,l-HMPAO and it is available commercially under the name Ceretec1 from
Amersham International. It is noteworthy that 99mTc-d,l-HM-PAO was the first radiopharmaceu-
tical fully characterized at the molecular level prior to FDA approval. In contrast to pnao, this
complex shows brain uptake which is blood-flow dependent in man675,676 and in animals.264,677

Interestingly, [99mTc-HMPAO] is retained in the brain, although the exact mechanism is still not
known. It is assumed that the complex is enzymatically converted (rather than decomposed) into a
more hydrophilic compound which cannot traverse the BBB again. Such a mechanism is well
known for the ecd complex (157) discussed later in this section. The ligand has chiral centers,
leading to the possibility of stereoisomers, and the complex has also been synthesized with meso-
HMPAO in the same way. However, although brain uptake is comparable to the d,l-form,
supporting the passive diffusion mechanism, retention is much less than for its optically active
congener. In vitro studies showed that the complex with meso-HMPAO is much more resistant to
conversion to the more hydrophilic species and back-diffusion is therefore much more rapid: so the
complex 99mTc-meso-HMPAO is not a useful brain-imaging agent.678 This clearly illustrates the
difficulties encountered in the development of novel radiopharmaceuticals when there are chiral
centers present in the bifunctional chelators or in ligands for the production of new perfusion
agents. Although the mode of retention is not clear, the behavior of the two stereoisomers supports
the assumption that retention is due to biochemical transformation.

A ligand which has all the physical and structural features required for an effective brain-
imaging agent is ethylenecysteine dimer (ecd). In this tetradentate ligand, two cysteine units have
an ethylene bridge between the two amine nitrogens of cysteine. This ligand belongs to the class of
diamino-dithiols (DADT), the coordination of which has been discussed in Section 5.2.2.3.2(vi).
A radiopharmaceutical is commercially available from DuPont under the name Neurolite. The
two cysteine carboxylic acids are present as the ethyl esters. The two chiral centers give rise to
three possible isomers, d,d-, l,l-, and d,l-[99mTcO(ecd)] (157). The ligand is triply deprotonated on
coordination at the two thiol groups and at one of the secondary amines, producing a neutral
and highly lipophilic complex. There are two ester side chains in the ligand which can be
hydrolyzed to carboxylic acid groups. This yields a charged complex, which is then trapped in
the brain. The hydrolytic reaction is remarkably stereospecific. The d,d-form hydrolyzes very
slowly and diffuses back through the BBB, but hydrolysis of the l,l-form is quite rapid and this
compound is trapped specifically.679 A second effect supports the quality of this complex for in
vivo application. This (probably enzymatic) conversion takes place not only in the brain, but
also in the bloodstream for the fraction of complex not taken up by the brain. The resulting
mono- and di-anionic hydrolytic products are rapidly cleared from the rest of the body via the
kidneys, and 5min after injection only about 10% of activity is left outside the brain.680 The
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overall biodistribution characteristics of l,l-Tc(ecd) are very favorable. Brain uptake is 5–6%
within a few minutes, and decreases to a stable level of 4% after about one hour.681,682 Interest-
ingly, the behavior of l,l-99mTc(ecd) is the inverse of species such as [TcCl2(dmpe)2]

þ. As men-
tioned earlier, this cation showed excellent myocardial uptake in rats, but no uptake in man. The
compound l,l-99mTc(ecd) is the reverse and no retention could be detected in most animal models;
only in humans was favorable trapping observed.679,683 This demonstrates the necessity of testing
a new agent in both animal models and in man. The complex l,l-99mTc(ecd) provides good images
of cerebral blood flow and allows delineation of the cortical gray matter, the basal ganglia, the
thalamus, and cerebellum hemispheres. White matter displays substantially less uptake than gray
matter. The agent is particularly important in the evaluation of patients with stroke.

A number of other Tc complexes were or are under investigation as potential brain-imaging
agents. An interesting example is drawn from the BATO class of complexes discussed above512,513

and in Section 5.2.2.5.2. The ligand is a boronic acid adduct of dimethylglyoxime, and the
complex is sufficiently lipophilic to cross the blood brain barrier. The dione backbone was the
subject of many variations to achieve reasonable brain uptake, which was about 2.8% for
[99mTcCl(DMG)3(B-R)] 5min post injection. Since the compound is very lipophilic, with
log P= 3.8, the activity very slowly clears from the body and the brain. The washout is still
significant and it appears that there is little or no significant trapping.670 Based on the known
coordination chemistry, a reasonable trapping mechanism could be the exchange of the chlor-
ide for water to produce a cation. However, this reaction takes place very slowly, as shown by
a study with 99gTc.671 In view of the disappointing studies, further development has been
terminated.683,684

The ligand N-{2(1-H-pyrolylmethyl)}N0-(4-pentene-3-one-2)ethane-1,2-diamine (MRP20) forms
the promising neutral and highly lipophilic complex [TcO(MRP20)] (634), which shows very high
and rapid brain uptake. At 1 min post injection, up to 6% of the compound had crossed the BBB
and the uptake remains constant at about 4.5% over 24 h. MRP20 and related derivatives are
under active clinical investigation. Excellent SPECT pictures can be obtained even 7 h post
injection, and these allow clear differentiation between gray and white matter. It seems that the
retention pattern is closely related to the regional cerebral blood flow. The trapping mechanism is
different from the one discussed above for 99mTc(ecd). In vitro experiments showed that the
complex tends to hydrolyze and to form a monocationic species.685–687 (Scheme 79)
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5.2.3.1.3 Kidney- and bone-imaging agents

Radiopharmaceuticals are the preferred agents for the assessment of function, as opposed to
structure. Renal imaging agents are classic examples in that sense, since they allow the monitoring
of the imaging of glomerular filtration and tubular secretion functions of the kidneys. Currently
there are two agents available; one is 99mTc-DTPA of unknown structure, and the other one is the
fully characterized [99mTcO(MAG3)]

� (170). The trade name of the DTPA complex is 99mTc-
Penetate1 and it is available from several sources. The synthesis is perfomed in a vial using �mol
amounts of DTPA, with SnCl2 as the reductant. The chemical composition has been the subject
of many investigations and much speculation. On the macroscopic level, the principal products
formed from this reaction are dimers, with Tc in the oxidation states þIII, þIV, or þV.688,689

However, the concentration of generator-eluted 99mTc is too low for dimers to form in high
concentration, and it appears likely that the active species is monomeric. The overall charge
would be �1 or �2, depending on whether TcIII or TcIV is present. Despite the uncertainity of the
structure, 99mTc Penetate1 is in regular radiodiagnostic use for renal-function imaging.
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Five-coordinate [99mTcO(MAG3)]
� (170) was introduced comparatively early in the develop-

ment of radiopharmaceuticals.690 It is commercially available under the trade name Technescan1

(Mallinckrodt Med.). The ligand is present in the Kit in the S-protected form and requires heating
in a boiling water-bath for a short time, when coordination and deprotection take place. Oxida-
tion of excess SnCl2 is sometimes required and also converts by-products into the desired
complex. This compound shows good in vivo renal-clearance characteristics. Since the ligand
does not have any chiral centers, one single species is formed in which the three amides and the
thiolato group are deprotonated, yielding a mono-anionic species. The terminal carboxylato
group does not participate in co-ordination. Related compounds comprising diamido-dithiol
ligands (dads) give rise to mono-anionic species and show very good renal-clearance properties,
but have the disadvantage that they contain two chiral centers and isomer problems were
encountered.303,690,691

Complexes with 2,3-dimercaptosuccinic acid (H3dmsa, (95)): see also Section 5.2.2.3.2(ii) and
glucoheptonate are of minor importance for imaging the morphology of the kidneys. The
composition and the structure of the dmsa complex with 99mTc used for renal imaging is not
known for certain, although the X-ray crystal structure of the Re analogue has been deter-
mined.692 [99mTc-dmsa] is prepared by the reaction of H3dmsa with [99mTcO4]

� in water at a
pH around 3, in the presence of SnCl2. The complex with 99gTc is believed to be in the oxidation
state þIII.693–695 When [99mTcO4]

� is reduced under alkaline conditions with [S2O4]
2�a TcV

complex is formed with H3dmsa, which has found use as a tumor-imaging agent. Analytical
data clearly indicate that the complex obtained under these conditions is [TcO(dmsa)2]

�.223 Meso-
dmsa is expected to give three different isomers with syn-endo, syn-exo, and anti orientation of
the –COOH groups with respect to the Tc¼O group. HPLC confirmed the occurrence of all
three isomers in solution from the reaction with meso-dmsa, and these are shown to be in rapid
equilibrium as by 1H NMR.654,655 Although no structure of any of the isomers of [TcO(dmsa)2]

�

(640) is available, the structure of syn-endo-[ReO(dmsa)2]
� has been described and shows the

expected square-pyramidal geometry. For renal imaging, a significant amount of the injected
compound accumulates in the cortical tubules within 1 h, and remains in the renal cortex for up to
24 h. Remarkably, the complex is excreted unchanged.696 [99mTcO(glucoheptonate)2]

� is prepared
by the reaction of calcium glucoheptonate with SnCl2 and [99mTcO4]

�. The structure of the
complex is square pyramidal, with an apical oxo group, and has two five-membered rings derived
from the carboxylate group and the deprotonated alcohol function in glucoheptonate. The other
hydroxyl functions do not participate in co-ordination and are the reason for the high hydro-
philicity of the complex. The complex has also been used for brain imaging when the BBB is
damaged, and the compound can diffuse into the brain. The compound is very stable in water (up
to 200 days with 99gTc), but is nevertheless used extensively as a precursor for further substitution
reactions in which the glucoheptonate ligands are replaced by more potent chelators. When used
as a renal-imaging agent, the complex is excreted by glomerular filtration, and half-life in plasma
is only a few minutes.697 Both complexes are not now used extensively in clinics, as other
diagnostic methods such as MRI or ultrasound give clearer images of renal morphology.

Complexes of 99mTc with phosphonate ligands are widely used as diagnostic agents for the
detection and monitoring of metastatic disease in bone and bone infarction infections. The ligands
are in general diphosphonates, with various types of substituent on the backbone. Major ligand
types in that respect are methylene-diphosphonate (mdp, (635)), hydroxymethylene-diphosphonate
(hmdp, (636)), 1-hydroxyethylidenediphosphonate (hedp, (637)), and 1-hydroxy-4-amino-
butylidene-1,1-diphosphonate (abp). The preparation of the complexes is standard for radio-
pharmaceutical use and is performed by reduction of [99mTcO4]

� with SnCl2 or [BH4]
� in the

presence of the ligand. The reaction yields product mixtures, and the exact compositions or
structures have yet to be determined. Nevertheless they are very effective bone-imaging agents.
The presence of uncoordinated phosphate oxygen provides a mechanism for absorption of the
complexes on the surface of newly formed hydroxy-apatite. In this respect they can be considered
to act as ligands for exposed Ca2þ on the newly formed crystals of hydroxy-apatite. Many efforts
have been made to characterize the complexes formed by the reaction of various 99Tc starting
materials with phosphonates such as (635) or (636). Size-exclusion chromatography or mass
spectrometry suggests the complexes are polymeric.698,699 Unfortunately, but typically for poly-
mers, the composition of the product depends strongly on the reaction conditions and is sig-
nificantly different when pH or concentration are altered.700 From spectrophotometric
measurements it was concluded that the oxidation state of Tc in [Tc-(hedp)] is þIV; however,
polarographic studies suggested mixed oxidation states, involving TcIII, TcIV, and TcV.701 The
structure of one mdp complex has been elucidated. The reaction between [TcBr6]

2� and excess
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(635) gave brown crystals, and the X-ray crystal structure showed a polymeric chain structure of
stoichiometric composition [Tc(OH)(mdp]1. Each ligand (635) bridges two symmetry-related
technetiums, and each Tc atom is bound to two mdp ligands. The polymeric repeat is completed
by an oxygen atom, probably a hydroxo group which bridges two Tc atoms. The geometry is
approximately octahedral, but the oxidation state cannot be unambiguously assigned since it is not
clear whether a hydroxy or an oxo group bridges the two technetium atoms.702 The structure shows
that diphosphonates can act as bidentate ligands and can bridge metal centers, as is the case for
their binding to Ca2þ in bone. Raman spectroscopy suggested that for the hedp complex both
[Tc¼O]3þ and [O¼Tc¼O]þ may be present, with bands observed at 970 cm�1 and 878 cm�1.703

The amount of skeletal uptake of the species obtained from the phosphonate ligands lies in the
sequence [99mTc-hmdp]> [99mTc-mdp]> [99mTc-hedp]. This reflects the general observation that
the biodistributions of 99mTc-based radiopharmaceuticals are significantly altered by even small
changes in the ligand structure.704 Scheme (80)
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5.2.3.1.4 Multidrug resistance

Tumors that are initially sensitive to cytotoxic agents often become refractory to multiple
chemotherapeutic drugs. Cells grown in the presence of a specific cytotoxic drug can develop
cross-resistance to this and other drugs in the same class and to other classes of drugs entirely.
This phenomenon is related to the overexpression of the multidrug resistant (MDR1) transmem-
brane P-glycoprotein (Pgp). It is an objective of pharmaceutical research to develop molecules
called modulators, which are able to block the action of Pgp in order to re-establish chemother-
apy. A noninvasive method to detect MDR in tumors would be an important diagnostic assay for
management and prognostic stratification of cancer patients, and a number of 99mTc co-ordin-
ation compounds have been tested for their ability to indicate the Pgp level in tumor cells. These
are cationic and/or highly lipophilic complexes such as 99mTc-sestamibi705, 99mTc-tetrofosmin,706

and 99mTc-furifosmin (Q-compounds).707,708 The structures of these compounds have been dis-
cussed under the section on myocardial imaging agents, since they fall within this class of
radiopharmaceutical. These compounds have been tested as transport substrates for Pgp for a
variety of multidrug-resistant cells in humans.709,710 It was shown that the net cellular accumula-
tion is inversely proportional to the amount of Pgp expressed, and was significantly enhanced
after the administration of modulators. Clearly, the diagnosis of MDR is a field in which 99mTc
may play an important role, since it would allow the determination of chemotherapeutic regimes
before and during treatment.

5.2.3.1.5 Hypoxia-imaging agents

The development of 99mTc-based compounds capable of imaging hypoxic regions is one of the
dominant themes in current radiopharmaceutical research. Complexes containing nitroimidazole
attached to the backbone of a chelator are among the most promising in this direction. The
rationale behind this approach emerges from the normally higher resistance of hypoxic tissue for
chemotherapy or radiotherapy.711,712 It is of the utmost importance to be able to detect hypoxic
tissue in order to plan and execute a successful therapeutic procedure. Hypoxic tissue has an
oxidation potential lower than that of normal, oxygenated cells, and the strategy for a useful
hypoxia marker involves the use of a redoxactive side chain or metal center. So far, the strategy
has mainly focused on the approach using a technetium complex with a redox-active side chain, in
general nitro-imidazole or dihydropyridine, both of which are reduced to ionic species in hypoxic
cells. The complex has to be capable of diffusion into the cell and then reduction, which must lead
to trapping by virtue of formation of more hydrophilic species. In normal, oxygenated tissue the
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complex is excreted in a reasonable period of time. The position emitting 18F-labeled misonida-
zole is taken as the standard to which all 99mTc compounds are compared. The compounds tested
so far for hypoxia are classical co-ordination compounds with the [Tc¼O]3þ core. The challenge
of producing a technetium complex that has appropriate redox properties has not yet been met,
although certain copper bis(thiosemicarbazones) are hypoxic selective through metal-based reduc-
tion. Currently there are two basic types of complex under investigation. The first are nitroimi-
dazole-coupled derivatives of amineoxime such as [TcO(PnAO)-2-(2-nitroimidazole)], designated
as BMS181321 (638).713,714 The second is a nitroimidazole derivative of the amine phenol-type
ligand, bis-(amine-phenol)-nitroimidazole.715,716

A further class of compounds does not contain a nitroimidazole, but is also based on the
amine-oxime framework as a tetradentate ligand. The complex is [TcO(BnAO)] (639), which has a
(CH2)4 backbone, but the structure of which with 99mTc is not absolutely certain. As mentioned in
Section 5.2.2.3.2(iv), an ethylene and a propylene bridge between the two amine nitrogens will
lead to a mono-oxo core, whereas pentylene leads to a complex with the [O¼Tc¼O]þ moiety.269

Possibly in the butylene case the complex may have an oxo and an aquo ligand in trans locations.
The mechanism of hypoxic selectivity is also unknown, but does not appear to involve metal-
based redox processes. Recently, the [3þ1] concept was used for a further strategy to hypoxic-
imaging agents. Dihydronicotinamide or methylpyridinium were attached through a linker to a
thiol group making up the derivatized monodentate component. The tridentate ligand was a
dithiol-thioether (SSS) chelate. The compound showed promising results in imaging hypoxic
tissues.717 (Scheme 81)
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5.2.3.2 Second-generation Technetium-based Radiopharmaceuticals

A brief account of first- and second-generation radiopharmaceuticals has been given at the
beginning of this section (Scheme 82).

In general, strong chelators are chosen to coordinate to the Tc to ensure that the conjugate does
not decompose under physiological conditions and, of these, tetradentate ligands with N,S,O
donors which stabilize the [Tc¼O]3þ core are the most common.268,299,302,307,315,322,329,332 The
so-called [3þ1] approach718 is currently decreasing in importance, since it has been shown that the
complexes have limited stability in human serum.342 A number of other approaches have appeared
recently, which include the labelling of peptides via the so called HYNIC approach (see later in this
section), the use of the [Tc	N]2þ core in combination with tridentate PXP ligands,410,411 and the
[Tc(CO)3]

þ fragment.633,638All of these new methods provide high flexibility in terms of ligand choice,
and although they are not yet in very widespread use they will undoubtedly play a significant role in
the development of novel, second-generation radiopharmaceuticals (Scheme 83).

The labelling of steroid hormone-receptor ligands is important, since it would probably allow
early detection and treatment of breast and prostate cancer. Attempts to apply the second-
generation approach in which a chelator is conjugated to the steroid have been made, but with
little success so far. Both the [3þ 1] approach and derivatization of the [Tc(CO)3]

þ core have been
used to target the estrogen or androgen receptor.719,720 In a more recent approach, a [4þ 1]
approach was used to label 17	-substituted estradiol. In this approach a pendant isonitrile group
binds the steroid hormone to the TcIII/ReIII center, which is coordinated to a tetradentate,
umbrella-type NS3 ligand. Although promising binding constants were found for a number of
these complexes, in vivo data for 99mTc are not yet available.720

A comparable challenge is presented by the labeling of CNS receptor ligands, and an excellent
review has summarized current development.721 The potential for the development of 99mTc-based
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radioligands for the study of receptor functions is well recognized, although there are many
difficulties to overcome. Such a radiopharmaceutical has to cross the BBB and be taken up
into the brain in significant amounts, must stay in the brain for a sufficient time to reach and bind
to the appropriate receptor, and must have a substantial affinity for the receptor. The review
summarizes what has been achieved with a focus on in vitro binding and in vivo distribution
data.721 With the exception of a tropane derivative labeled with 99mTc, the success in this field has
been modest, due to difficulties in establishing the detailed requirements for a useful CNS-
receptor ligand. The coordination chemistry is usually based on tetradentate, N2S2-type ligands,
since they provide high stability and high lipophilicity. The 99mTc-labeled compound 99mTcTRO-
DAT1 involves a DADS-type ligand conjugated to a tropane, and has been successfully employed
for the imaging of dopamine transporter for the in vivo assessment of loss of dopamine neurones
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in Parkinson’s and other neurodegenerative diseases.722,723,724 Various CNS-receptor ligands have
been labeled via the pendant approach using DADT ligands, including the 5-HT1A receptor
ligand WAY 100635 (which has been labeled with 99mTc725), the tropane derivative,726 and active
fragments of the 5-HT2A antagonist ketanserin. Other approaches based on these CNS-receptor
ligands employed the [3þ1] approach. The biomolecule was usually derivatized with a thiol group,
and the tridentate dithiol-thioethers were used as coligands.244,726

A very different approach towards coupling a technetium complex to biomolecules, and in
particular to peptides, is represented by the so-called ‘‘HYNIC’’ agent,78 first used for the labeling
of polyclonal IgG with 99mTc for imaging focal sites of infections.727–729 Here 6-hydrazinonico-
tinic acid (HYNIC) is initially coupled through the carboxylate to an amine group of a biomol-
ecule, such as the e-NH2 group of lysine or the N-terminus of peptides. The labeling is usually
carried out by the reaction of the HYNIC-linked biomolecule, most frequently a peptide, with
[99mTcO4]

� in the presence of a reducing agent, most commonly stannous chloride, and a
coligand. At low biomolecule concentrations the mixture is then heated, typically to 80 �C for
30 min or to 100 �C for 10 min. The same approach is also viable for intact antibodies, but in this
case higher concentrations are required, since the labeling has to be performed at room tempera-
ture. Since the pyridylhydrazine-derived ligand of HYNIC can occupy only one or two coordin-
ation sites, a coligand is essential. The actual coordination mode of HYNIC at the tracer level is
not unambiguously clear, since several types of coordination mode are possible (see Section
5.2.2.3.5). Typically, coligands used are in tricine, glucoheptonate, or EDDA. Judicious choice
of the coligand allows fine tuning of the hydrophilicity of the conjugate. However, the major
drawbacks of this system are the instability of the Tc complexes containing HYNIC and the
corresponding coligand, the formation of a mixture of species, and the occurrence of plasma–
protein binding.730 Ternary ligand systems have been proposed to improve stability and complex
constitution, and these contain beside the coligand tricine an additional ligand in the form of a
water-soluble phosphine. Complexes with these ternary ligand systems have very high solution
stabilities. In addition to phosphines, aromatic amines have also been used and with comparable
success.731–734 Scheme 84 summarizes the chemistry of the HYNIC labeling system (Scheme 84).

The ternary ligand systems have been investigated with a number of types of biomolecule and
the labeling conditions have been optimized. Problems arise only if the biomolecule is susceptible
to reduction, as found for molecules with disulfide bonds, which if cleared alter the biodistribu-
tion of the vectors molecule. Although the chemical composition of the complexes with 99Tc has
been established by LC-MS experiments, the true oxidation state of the Tc remains unclear.729 Even
for a given composition several different formal oxidation states are possible, depending on the
location of bonding electrons, and the data available do not permit unambiguous assign-
ment.427,428,430,631,735 Four different binding types have been established for 2-hydrazinopyridine
(HYPY) (see Section 5.2.2.3.5). The variety of structural types emphasizes problems related to the
characterization of complexes at the tracer level, and it should be noted that the binding modality
of HYPY or HYNIC depends strongly on the nature and the availability of the coligands.

Clearly the advantages of the HYNIC approach are the high labeling efficiency and the
possibility of fine tuning the physico-chemical properties of the labeled biomolecules, as well as
their stabilities when the right ternary ligand combination has been chosen. The approach has
been used mainly for hydrophilic peptides, such as chemotatic peptides and somatostatin ana-
logues,736,737 but also for antisense oligonucleotides and antibodies.731 However, the method is
not particularly suitable for lipophilic biomolecules, and there remain the problems of ambiguous
characterization of the species at the no-carrier-added level.

5.2.3.2.1 Intrinsic receptor binding

A more ideal situation would emerge from the possibility of preparing a Tc complex that mimics
the binding motif of a biomolecule. The topology, as well as the distribution of dipole moments
and other physico-chemical characteristics of the natural lead, must be exposed by the artificial
metal complex. Such an approach is highly challenging for co-ordination chemistry. Still only a
very limited number of corresponding, but still very promising, approaches have been published.
This approach is called the integrated design of a radiopharmaceutical, and some initial investiga-
tions have been made towards the development of steroid hormone mimics. The technetium is
incorporated in a carbon skeleton in such a way as to mimic the 3-D structure of the hormone. In
one approach, two different bidentate amine-thiol ligands have been chosen to prepare androgen
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and progesterone mimics.738–740 In contrast to most complexes labeled with 99mTc, the approach
consists of two bidentate ligands, rather than a tetradentate one. It seems that this provides an
advantage, since the structural features can more easily be fine tuned as in the case of a relatively
rigid tetradentate system. Although two different bidentate ligands are required, it seems that the
formation of the heterodimeric complexation is formed in preference to the homodimeric com-
pound. With 99mTc, the yield of the corresponding complexes was 40–50% by applying the
glucoheptonate approach. Where it was possible to determine the stereochemistry, it could
be shown that the compounds have trans geometry. Although bidentate only, the complexes are
reasonably stable in vitro and showed some persistence in vivo as well. Stability was still not good
enough for following the bidentate approach further. Instead, the mimics were expanded to
tetradentate ligands, to form again a pseudosteroid structure. Despite retaining the overall size
and shape, the receptor binding to the estrogen receptor was disappointing in vitro.741 These two
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approaches show that it is highly important to match not only the structural features, but also the
electronic effects in a mimic. Probably, the match of steroids is very difficult and highly challen-
ging, and other lead structures should first be chosen to prove the effectiveness of this important
strategy of mimicking bioactive molecules by integrating the 99mTc into the overall structure.

5.2.4 CONCLUSION

As is obvious from this last section, coordination chemistry plays an important role in the
development of novel radiopharmaceuticals. Although procedures for the efficient labeling of
biomolecules, or the preparation of novel perfusion agents are available, they are still far from
being sufficient to allow a rational drug design, including metal complex and targeting vector.
Labeling still has to rely on a very limited number of chelators providing enough in vivo stability,
but leaving not a great choice in influencing the properties of the radiobioconjugate. Other
imaging methods like PET or MRI are competing to a large extent with the application of
radiopharmaceuticals. This is not only due to better performance, but also to the difficulties in
designing a useful SPECT radiopharmaceutical for 99mTc. It is the task of the coordination
chemist to provide the radiopharmaceutical community with such novel methods in order to
get more precise and more readily available ‘‘magic bullets.’’ This may involve 99mTc coordination
or organometallic chemistry based on what is presently available in literature but may also
involve as-yet-unknown structural types.
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6. Perrier, C.; Segrè, E. Nature (London) 1937, 140, 193–194.
7. Paneth, F. Nature 1947, 159, 8–10.
8. Hahn, O.; Strassmann, F. Naturwissenschaften 1939, 27, 11–15.
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5.3.1 INTRODUCTION

Rhenium was the last naturally occurring chemical element to be discovered in 1925 by Noddack,
Tacke, and Berg in the mineral gadolinite.1 The name of this extremely rare element (the
estimated occurrence in the earth’s crust is about 0.7 ppb2) is derived from the Rhine river.
Residues from the processing of molybdenum ores represent the main source of the metal.

Naturally occurring rhenium is a mixture of two isotopes: 185Re (natural abundance: 37.07%)
and the 187Re (natural abundance: 62.93%).3 Although representing the main constituent in
natural rhenium sources, 187Re is weakly radioactive with a ��-emission with the very long
half-life of 5� 1010 yr.4 The 187Re/187Os isotope system is used in geology5,6 and cosmology7 to
determine the age of minerals or meteorites. Other radioactive rhenium isotopes are known with
mass numbers between 161 and 192 and physical half-lifes between 10ms and 71 d.4 A part of
the Nuclide Chart4 showing main isotopes of rhenium and its neighbors together with some
of their nuclear properties is shown in Figure 1. The isotopes 186Re (�� emitter, T1/2

= 89.25 h, Emax= 1.1MeV) and 188Re (�� emitter, T1/2= 16.98 h, Emax= 2.1MeV) have physical
properties that make them attractive for the radiotherapeutic treatment of cancer via antibody
mediated targeting.8,9 Particular attention has been paid to 188Re which can be obtained from an
isotope generator system from 188W (T1/2= 69 d).10–12 Excellent reviews introducing nuclear
medical applications of rhenium compounds and describing their perspectives are available.13–20

A summary of recent developments in this sector will be given in Section 5.3.3, but structurally
well-characterized rhenium compounds with potential nuclear medical applications will also be
mentioned along with the systematic treatment of the rhenium coordination chemistry.

The outstanding overview of Connor and Walton in Comprehensive Coordination Chemistry
(CCC, 1987) 21 covers all relevant rhenium coordination chemistry up to early 1984. The present
article starts at this time and is restricted to basic coordination chemistry. It does not include
compounds with metal–metal bonds, which are extensively described in Chapter 4.7. The organo-
metallic chemistry of rhenium has been reviewed extensively in the companion series Comprehen-
sive Organometallic Chemistry22 and, thus, here compounds with rhenium–carbon bonds will only
be mentioned in exceptional cases, particularly when the ‘‘organometallic part’’ of the molecule
does not dominate the properties of the compound. The following review is based on a number
of excellent annual surveys of the rhenium chemistry which have been compiled by the Royal
Society of Chemistry in the series of Annual Reports23–30 and articles appearing in Coordination
Chemistry Reviews.31–36 Additional reviews are available which cover special fields and aspects of
rhenium chemistry, such as catalysis,37–42 structural chemistry,43,44 electrochemistry45 and cluster
chemistry46–54 as well as complexes with particular ligands55 or structural motifs.37,56–59

Coordination compounds of rhenium are known with the metal in the oxidation states þ1 up
to þ7. The oxidation state with the by far most representatives is that of þ5. The d2 configuration
is readily stabilized by multiply bonded ligands such as oxo, nitrido, or imido.

5.3.2 SYSTEMATIC CHEMISTRY

5.3.2.1 Oxidation State VII

Following general trends in the transition metal series the redox potentials of complexes of the
third row element rhenium are lower than those of manganese and (to a smaller extent) techne-
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tium. Perrhenate is only a weak oxidizing agent which permits a developed coordination chem-
istry of rhenium(VII). As for other higher oxidation states, the chemistry of rhenium(VII) is
dominated by the presence of multiply bonded ligands such as O2�, N3�, or NR2�. A compre-
hensive review summarizing all aspects of the inorganic and organometallic chemistry of rhe-
nium(VII) oxo and imido complexes has been published recently.37

5.3.2.1.1 Complexes with oxo ligands

(i) Perrhenate complexes

The aqueous chemistry of rhenium(VII) is dominated by the perrhenate ion, [ReO4 ]�, which is
easily formed by the dissolution of Re2O7 in alkaline solutions. The kinetics of oxygen exchange
between [ReO4]

� and solvent water have been examined at 25 �C using 17O NMR measure-
ments.60 The data suggest a very slow exchange with an acid independent rate constant of
1.4� 10�8 mol�1s�1. This value is a factor of two smaller than that for [TcO4]

�. However,
[ReO4]

� shows a dramatically increased rate for H2O exchange in the presence of complexing
citrate ions. This suggests an exchange mechanism that involves a coordination number
expansion.

The tetrahedral perrhenate ion is a stronger base than [ClO4]
� and should coordinate to metal

ions more readily than the latter.59 The place of the [ReO4]
� ligand in the spectrochemical series

has been estimated by the chemical and spectroscopic properties of five-coordinate iron(III)
porphyrin complexes of the general formula [Fe(TPP)X] (TPP= dianion of tetraphenylporphyrin,
X=Cl�, [B11CH12]

�, [ClO4]
�, [ReO4]

�, AcO�, F�) supporting the assumption that perrhenate is
a stronger ligand than perchlorate.61 Complexes with monodentately bonded perrhenate ligands
have been observed for numerous metal ions including sodium, where Na�O�ReO3 units with
Na—O bond lengths between 2.29 Å and 2.55 Å were found for sodium complexes with crown
ethers of various ring sizes.62–66 The Re—O bond lengths are almost unaffected by the coordin-
ation of the [ReO4]

� ion. Three forms of coordinated perrhenate are observed for caesium
complexes with calix[4]arene bis(crown-6) (BC6) in the 1,3-alternate conformation of the ligand.
[Cs2(ReO4)(BC6)][ReO4], [Cs2(ReO4)(H2O)(BC6)][ReO4], and [Cs3(ReO4)2(BC6)2][ReO4] differ
one from the other in the coordination mode of the perrhenate ions (monodentate, bidentate,
and bridging) and the position of the caesium ions in the crown.67 Molecular adducts of various
composition are formed between M2þ ions (M=Ca2þ, Cd2þ), urea, or thiourea, perrhenate, and
aqua ligands when the metal perrhenates are mixed with the ligands in different ratios.68–70

Supramolecular arrays were derived from very similar reaction mixtures with bivalent metal
ions such as Ca2þ, Pb2þ, Ba2þ, or Cd2þ.71–74 They will be described in Section 5.3.2.1.4.

Reaction of perrhenic acid with ferrocene yields complex anions of the composition
[Fe(OReO3)6]

3� (1) and [Fe(OReO3)4(H2O)2]
� which have been isolated as ferrocenium salts

and characterized by crystallography and Mössbauer spectroscopy.75 The neutral complex mer-
[Fe(OReO3)3(H2O)3] is obtained by the reaction of iron(III) hydroxide with perrhenic acid.76

Electrochemical oxidation of copper phthalocyanine, [Cu(pc)], in the presence of [Bu4N] [ReO4]
yielded [Cu(pc)] units with one and two [ReO4]

� co-ligands (2). EPR spectroscopy verifies that
both compounds contain CuII.77,78 The heterometallic �-oxo OsVI–ReVII complex [OsN{N(SP-
Ph2)2}2(OReO3)] ({N(SPPh2)2}

�= imidobis(diphenylphosphinothiolate)) is prepared by the reac-
tion of [OsN{N(SPPh2)2}2](BF4) with [Bu4N][ReO4].

79 [Ta2(OMe)8(OReO3)], a compound with
two bis-methoxo-bridged tantalum(V) ions, displays a close analogy to the homometallic
[M2(OMe)10] (M=Mo, W) complexes.80

Perrhenate coordination at rhenium centers is in most cases a result of either incomplete
reduction when starting from rhenium(VII) precursors or partial oxidation of rhenium in the
course of complex reactions. It has been observed for different rhenium cores containing the
metal in various oxidation states. A fascinating example is the oxidation of the metalloorganic
rhenium(V) complex [(�5-C5Me5)ReO(OCH2CH2O)] which produces a tetranuclear compound (3)
containing two asymmetric ReV fragments and two [ReO4]

� ligands in trans position to each
other.81 The perrhenate ligands in [ReI(CO)(OReO3)(Ph2PCH2PPh2)] (4),

82 [Re(CO)5(OReO3)],
83

[Re(CO)3(Ph3P)2(OReO3)],
84 [ReII(NO)Cl2(PPh3)-(OPPh3)(OReO3)] (5),

85 [ReII(NO)Cl2(OPPh3)2-
(OReO3)],

85 (Bu4N)[ReVI(NCPh3)-Cl4(OReO3)],
85 [ReO(TPP)(OReO3)],

87 [ReO(Ph2PC6H4S)2-
(OReO3)],

88 [ReO3(eg)(OReO3)],
89 and [Re(NPh)I2(PhNH2)(PPh3)(OReO3)]

90 coordinate trans
to carbonyl, nitrosyl, triphenylmethaneimido, oxo-, or phenylimido-ligands.
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(ii) Compounds derived from Re2O7

Re2O7 is readily soluble in some organic solvents. This is somewhat surprising for a polymeric
compound, but can be attributed to the unique structure of this oxide which contains tetrameric
rings with octahedral [ReO6] and tetrahedral [ReO4] units (6).

91 These units can easily be cleaved
from the polymer by donor solvents giving reactive [Re2O7] units having two vacant coordination
positions which are occupied by solvent molecules or bidentate ligands. This was demonstrated in
an early report on the isolation and characterization of ‘‘solid perrhenic acid’’,92,93 which has two
aqua ligands in the coordination sphere of one of the rhenium atoms. This arrangement remains
unchanged when the compound is co-crystallized with dioxane94 or diglyme.95 Further adducts of
the general formula [Re2O7L2] (7) are formed when Re2O7 is dissolved in polar solvents such as
MeCN,96,97 THF,98 or propionitrile.89 When Re2O7 was treated with DME or bidentate bases
such as 2,20-bipyridyl (bipy), 4,40-di-t-butyl-2,20-bipyridine (But-bipy), 2,20-bis(pyrazolyl)propane
((pz)2-prop) or N,N0-dicyclohexyl-1,4-diazabuta-1,3-diene (cydab) is added to a solution of
[Re2O7(THF)2] in THF, the adducts [Re2O7(L

\L)] are formed (8).89 Similarly to the compounds
of the type (7) one tetrahedral and one octahedral rhenium center is observed. Addition of a
ligand to the tetrahedral site of the molecule occurred with pyridine.99 The moisture-sensitive
[Re2O7py3] (9) deposits from solutions of Re2O7 in dry pyridine. Hydrolysis of the complex gives
[Hpy][ReO4].

100 The extremely oxygen-rich peroxo compound [Re2O3(H2O)2(O2)4] (10) which can
be prepared from rhenium oxide and H2O2 in diethyl ether shows considerable catalytic activity in
oxidation reactions but decomposes during these processes. Hydrolysis yields ‘‘perrhenic acid’’,
[Re2O7(H2O)2].
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Cleavage of the Re–O–Re units and the formation of oxo bridges to other elements generates
numerous novel compounds which can be regarded as derivatives of dirhenium heptoxide. Thus,
stimulated by the great synthetic potential of [TMS(OReO3)] and the promising catalytic proper-
ties of [O3ReOSiR3] compounds,102,103 novel silicon compounds such as [Ph3Si-(OReO3)],

104

[(O3ReO)(But2Si)(OReO3)] (11),105 [(O3ReO)(Bu2Si)O(Bu2Si)(OReO3)] (12),106,107 or the cyclic
[OSi(But)(OReO3)]4 (13) have been prepared.108,109 Whereas [Ph3SiOReO3] is easily accessible
from Re2O7 and Ph3SiOH, a similar reaction with (2,4,6-Me3C6H2)3GeOH which leads to [(2,4,6-
Me3C6H2)3Ge(OReO3)] requires longer reaction times.104 Ph3SnOH and Re2O7 do not yield the
tin analogue but give a tetrameric compound of the composition [(O3ReO)Ph2SnOPh2SnOH]2.

104

[(O3ReO)SnMe3] and [(O3ReO)PbMe3] are formed from dirheniumheptoxide and tetramethyl-
tin110 or tetramethyllead.111 The tin compound has a zigzag chain structure which originates from
catenation of the molecules via the tin atom to the perrhenate group of the neighboring molecule.
The trinuclear [(O3ReO)2SbPh3O] (14) can be prepared from Re2O7 and the dimeric (Ph3SbO)2.

107

When the reaction is performed in a 1:2 molar ratio [(O3ReO)SbPh3–O–SbPh3(OReO3)] is
formed. These reactions show that one of the antimony—oxygen bonds in triphenylstibane
oxide can be selectively cleaved.

Re2O7 ! ‘‘ReO þ
3 ’’ þ ½ReO4�

� ð1Þ

Re2O7 undergoes a formal heterolytic Re—O—Re bond cleavage upon reaction with strongly
chelating ligands such as 1,4,7-triazacyclononane (tacn) (15a), 1,4,7-trithiacyclononane (9S3)
(15b), or 1,4,7-trimethyl-N,N0,N00-triazacyclononane (Me3tacn) (15c).89,112,113 The resulting
ReO3

þ building blocks (Equation (1)) form stable cationic complexes of the general formula
[LReO3]

þ with the tridentate ligands and perrhenate anions serve as counter ions. The driving
force of these reactions is most probably the formation of the stable octahedral [LReO3]

þ units
and has also been observed for open-chain ligands such as N,N,N0,N0,N00-pentamethyldiethylene-
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triammine or tris(pyrazolyl)methane.89 The extraordinary stability of the trioxorhenium(VII) core is
demonstrated by the large number of derivatives containing this core.

N
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(15a) (15b) (15c)

X
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X
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O

+

(16)

X = S, NH, NMe

(iii) Trioxo complexes

Stable trioxorhenium(VII) complexes have been isolated with various ligands. A dominating
motif is a tripodal donor atom arrangement which stabilizes [ReO3L]

0,þ complexes perfectly.
The heterolytic cleavage of rhenium heptoxide with ligands of type (15) has been discussed

above. The resulting [ReO3L]
þ cations (16) are also accessible from perrhenate,114 or by the

oxidation of rhenium(I) tricarbonyl115–118 or rhenium(V) oxo complexes.116–119 Whereas the ionic
complexes [ReO3(tacn)]

þ and [ReO3(Me3tacn)]
þ are water stable, [ReO3(9S3)]

þ slowly decom-
poses in water. A more rapid hydrolysis is observed with open chain ligands.89,120 Due to the
formation of perrhenic acid, the solutions become strongly acidic and (HL)ReO4 salts can be
isolated from the resulting solutions. The [ReO3(tacn)]

þ cation deprotonates in alkaline solutions
(pKa= 10.3, 25 �C) to give the neutral [ReO3(tacn)].

116 A coordination behavior which is very
similar to that of tacn has been found for tris-(2-pyridyl)amine, which reacts with Re2O7 under
formation of a light-blue solid which has been identified as the cationic rhenium(VII) complex
[ReO3(L)][ReO4].

121 In contrast to [ReO3(tacn)]
þ, however, the tris-(2-pyridyl)amine compound

does not convert alkenes into alcohols. Nevertheless, a complex which is the potential product of
this conversion of ethene, [ReO(OCH2CH2O)(L)]Cl, has been prepared by a ligand exchange
procedure starting from the rhenium(V) precursor [ReOCl3(PPh3)2].

Neutral [ReO3L] complexes are formed with monoanionic tripodal ligands such as hydrotris-
(pyrazolyl)borate (HB(pz)3

�) (17), tetrakis(pyrazolyl)borate (B(pz)4
�) (18), and the phosphite-

based Kläui ligand ([cpCo{PO(OR)2}3]
�) (19) and their derivatives.
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[ReO3{HB(pz)3}] as well as the methyl substituted analogues can be prepared from Re2O7,
122,123

[NH4][ReO4],
124 by nitric acid oxidation of [ReOCl2{HB(pz)3}] or by thermolysis of the rhe-

nium(V) complex [ReO(eg){HB(pz)3}] (eg= ethylene glycolate).124 The latter reaction can be
attributed to the loss of ethylene and is the reverse reaction pathway observed for technetium.
Thus, [TcO3{HB(pz)3}] readily reacts with ethylene to form the technetium(V) complex
[TcO{HB(pz)3}(eg)] and is a representative of a class of compounds which dihydroxylate
alkenes.124,125 [ReO3{HB(pz)3}] is easily reduced to rhenium(V) species, the composition of
which are dependent on the reducing agent used. Similar behavior is observed for
[ReO3{B(pz)4}].

126,127

Rhenium(VII) trioxo-complexes with derivatives of the Kläui ligand (19) are stable in air and
organic solvents, but slowly decompose in aqueous solutions yielding perrhenic acid.128,129

[ReO3(cpCo{PO(OR)2}3)] can be prepared from Re2O7, perrhenate, or by oxidation of the
corresponding ReI tricarbonyl complex. Reduction with phosphines in the presence of HBr
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gives access to the rhenium(V) complex [ReOBr2(cpCo{PO(OR)2}3)]. This reaction, however, is
completely reversible.128

The observed conversion of oxo ligands to glycolate in technetium and rhenium complexes125

containing the metals in their higher oxidation states promoted interest in alkoxy complexes, little
being known about complexes of the type [ROReO3] (20).130,131 Tetracoordinate species are
unstable at room temperature, whereas the higher coordinated compounds [RO-ReO3L2] are
thermally stable.130 The alkoxy complexes [ReO3(OMe)(MeOH)]2 (21) and [ReO3(OCMe2-
CMe2OR)] (R=H, Me, TMS) (22) have fluxional structures in solution at room temperature.132

The protic hydrogen atom in [ReO3(OCMe2CMe2OH)] ((22) with R=H) can be abstracted to
yield the lithium salt Li[ReO3(OCMe2CMe2O)].132 The yellow solutions of [ReO3(OCMe2C-
Me2OH)] or [ReO3{OC(C6H10)C(C6H10)OH}] (C6H10= cyclohexyl) (23) in CH2Cl2 slowly
become orange and red crystals of the rhenium(VI) complex [ReO(diolate)2] may be isolated.133
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Treatment of Re2O7 with carboxylic anhydrides (RCO)2O in THF or MeCN yields two types
of perrhenic anhydrides. Strongly electron-withdrawing groups (e.g., R=CF3) lead to complexes
of the type [RC(O)OReO3L2] (L=THF, MeCN) (24) exhibiting �1-coordinated carboxylato
groups and octahedral coordination of the metal. By way of contrast, anhydrides of weak
carboxylic acids (e.g., R=Me) yield [RC(O)OReO3L] (L=THF, MeCN) (25) complexes with
�2-bonded carboxylato groups.134
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Compounds which can formally be regarded as derivatives of [ReO3Cl] or the [ReO3Cl2]
�

anion, which can be isolated from mixtures of ReO3Cl and (Ph4P)Cl,
135 are formed with imine

ligands or phenothiazines.136–138 [ReO3Cl(phen)]
136 (phen= 1,1-phenanthroline) and [ReO3Br-

(Butbipy)]137 precipitate from solutions of perrhenate, the ligands and HCl or HBr. The five-
coordinate complex [ReO3(oxinate)]

139 (oxinate= 8-hydroxyquinolinate) has been studied for its
photoluminescence properties, showing a green fluorescence at �= 511 nm and a very weak one at
�= 645 nm. Both emissions originate from the lowest-energy intraligand � to �* transition on the
oxinate ligand.140 Five-coordination of the rhenium atom was also observed in
[ReO3{(TMSN)2CPh}] ((TMSN)2CPh= bis(trimethylsilyl)- benzamidinate) (26) which is obtained
from reaction of Re2O7 with the zinc salt of the ligand.141 The metal exhibits an irregular trigonal
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bipyramidal environment. An unusual trioxorhenium(VII) compound containing the metal with the
coordination number 4 can be made from the organometallic [ReO2(mes)2] (mes= 2,4,6-Me3C6H2)
and NO gas. This reactions gives orange crystals of the imido complex [ReO3(NMes)].142

(iv) Dioxo and monoxo complexes

Compared with the large number of rhenium(VII) trioxo complexes there are relatively few
reports on dioxo and monoxo compounds. They are mainly derived from rhenium(VII) oxyfluor-
ides or contain catecholato ligands.

Reactions of ReO2F3 with AsF5 or SbF5 lead to compounds of the compositions [ReO2-F3(AsF5)]
or [ReO2F3(SbF5)] which have solid-state structures consisting of infinite chains of octahedral
[ReO2F4] and [AsF6] or [SbF6] units.

143 The oxo ligands are in cis position to each other (27).
[ReO2F3(SbF5)] ionizes in SO2ClF solvent to give the novel [Re2O4F5]

þ cation and the [Sb2F11]
�

anion. The [ReO2F2(MeCN)2][SbF6] complex salt is formed upon dissolution of [ReO2F3(SbF5)] in
acetonitrile. The [ReO2F2(MeCN)2]

þ cation has a pseudooctahedral cis-dioxo-arrangement in
which the MeCN ligands are trans to the oxygen atoms.143 cis-Coordination of two oxo ligands
can also be found in complexes with the pentafluorooxotellurato ligand, OTeF5

�, which resembles
fluorine in its ability to stabilize the high oxidation states of the elements. [ReO2(OTeF5)3] can be
prepared from a reaction of ReO2F3 with B(OTeF5).

144 NMR and vibrational spectroscopic results
are consistent with a trigonal bipyramidal arrangement in which the oxygen atoms and an OTeF5

�

group occupy the equatorial plane. Fluorine-19 and 125Te NMR spectra show that the axial and the
equatorial OTeF5

� ligands are fluxional and are consistent with intramolecular exchange by means
of a pseudorotation. [ReO2(OTeF5)3] shows Lewis acid behavior as can be seen by its reaction with
OTeF5

� which yields the [ReO2(OTeF5)4]
� anion (28) which can be isolated in form of its tetraalk-

ylammonium salt.144 The cis arrangement of the oxo ligands is preserved during this reaction. A
monooxo complex, the pseudooctahedral [ReO(OTeF5)5] is formed when the rhenium(VI) com-
pound [ReO(OTeF5)4] is oxidized with Xe(OTeF5).
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Oxidation of rhenium(V) to rhenium(VII) is observed when [ReOCl3(PPh3)2] reacts with excess
catechol (H2cat) in air and the complex anion [ReO2(cat)2]

� (29) can be isolated from these
reaction mixtures.146 Cyclic voltammetry coupled with convolution analysis showed that the
rhenium(VII) complex undergoes a reversible diffusion-controlled one-electron reduction.
Another approach to complexes of the type (29) is the reaction of monoprotonated catecholates
with rhenium pentacarbonyl triflate.147 The formation of oxobridged dimeric [Re2O6-(SO3Cl)2]
complexes has been suggested from spectroscopic studies on solvolytic reactions of perrhenates
with chlorosulfuric acid.148

5.3.2.1.2 Sulfido complexes

Transition metal sulfide units occur in minerals in nature and play an important role in the
catalytic activity of enzymes such as hydrogenase and nitrogenase. Industrial processes use
transition metal sulfides in hydroprocessing catalysis. Both the metal and the sulfur sites in
these compounds can undergo redox reactions which are an important part of their reactivity.
Thus, the electronic situation of the ReS4

� anion and related complexes is of considerable interest
and has been evaluated applying quantum chemical methods.149,150
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Tetrathioperrhenate, ReS4
�, has been the subject of a number of studies including both

synthetic and structural aspects. [Et4N][ReS4] is formed upon heating ReO4
� in a methanolic

ammonium polysulfide solution. A change of the solvent and/or the cation leads to reduction of
the metal and complexes containing rhenium(V) or rhenium(IV) centers such as [ReS9]

�,
[Re4S22]

4� or [Re2S16]
2� are formed.151,152 Stable transition metal complexes with the tetrahedral

[ReS4]
� ligand and related species are formed with iron which partially mimic biological reaction

centers.151,153–156 The reaction of [Et4N][ReS4] with [Re(CO)5Cl] gives di- and trinuclear com-
plexes with sulfido bridges between rhenium atoms in both low and high oxidation states.157

Multinuclear copper complexes with [ReS4]
� ligands are available from mixtures containing

[Et4N][ReS4] and copper(I) halides.151,158,159 The reaction with CuNCS yields anions with com-
plicated (partially polymeric) structures in which parts of the solid-state structure of CuNCS are
linked by tetrathioperrhenate units.160 Complexes containing oxothioperrhenato ligands have
been prepared from copper(I) halides, Ph3P, and [Et4N][ReS4] in acetone or CH2Cl2 in air.161

The copper atoms in the products are exclusively bonded by halogen and sulfur atoms forming
monomeric [CuI(S2ReO2)]

� units (30) and the heterocubane anion [Cu3Cl4(ReOS3)]
2� (31).
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An interesting feature of the [ReS4]
� anion is its reactivity, which gives access to a number of

new sulfur-rich compounds. [ReS4]
� undergoes addition and cycloaddition reactions with alkenes,

alkynes, or isocyanides yielding a large variety of rhenium(V), rhenium(IV), or rhenium(III)
sulfido, perthiolato, and thiolato complexes.162–170 Details will be described in the sections
which cover the chemistry of the corresponding oxidation states.

5.3.2.1.3 Nitrido and imido and related complexes

In addition to oxo and sulfido groups, multiply bonded nitrogen ligands are able to stabilize
rhenium in its highest oxidation state. The dinuclear [NRe2F9(NCl)] (32) is the product of direct
fluorination of ReNCl4.

171 The fluoro bridge between the two rhenium(VII) centers is strongly
asymmetric (Re—F: 1.88 Å vs. 2.28 Å) which is a consequence of the different trans directing
influences of the nitrido and the chloroimido ligands. Another approach to [Re(NX)F5] com-
plexes is given by reactions of ReNF4 with XeF2, ClF3, or BrF3.

172 The dianionic [Cl2Re(N3S2)-
(�-NSN)(�-N�ReCl3)]2

2� (33) is formed during the reaction of [ReCl4(NSCl)2] with N(TMS)3 in
dichloromethane.173 The complex anion consists of a planar ReN3S2-heterocycle which is con-
nected with a second rhenium atom by a �-nitrido bridge as well as by a �-dinitridosulfato(II)
ligand. Two of these [Cl2Re(N3S2)(�-NSN)(�-N�ReCl3)] units dimerize via one of the N-atoms
of the (NSN)4� ligand to give a centrosymmetric R2N2 four-membered ring.
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The formation of N3� ligands by decomposition of hydrazine or hydrazine derivatives in acidic
media provides one of the standard procedures for the synthesis of rhenium nitrido complexes.174
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The mechanisms of these reactions, however, are still not completely clear. Hydrazido complexes
as possible intermediates in nitride formation have been obtained from the reaction of the
rhenium(V) compound [ReOCl3(PPh3)2] with MePhNNH2.

175 The reaction in methanol under
reflux gives the rhenium(VII) bis(hydrazido) cation [ReCl2(NNMePh)2(PPh3)2][BPh4] which can
be used as precursor for the synthesis of further hydrazido–rhenium(VII) complexes with various
co-ligands. When Ph2NNH2 is used instead of MePhNNH2, a mixture of the rhenium(V)
hydrazide [ReCl3(NNPh2)(PPh3)2] and the mixed nitrido/hydrazido rhenium(VII) complex
[ReCl2(N)(NNPh2)(PPh3)] is formed. In the presence of a base, the rhenium(VII) cation
[ReCl2(NNPh2)2(PPh3)2]

þ is the preferred product.176

Imido-ligands, NR2�, are isoelectronic with the oxo ligand and should produce complexes of
similar types. However, there are two important differences between NR2� and O2�. The imido-
group has better electron-donating capabilities and the fact that with the substituent R the steric
requirements of this ligand can be controlled within a wide range. This allows the stabilization of
imido species with low coordination numbers and with ligands which are easily oxidized.

Key compounds in rhenium(VII) imido-chemistry are [Re(OTMS)(NBut)3] (34) and its deriva-
tives [Re(OER3)(NR3)] (E=C, Sn; R=Ph, 2,6-C6H3Me2, 2,6-C6H3Pr

i
2) which can be prepared

from the parent rhenium(VII) oxo compounds and isocyanates (Scheme 1).104,177 The correspond-
ing halides can be made by reactions of the trimethylsiloxo compounds with PhICl177 (t-butyl
compounds (35)) or by a simple single-pot reaction from rhenium(VII) oxide, ArNH2, and
TMSCl in the presence of a base (aryl derivatives).178 Both types of compounds are versatile
precursors which allow access to numerous novel imido complexes (Scheme 2). The amido-
derivative [Re(NBut)3(NHBut)] (36) is obtained upon reaction of (35) with LiNHBut and can
undergo deprotonation to yield [Re(NBut)4]

�, the imido-analogue of the perrhenate ion
(37).177,179 Further protonation gives cationic [Re(NBut)3(NH2Bu

t)]þ (38) which is frequently
used for ligand exchange reactions.180 In the resulting complexes the high oxidation state of the
metal is also stabilized in the presence of reducing ligands such as Ph3P (39). Similar products can
be obtained directly from [Re(NBut)3Cl] and include pyrazolato (40), phosphido, and amido
ligands (41).181,182 Phosphoraneiminato complexes (42) are formed during the reaction with
LiN=PR3.

182 A chemistry which is comparable to that of [Re(NBut)3X] has been developed
for arylimido-analogues.183,184 This also includes complexes containing different imido ligands at
the same metal center,185 and the structure of cis,trans-[Re(NC6H3-2,6-Pr

i
2)2Cl2(benzoate-O,O0)]

has been determined.186
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Bis-imido complexes which can be regarded as derivatives of [Re(NBut)2X3] (43) (X=Cl, Br)187

have been described with pyridine ([Re(NBut)2Cl3py])
188 and tripodal ligands of the type

(15).189,190

Several organometallic mixed imido/oxo compounds are known. They can be synthesized by
mixing oxo- and imido-complexes and oxo/imido-ligand exchange takes place via bridging ligand
groups. In solution there is an equilibrium between monomers and dimers, in the solid-state
dimeric compounds with bridging oxygen atoms can be isolated.191 An example without a
rhenium–carbon bond, is the trimethystannyl-substituted aminorhenium trioxide (Me3Sn)2-
NReO3, prepared from TMSOReO3 and N(SnMe3)3.

107

The formation of polynuclear compounds is often observed as a competing reaction when a
deficiency of reactants is used or ligands are provided which can easily act as bridges between
metal centers. Thus, the trinuclear [{Re(NBut2(OTMS)}2(�-O)(�-OTMS)(�-OReO3)] (44) is
obtained when [ReO3(OTMS)] is exposed to a deficient amount of ButHTMS.192 The bridging
perrhenato ligand can easily be replaced by F3CCOO�.181 A tetrameric compound with a rather
complex structure, [Re4(NBut)8(�-O)(�3-O)2(OSO2CF3)4] (45) is obtained as a side-product upon

280 Rhenium



protonation of [Re(NBut)3(NHBut)] with CF3SO3H.180 The reaction of [But2Si(OReO3)2] with
an arylisocyanate, however, yields the tetrameric, mixed oxo/imido compound [(But2SiO2)2(�-O)4-
(�3-O)2{ReO(NAr)}{Re(NAr)}2] (46).
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Phosphoraneiminato complexes of rhenium(VII) have been isolated from reactions of Re2O7 with
TMSNPR3 (R=Ph,Et) or TMSNP(Ph)2C2H4PPh2NTMS,194,195 whereas attempts starting from
[NH4][ReO4] only yield the ion pair [TMSNHPPh3][ReO4].

196 A quantum chemical analysis of
[(Ph3PN)ReO3] and complexes with the isolobal cyclopentadienyl ligand suggests differences in
metal–ligand bond strengths.197 The formation of compounds of the composition
[ReO2(OTMS)2{N(Ph2)PCH2PPh2}] and [ReO2(OTMS)2{N(Ph2)PCH2AsPh2}] from [(TMSO)ReO3]
and the trimethylsilyl protected chelating ligand has been concluded from spectroscopic studies;
however, X-ray structural data was not reported.198 Well characterized are the mixed phosphora-
neiminato/arylimido compound, [(Ph3PN)Re(NC6H3Pr

i
2-2,6)3],

199 and structurally related cyclo-
phosphazene imido complexes which were prepared from silylated diphosphazenes and Re2O7

followed by the reaction of the resulting oxo-species with ArNCO (Ar= 2,6-C6H3Pr
i
2).

200,201

5.3.2.1.4 Supramolecular compounds

The role of perrhenate as bridging ligand in the coordination chemistry of bivalent cations such
Ca2þ, Ba2þ, Cd2þ, or Pb2þ has already been mentioned in Section 5.3.2.1.1(i). Three-dimensional
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networks are formed with urea or thiourea as co-ligands. Perrhenato ligands act as bi- or
tridentate bridges or complete the coordination sphere of the M2þ cations as monodentate
OReO3

� building blocks.71–74 A similar structural pattern can be observed in the paramagnetic
gadolinium(III) complex [Gd(H2O)2(OReO3)3] where distorted tricapped trigonal prisms of the
{Gd(H2O)2(OReO3)6/2} subunits are interconnected via ReO4

� ligands.202 Infinite chains of
[Ho(OReO3)3(TDTD)4(H2O)] (TDTD= 1,4-dithiane 1,4-dioxide) are formed when hydrated hol-
mium perrhenate is mixed with TDTD in a molar ratio of 1:4.203 Similar structures are also
known for other lanthanides.204 Supramolecular assemblies are known with tetranuclear
[Ag4(pyrimidine)4] subunits interconnected by [ReO4]

� ions to give a coordination polymer. The
perrhenate is bonded via hydrogen bonds and long range Ag–O contacts of between 2.8 Å and
3.0 Å.205 Infinite chains in which square-planar rhodium and tetrahedral rhenium centers are
linked by oxygen bridges to form a (–ReO2–O–Rh(COD)–O–)n polymer are the result of the
reaction of [(COD)Rh(�-Cl)]2 (COD= 1,5-C8H12) (47) with two equivalents of AgReO4.
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Another class of supramolecular arrays containing rhenium is the group of tungstorhenate
heteropolyanions. They can be isolated from reaction mixtures of sodium tungstate and various
rhenium starting materials. Besides complexes of the Keggin structure type,207 compounds with
[W9ReO32]

n� (n= 3–5)208 (48) or [�2-ReOP2W17O61]
n� (n= 5–7)209 subunits have been studied.

The resulting polyanions undergo redox reactions at the rhenium centers yielding cavities contain-
ing rhenium atoms in the oxidation states þ5, þ6, or þ7. ESR studies of [W9ReO32]

4� suggest
that the Re atom occupies one of the eight identical equatorial positions in the anion.208

Perrhenate and related building blocks are constituents of several cluster compounds where they
act as terminal groups in organometallic rhenium oxides such as in [(cp*Re)3(�2-O)3(�3-O)3ReO3]

þ

(49)210 or in heterometallic clusters such as the structurally related [(Re)3(�
2-dppm)3(�

3-O)3ReO3]
þ

(dppm= bis(diphenylphosphino)methane)211 and [Pt4{P(C6H11)3}4 (�-CO)2(ReO4)2].
212 A series of

platinum–rhenium and platinum–rhenium–mercury clusters with Pt–Re multiple bonds has been
isolated from reactions of Pt3 precursors with Re2O7 or perrhenate.

213,214

5.3.2.2 Oxidation State VI

Rhenium(VI) complexes which contain the metal in a d1 configuration are comparatively rare.
They are often formed as transient states during the reduction of rhenium(VII) or oxidation of
rhenium(V) compounds and readily undergo further redox processes. Stable ReVI complexes can
be obtained with strongly donating ligands such as oxo-, nitrido-, or imido- groups or by
stabilization of the metal center by a trigonal prismatic coordination sphere. The monomeric,
paramagnetic d1 compounds are often studied by EPR spectroscopy, which is particularly suitable
for complexes with axial symmetry, where well-resolved 185,187Re hyperfine interactions (I= 5/2)
can be expected. Despite specific problems due to the large Re hyperfine couplings and the
occurrence of ‘‘forbidden’’ �MI=�1, �2, . . . transitions detailed information about the deloca-
lization of the unpaired electron and the composition of the first coordination sphere can be
derived.209,215 By means of EPR spectroscopy unstable paramagnetic intermediates can be
detected as has been demonstrated for a number of oxohalide complexes216 or the electrochem-
ically generated [ReOCl2(OEt)(py)2]

þ.217 Diamagnetism is observed for dimeric rhenium(VI)
complexes where spin-pairing is obtained by the formation of a metal–metal bond.
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5.3.2.2.1 Oxo complexes

Oxo complexes of rhenium(VI) are preferably stabilized by ‘‘hard’’ donor atom ligands such as
oxygen or nitrogen. Rhenium(VI) oxo-complexes with alkoxo ligands including [Re2O3(OMe)6],
[ReO(OPri)5]

�, and ReO(OBut)4] were isolated early.218 These are unstable as is their homoleptic
analogue [Re(OMe)6]

219,220 and decompose even at moderate temperatures. Thermally more
stable compounds can be obtained with chelating alkoxides such as 2,3-dimethylbutane-2,3-diol
(pinacol, H2pin) or 1,10-bicyclohexane-1,10-diol (H2bicyc).

133 [ReO(pin)2] (50) and [ReO(bicyc)2]
are formed upon reduction of the corresponding trioxo hydrogendiolato rhenium(VII) complexes
with Ph3P. They possess a distorted square-pyramidal coordination geometry and are not oxi-
dized by dry air.
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ReCl5 or ReOCl4 react with ClOTeF5 to give blue paramagnetic [ReO(OTeF5)4]. In the solid
state the geometry is square pyramidal with the doubly bonded oxygen atom in the apical
position. The rhenium(VI) compound can be oxidized with Xe(OTeF5)2 to give the yellow
rhenium(VII) complex [ReO(OTeF5)5].

145

Another approach to rhenium(VI) compounds is the oxidation of appropriate rhenium(V)
precursors. Dioxorhenium(VI) complexes with (substituted) pyridine ligands are formed upon
photochemical or electrochemical oxidation of trans-[ReO2(Rpy)4]

þ complexes (R=H or
4-NMe2).

221,222 The trans-configuration of the oxo ligands is maintained in the products. Struc-
tural and EPR studies on trans-[ReO2(4-NMe2py)4]

2þ (51) show that the oxidation of trans-
[ReO2(4-NMe2py)4]

þ results in considerable shortening of the Re—N bond lengths whereas the
Re—O bond lengths are virtually the same in the rhenium(V) and rhenium(VI) compounds. The
structural data confirm that an electron is removed from the dxy orbital upon oxidation of ReV as
suggested by the EPR data.222

Although a trans-configuration of the oxo-ligands in the pyridine complexes is observed, a cis-
dioxo arrangement occurs in [ReO2X{HB(pz)3}] (X=Cl, Br, I) (52).223 These compounds are the
result of the reactions of [ReO(X)(triflate){HB(pz)3}] complexes with one equivalent of pyridine
N-oxide. The reactions most probably occur by initial formation of the d 0 rhenium(VII) cations
[ReO2(X){HB(pz)3]

þ by oxygen atom transfer, followed by a one electron reduction. The rhe-
nium(VI) compounds are fairly stable in the solid state, but in solution they slowly dispropor-
tionate with formation of [ReVIIO3{HB(pz)3}] and [ReVO(X2){HB(pz)3}].

5.3.2.2.2 Nitrido and imido complexes

The neutral rhenium(VII) nitride chloride ReNCl4 is reduced to the tetrachloronitridorhenate(VI),
[ReNCl4]

�, by the reaction with [Ph4As]Cl.224 However, the hazardous synthesis of ReNCl4 from
ReCl5 and nitrogen trichloride or chlorine azide, restricted the use of the ReVI anion for further
ligand exchange experiments. A more facile synthesis of [Bu4N][ReNCl4] is achieved by the
reaction of [ReO4]

� with sodium azide and HCl.225 The electronic structure of the [ReNX4]
�

anions (X=Cl, Br, F) has been studied extensively by EPR showing that the experimental results
can readily be reproduced by quantum chemical (Extended Hücker Theory, Density Functional
Theory) techniques.215,226,227 [ReNCl4]

� reacts with reduction of the metal with numerous ligand
systems having phosphorus, sulfur, nitrogen, or oxygen atoms as donors.225 The 6þ oxidation
state is maintained during ligand exchange reactions with halides or pseudohalides.225–227 The
existence of the unstable [ReNF4]

� anion and the mixed-ligand complexes [ReNCl4�nFn]
� (n= 0–4)

has been proved conclusively by EPR studies.228 EPR spectra of axially symmetric rhenium(VI)
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complexes consist of six 185,187Re hyperfine lines (Figure 2a) due to the interaction of the unpaired
electron with the nuclear spin of rhenium (I= 5/2). Anisotropic frozen solution spectra show
patterns with two pairs of six lines each in the parallel and perpendicular part in which additional
(superhyperfine) couplings can be observed. These couplings patterns as well as the ~gg and ~aa values
of the spectra give direct information on the composition of the coordination sphere of the metal.
Figure 2b shows a frozen-solution spectrum of [ReNF4]

� with well-resolved 19F-superhyperfine
quintets as expected for the equatorial [ReF4] coordination.

227

Rhenium(VI) nitride compounds can be generated by oxidation of rhenium(VI) complexes with
chlorine or bromine. The products formed are often unstable and ligand exchange reactions with
Cl� or Br� lead to a complex mixture of ReVI compounds. Oxidation of the rhenium(V) complex
[ReN(PPh3)Cl(cpCo{PO(OR)2}3)] with Ag(BF4), however, yields [ReN(PPh3)Cl(cpCo-
{PO(OR)2}3)](BF4) (53) in good yields.229
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The terminal nitrido-ligands are nucleophilic and react with Lewis acids. The isolated bimetallic
products which contain rhenium in the 5þ oxidation state are treated in Section 5.3.2.3.3.
Rhenium(VI) compounds are obtained when [Bu4N][ReNCl4] reacts with B(C6F5)3 or BBr3.

Figure 2 EPR spectra of rhenium(VI) complexes: a) liquid solution spectum of [NBu4][ReNCl4] showing
exclusively the six hyperfine lines due to the nuclear spin of 5/2 of the 185,187Re nuclei and b) well resolved
18F superhyperfine couplings in the axially symmetric frozen solution spectrum [ReNF4]

� showing two pairs
of 185,187Re sextets in parallel and perpendicular part.
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Whereas simple adduct formation is observed with the borane and the
[Re{NB(C6F5)3}Cl4(H2O)]� anion (54) is obtained as its [Bu4N]þ salt in good yields,230 the
trimeric compound [(H2O)Br4ReNReBr4ReBr4N(H2O)]2� (55) is the product of the reaction
with boron tribromide.231 Both compounds are paramagnetic and have been characterized by
EPR spectroscopy. The spectral parameters indicate a decrease of the 185,187Re coupling constants
upon the formation of the nitrido-bridge.

An unusual synthesis of a rhenium(VI) nitrido complex has been observed with the ligand
reaction of the rhenium(V) precursor [ReNCl2(PPh3)2] with 2,4,6-tri-isopropylbenzenethiolate,
tipt�, which gave the green rhenium(VI) complex [ReN(tipt)4]

�, when the reaction mixture was
exposed to air, whereas the pale orange rhenium(V) compound [ReN(tipt)4]

2� was obtained in an
inert atmosphere.232

The addition of electrophilic agents to terminal nitride ligands can be applied to the synthesis of
imido complexes. This has been demonstrated with triphenylcarbonium salts86 and compounds of
the formula [Re{NC(C6H5)3}X4] (X=Cl, Br, F, NCS)233 have been studied by EPR spectroscopy
and show similar spectroscopic features to their [Re{NB(C6F5)3}X4]

� analogues.234

ReOCl4 reacts with PhNCO to give the rhenium(VI) compound [Re(NPh)Cl4] which forms
adducts with donor solvents such as THF or acetonitrile.235 Anionic [Re(NPh)Cl5]

� is obtained
when [Re(NPh)Cl4] is treated with [Me4N]Cl.235 Two other approaches to rhenium(VI) arylimido
compounds include an azo splitting reaction starting from 2-(arylazo)pyridines236 and the oxida-
tion of rhenium(V) imides by nitric acid.237,238

The dimeric homoleptic rhenium(VI) imide [{(ButN)2Re(�-NBut)}2] (56) is product of the
reduction of [Re(NBut)3(TMS)] or [Re(NBut)3I] by sodium amalgam.177,239 The compound reacts
with electrophiles with protonation or the formation of multinuclear, heterometallic aggre-
gates.239
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An unusual dimeric complex has been synthesized by the reaction of [ReNCl4] with
TMSNPPh3 in acetonitrile. The rhenium atoms in [{Re(N)Cl(NPPh3C6H4)}2] (57), which pos-
sesses a Re—Re bond, are �2-bridged via the N-atoms of the phosphoraneiminato ligands and the
coordination spheres of the metal atoms are completed by nitrido and chloro ligands as well as by
a Re—C bond to one phenyl group.240

5.3.2.2.3 Miscellaneous

The stabilization of high oxidation states by catecholato ligands has been described in Sections
5.3.2.1.1(iii) and 5.3.2.2.1. This is also possible in the absence of oxo ligands. Tris-complexes with
3,5-di-t-butyl-1,2-catecholate and tetrachloro-1,2-catecholate have been described.241,242 The
coordination sphere of the metal in these compounds are distorted octahedra which is also
reflected in the well-resolved axial EPR spectra. This structure contrasts with that of the crystal-
lographically characterized trigonal-prismatic rhenium(VI) complexes with dithiolene-type ligands
and [Re(NHNC(S)Ph)3].

243 The latter compound is obtained when a mixture of perrhenate and
HCl is mixed with thiobenzoylhydrazine or [ReOCl3(PPh3)2] reacts with the ligand in air. A
trigonal prismatic geometry was also suggested for a tris-o-phenylenediamine complex244 and a
product which is obtained from the oxidation of [Re(C3S5)3]

� (C3S5
2�= 4,5-dithio-1,3-dithiole-

2-dithionate dianion) with iodine.245 The oxidation state of the metal is ambiguous in all such
complexes and in the absence of specific magnetic or PES (Photo Electron Spectroscopy) meas-
urements assignment is entirely formal.
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The redox behavior of [W9ReO32]
n� (n= 3–5) (48) or [�2-ReOP2W17O61]

n� (n= 5–7) hetero-
polyanions208,209 has been mentioned in Section 5.3.2.1.3. ESR studies at [W9ReO32]

4� suggest
that the ReVI ion occupies one of the eight identical equatorial positions in the anion.208

Homo- and heterometallic rhenium oxomethoxide clusters with a [M4(�-O)2(�-OMe)4]
(M=Re, Nb, Ta) planar core have been obtained by anodic oxidation of Re metal in methanol.
[Re4O6(OMe)12] has been studied crystallographically. The molecule is built up of a planar
rectangular tetranuclear [Re4(�-O)2(�-OMe)4O4(OMe)8] unit.

246 The heterometallic members of
the family [Re4�xMxO6�y(OMe)12þy] (M=Mo, W) have been obtained by interaction of Re2O7

with MO(OMe)4 or M(OMe)6 in toluene at reflux.

5.3.2.3 Oxidation State V

By far, the largest number of structurally characterized rhenium complexes contain the metal in the
oxidation state ‘‘þ5’’. This can be attributed to the high stability of the rhenium(V) oxo, nitrido, and
imido cores with a great variety of ligand systems, but is doubtlessly also related to the fact that
rhenium complexes are frequently used as nonradioactive model compounds for the development of
technetium radiopharmaceuticals. The dominance of ‘‘O2�’’, ‘‘N3�’’, and ‘‘NR2�’’ ligands can be
rationalized by the fact that they are excellent �-donors and, therefore, stabilize high oxidation states.
The strong trans-influence of these ligands often leads to five-coordinate complexes of square-
pyramidal geometry or six-coordinate compounds having a strong tetragonal distortion. A quantum
chemical analysis of the electronic structure of rhenium oxo and nitrido complexes shows that the
ReO and ReN multiple bonds are strongly covalent.247 The � and � contributions to the ReO bonds
are strongly polarized towards oxygen. The ReN bonds are much less polarized and should be
regarded as triple bonds. The bonding to the equatorial ligands has mainly M(d) character. These
bonding properties lead to spin pairing in the b2 orbital and rhenium(V) oxo, nitrido, and imido
complexes are diamagnetic or show an only slightly temperature dependent paramagnetism.

5.3.2.3.1 Oxo complexes

General approaches to oxo complexes of rhenium(V) are given via ligand exchange procedures
starting from the readily available precursors [ReOCl3(PPh3)2] or [Bu4N][ReOCl4] or by simulta-
neous reduction and substitution starting directly from [ReO4]

�.
Oxo ligands can be found in various cores which are related to each other by the addition (and

subsequent deprotonation) of water ligands in the empty sixth position of square-pyramidal
monoxo rhenium(V) complexes. Subsequently the [ReO]3þ, [ReO(OH2)]

3þ, [ReO(OH)]2þ, and
[ReO2]

þ cores (58) can be formed (Scheme 3). cis-Dioxorhenium(V) complexes are much more
rare than the corresponding trans complexes. An EHMO explanation of this fact has been
suggested indicating that bidentate ligands with small bite angles and good �-donor and
�-acceptor properties should allow the formation of the cis isomer.248 Condensation of the
monomeric units may yield dimeric or trimeric oxo-bridged cores with the linear [O¼Re–O–
Re¼O]4þ (59) or [O¼Re–O–Re(O)–O–Re¼O]5þ (60) cores. Rhenium oxo cores therefore
possess a marked flexibility and form stable complexes with ligands with various steric and
electronic demands. Depending on the net charge of the ligands applied different central units
will be formed for optimal charge compensation. Thus, neutral ligands will generally prefer
[ReO2]

þ centers whereas ligands which carry two or more negative charges will preferably be
coordinated to the [ReO]3þ core. Of course there are exceptions to this rule and the prevailing
bonding situation is controlled by the individual �- and �-bonding properties of the ligands and
their interactions with the metal. Common starting materials for the synthesis of rhenium(V) oxo
complexes are the readily available complexes [ReOCl3(PPh3)2], [Bu4N][ReOCl4], or [ReO2

(py)4]Cl. The nature of the resulting rhenium oxo core (58)–(60), however, is mainly determined
by the incoming ligand, not by the structure of the oxorhenium precursor.

A remarkable aspect of the rhenium oxo complex chemistry is the ability of terminal oxo
functions to act as nucleophiles. This has been used to incorporate dioxo complexes such as
[ReO2(py)4]

þ or [ReO2(CN)4]
3� between the negatively charged interlayers of silicates like hector-

ite (pyridine complex) or between the positive layers of a hydrotalcite-like Mg/Al double hydro-
xide.249 The same concept has been applied for the isolation of molecular units containing Re–O–M
bridges where M is a Lewis acid.250,251
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In the following systematic overview the ligands are distinguished by their denticity and the
nature of their donor atoms. The ligands discussed first will later be treated as co-ligands in
mixed-ligand complexes. A similar approach is adopted for mixed-ligand complexes containing at
least one chelating ligand where monodentate ligands will be regarded as co-ligands.

(i) Complexes containing exclusively monodentate ligands

(a) Halide and pseudohalide ligands. Oxoanions with halide ligands are versatile precursors for
the preparation of numerous other rhenium(V) compounds. Several syntheses of [ReOX4]

�,
[ReOX5]

2�, or [ReOX4(solvent)]
� anions (X=Cl, Br) are known,21 but most of them suffer from

the contamination of the products by paramagnetic species such as [ReOX5]
� or [ReX6]

2�.
Improved synthetic procedures for the preparation of pure [Bu4N] [ReOCl4] and [Bu4N]
[ReOBr4(H2O)] in high yield have been reported by the reduction of perrhenate with HCl gas
in methanol,252 or by the reaction of [ReO4]

� with Bu3PBr2 on air.253 That the occupation of the
coordination position trans to the oxo ligand with a fifth halide or a solvent molecule depends on
the conditions of crystallization and the cation used as has been demonstrated crystallographi-
cally for a number of new examples.254–257 A comparative study summarizes the vibrational
spectra of pentahalooxorhenates and their technetium analogues.258

Extensive mechanistic studies on the ligand exchange behavior of tetracyanodioxorhenate with
other monodentate nucleophiles259,260 have been performed by means of 13C-, 15N-, and 17O-
NMR spectroscopy and are summarized in Figure 3. The results have been compared with the
behavior of similar molybdenum(IV), tungsten(IV), and technetium(V) complexes. The cyanide
exchange at the rhenium(V) center contrasts to the behavior of the other metals and shows a pH
dependence which cannot be attributed to the protonation of either an oxo ligand or to the pKa

value of HCN and possibly results from protonation of a bound cyano ligand in [ReO2(CN)4]
3�

or an outer-sphere interaction.261 The oxygen exchange is unique for all these metal centers and
follows an acid-catalyzed pathway262 whereas the proton exchange is manifested by the inversion
induced on the coordination polyhedron via protolysis.263 The cyanide exchange processes are the
slowest. The kinetic studies are accompanied by the X-ray crystallographic characterization of
several intermediates and related compounds.264–267 Ligand exchange reactions on [ReOX4]

�

(X=Cl, Br) with NH4SCN in DMSO gave several mixed-ligand complexes with coordinated
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dimethylsulfoxide molecules268 whereas [ReO(SCN)5]
2� was formed during electrochemical reduc-

tion of [ReO4]
� in H2SO4 in the presence of SCN�.269

(b) Phosphorus and arsenic donor ligands. Although known for decades, rhenium(V) oxo
complexes with tertiary phosphines still arouse considerable interest. This is due to their out-
standing importance as starting materials for the synthesis of rhenium(V) oxo compounds with
chelating ligands. Special attention has been paid to compounds of the type [ReOX2(Y)(PPh3)2]
(X=Cl, Br, I; Y=X, OR, F) (61). The existence of two polymorphs of the key compound of this
class, trans-[ReOCl3(PPh3)2], has been established crystallographically and explains the fact that
the color and solubility of this frequently used precursor is dependent on the mode of prepara-
tion.270 The chloro ligand in trans position to the oxo oxygen is very labile and can easily be
exchanged with incoming ligands which are preferentially directed to this position as has been
demonstrated for the mixed-halide complex trans-[ReOCl2F(PPh3)2].

271 Substitution of meridio-
nal PPh3 ligands by the released Cl� has only been observed in the case of bulky incoming ligands
such as OPPh3, where mer,cis-[ReOCl3(PPh3)(OPPh3)] is formed.272 Simple heating of trans-
[ReOCl3(PPh3)2] in alcohols yields trans-[ReOCl2(OR)(PPh3)2] complexes in almost quantitative
yields.273–275 trans-[ReOBr2(OEt)(PPh3)2]276 and trans-[ReO-(NCS)2(OEt)(PPh3)2]

277 have been
prepared in a similar way and their molecular structures have been determined. A considerable
degree of multiple bond character has been found for the Re-alkoxo bonds for all [ReOX2-
(OR)(PPh3)2] derivatives.

The reaction of KReO4 with HI and PPh3 in ethanol yields [ReOI2(EtO)(PPh3)2] which reacts
with water to give [ReO2I(PPh3)2].

278 The iodo derivatives [ReOI2Cl(PPh3)2]
279 and [ReO2I-

(PMe2Ph)3]
280 have been prepared from [ReOCl3(PPh3)2] and KI and from [ReO2I(PPh3)2] and

PMe2Ph, respectively. The reaction of [ReO2I(PPh3)2] with PhNCO in toluene, which finally
yields arylimido complexes (see Section 5.3.2.3.4(i)), forms a trimeric intermediate in which the
PhNCO moiety is added to one of the oxo ligands to form an N-phenylcarbamato group. This
group acts as a bridging ligand chelating one rhenium atom via its N and one O atom and
coordinating another Re atom by its second O atom.90

Reactions of [ReOCl3(PPh3)2] with the less bulky phosphines PMe2Ph, PEt2Ph or PMe3 give
mixtures of fac–cis (62a) and mer–trans (62b) isomers as has been discussed for [ReOCl3
(PEt2Ph)2]

281 and [ReOCl3(PMe3)3].
282

The formation of phosphinite and phosphine oxide has been observed during the reduction of
perrhenate with PBut2Cl in ethanol and finally the mixed phosphinite/phosphine oxide complex
[ReOCl2(OEt){PBut2(OEt)(OPBut2H)] was isolated.283 Mononuclear and dinuclear complexes
with phosphite ligands derived from the spirophosphorane {(OCMe2CMe2O)POCMe2CMe2O}�

are known and have been studied spectroscopically and by X-ray crystallography.284,285 The
formation of the phosphonato complex [ReOCl(OMe){P(O)(OMe)2}(PPh3)2] has been reported
from a reaction with [ReOCl3(PPh3)2] with P(OMe)(O)H in methanol in the presence of a base. In
absence of a base only [ReOCl2(OMe)(PPh3)2] could be isolated. Hence, the phosphonato ligand
was probably derived by deprotonation of the pentavalent tautomeric form of the dialkyl
phosphate, P(OMe)2(O)H, which predominates over the trivalent form P(OMe)2(OH).286

[ReOCl3(AsPh3)2], which is obtained almost quantitatively from reaction between perrhenate,
AsPh3 and HCl in glacial acid, serves as versatile starting material for the synthesis of [ReOCl3L2]
complexes (L=P(C6H4–CF3-4)3, P(C6H4–OMe3-4)3, PPh2OMe, PPh2OEt, PPh2Pr

i, PPh(OEt)2,
PPh(OPri)2), and a number of hydrido compounds.287,288
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Figure 3 Ligand exchange and protonation/deprotonation reactions at [ReO2(CN)4]
3�.
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(c) Sulfur and oxygen donor ligands. [ReOCl3(PPh3)2] reacts with DMSO to form OPPh3 and
[ReOCl3(OPPh3)(SMe2)].

289 The two rhenium complexes act as catalysts for the oxygen transfer
from DMSO to OPPh3. The rhenium oxo group does not appear to be involved in the mechanism
of the reaction based on an 18O NMR study. [ReOCl3(OPPh3)(SMe2)] (63) is an excellent starting
material for the synthesis of other rhenium(V) oxo complexes. A number of isocyanide derivatives
have been prepared by ligand exchange procedures which mainly replace the OPPh3 and Me2S
ligands.289 The rhenium-catalyzed reduction of sulfoxides has been studied for various derivatives
including sterically hindered and such with organic functional groups. Aryl sulfoxides are reduced
faster than aliphatic analogues.290
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Sterically hindered thiolates such as (SC6H4–TMS-2)�, (SC6H4–SiPh3-2)
�, {SC6H3–(TMS)2-

2,6}�, or (SC6H2–Me3-2,4,6)
� form stable [ReOL4]

� anions which can be isolated with bulky
cations.291–293 Complexes of this type have been prepared by ligand exchange starting from
[ReOCl3(PPh3)2] or [ReCl6]

2�. Whereas the latter reaction is accompanied by air oxidation,
some intermediate complexes have been isolated and structurally characterized from reactions
of the triphenylphosphine starting complex. Due to the steric demand of the contributing ligands
these compounds are five-coordinate with a trigonal bipyramidal structure. The trigonal axis is
formed by a PPh3 and a thiolate ligand as is demonstrated for two examples in (64)294 and (65).295

A complex of structure (64) has also been isolated with fluorinated benzenethiols.296

N-Heterocyclic thiols such as pyridine-2-thiol (66a), pyrimidine-2-thiol (66b), or thiazoline-2-
thiol (67) can act as monodentate S-donor ligands or as S,N-chelating ligands (Scheme 4). The
mode of coordination is controlled by the properties of the metal core and the reaction condi-
tions. The compounds can act as neutral S-bonded ligands in their tautomeric thione form, as
monodentate or chelating thiolates or as zwitterionic thiolates as is illustrated for thiazoline
thiolate (67a–c). Additionally to the N,S-chelated complexes which will be discussed in Section
5.3.2.3(i)(f) a number of rhenium(V) oxo complexes of the composition [ReOCl3(L)(OPPh3)]
(L= (66b) and (67)) with monodentately S-bonded ligands have been isolated.297,298 Similar
behavior has been described for benzimidazole thione and benzoxazole thione299 and unexpect-
edly for 2-(N-ethylamino)-1-cyclopentenedithiocarboxylate (68) which coordinated via the sulfur
atom of the thiocarbonyl function.300

X N
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SH

SHN

S
X = CH X = N

S+HN

S–

N

SMe

S

Et

(66a) (66b) (67a) (67b) (67c              ) (68)

Scheme 4

Early reports on the formation of thiourea rhenium(V) oxo complexes by simple reduction of
[ReO4]

� with HCl in the presence of thiourea (tu)301 could not be verified. A detailed study of this
reaction clearly indicates that this reaction (as with other thiourea derivatives) yields the rhe-
nium(III) complex [Re(tu)6]

3þ in excellent yields.302 Details will be discussed in Section 5.3.2.5.2(ii).
However, a stable rhenium(V) oxo complex could be isolated with the bulky tetramethylthiourea
(Me4tu).

303 The red compound represents one of the rare examples of a triply positive charged
rhenium(V) monoxo complex. Quantum chemical studies (semiempirical MNDO–PM3 level and
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DFT) suggest steric hindrance as the reason for the stabilization of the ReO3þ center in preference
to the ReIII one.

Monodentate oxygen-donor ligands frequently act as co-ligands in mixed-ligand compounds such
as the alkoxo ligands in the [ReOCl2(OR)(PPh3)2] complexes mentioned in Section 5.3.3.2.1(i)(b) or
trialkylphosphane oxides.253Other examples are trimethylsiloxo ligands as in [ReO(OTMS)Cl2py2]

304

or 2-(dimethylaminomethyl)-4-methylphenol which acts as a zwitterionic, neutral monodentate ligand
in [ReOCl3(L)(PPh3)].

305

(d) Nitrogen donor ligands. The chemistry ofN-donor ligands is dominated by complexes having
the trans-[ReO2]

þ core. This can be understood in terms of the poor �-donating properties of the
neutral nitrogen donor ligands which are not able to compensate the positive charge on the
[ReO]3þ center and thus the metal center coordinates water with consecutive deprotonation as is
outlined in (58). The trans-[ReO(OH)]2þ or trans-[ReO–(OR)]2þ units are subject to condensation
and the formation of the linear [O¼Re–O–Re¼O]4þ core. The Re¼O double bond lengths are
significantly longer (1.73–1.80 Å) than those in rhenium(V) monoxo compounds (1.65–1.71 Å).
The bonds to the bridging oxo ligand in the binuclear compounds show partial double bond
character.

The classical syntheses of trans-[ReO2(R-py)4]
þ complexes (R-py= substituted pyridine) start

from rhenium(VII) materials or [ReCl6]
2� salts and give good yields when R is H or alkyl.306,307

Improved procedures which also allow the isolation of complexes with ligands carrying electron-
withdrawing substituents make use of rhenium (V) intermediates such as [ReO2I(PPh3)2]

308 or the
lability of the cis-[ReO2(R-py)2I] species in preparative intermediates.309

Cyclic voltammetry of trans-[ReO2(py)4]
þ in aqueous solutions shows that oxidation states

ReVI (d1) and ReII (d5) are accessible. Reduction of the pyridine complex to ReII at 0< pH< 14
leads to the release of H2. Electrocatalytic water reduction can be suppressed at higher pH values
by the addition of NO2

� or SO3
2� which leads to the formation of N2O and NH3 or H2S and

HS�.310–312 The ReVI species [ReO2]
2þ which can be generated photochemically or electrochemi-

cally is a powerful oxidant and is able to oxidize secondary alcohols and silanes very efficiently.221

A kinetic study of the oxygen exchange in trans-[ReO2(py)4]
þ shows simple first-order kinetics

and concludes that both oxygen atoms are equivalent. The half-life for isotopic oxygen-exchange
is approximately 12 h at pH 5.0 (25 �C, cpy= 0.1M) and increases with acidity.313

Protonation of trans-[ReO2(py)4]
þ (69) gives the monohydroxo species trans-[ReO(OH)(py)4]

2þ

(70) which has been characterized crystallographically as both ClO4
� and PF6

� salts (Scheme
5).314 However, the reaction of trans-[ReO2(R-py)4]

þ cations with methyl trifluoromethanesulfo-
nate leads to trans-[ReO(OMe)(R-py)4]

2þ complexes (71) which show an almost identical electro-
chemical behavior to (70) with one remarkable exception: the formal substitution of the hydroxo
hydrogen atom by a methyl group permits one of the two usual proton-transfer steps to be
disconnected from the usual two-electron reductions of rhenium(V) species. As a result the
normally inaccessible ReIV state is stabilized relative to ReIII and ReV and becomes electroche-
mically accessible at high pH.315 Partial ligand exchange is observed when trans-[ReO2(py)4]Cl is
treated with methanol containing HCl. The deep-blue complex [ReO(OMe)Cl2(py)2] (72) shows a
trans,trans arrangement of the ligands and a bent Re–O–Me group (156�) as does the analogous
ethoxo complex.316,317 Thermolysis of this compound in boiling toluene gives the dark green oxo-
bridged dimer trans,trans-[{ReOCl2(py)2}2O] (73a).316 The stereochemistry of this compound is
remarkable since its cis,cis-isomer (73b) is obtained when [ReOCl3(PPh3)2] is heated with excess of
moist pyridine in benzene.318 Isomerization of the cis-compound has also been observed during
heating of trans,trans-[{ReOCl2(py)2}2O] in boiling THF.319 Both dimeric complexes, however,
form the trans-[ReO(OR)Cl2(py)2] isomer when treated with boiling alcohols.316 A similar obser-
vation has been made during the reaction of cis,cis-[{ReOCl2(py)2}2O] with (TMS)2SiNMe which
gives [ReO(OTMS)Cl2(py)2] with the pyridine ligands in trans-positions.304 Obviously, the cis,cis-
arrangement of two pyridine ligands appears to be thermodynamically less stable compared with
the situation in (73a). Nevertheless, it is stable enough to undergo electrochemically induced
redox processes. Four one-electron redox couples have been observed within the accessible
potential range in CH2Cl2. The dimeric structure remains intact for the two oxidation and first
reduction processes. The complex undergoes a reversible hydrolytic cleavage of the �-oxo linkage
following the second reduction step.320

Another situation is found for the stereochemistry of the products which are obtained from the
reaction of [ReO2(py)4]Cl with tris(hydroxymethyl)phosphine (THP) which yields both the cis-
and trans-isomers of [ReO(py)2(THP)2] (74) with a clear preference for the cis-compound (74b) at
longer reaction times, whereas the trans-compound (75) could be isolated exclusively with the
more bulky bis(hydroxymethyl)phenylphosphine ligand (Scheme 6).321
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A similar chemistry to that described for (substituted) pyridine rhenium(V) oxo complexes is
also observed for other heterocyclic nitrogen donor ligands such as pyrimidine, pyrazine, sub-
stituted imidazoles, benzimidazoles, or benzotriazole.322–325

The disposition of the two nitrogen atoms in pyrazine (pyrz) and pyrimidine (pym) suggests
that complexes of these ligands could be used as building blocks for the construction of poly-
nuclear architectures. A range of pyrazine complexes has been prepared by ligand exchange
procedures starting from [ReOCl3(SMe2)(OPPh3)].

326 Whereas reactions with a slight excess
pyrazine in acetone at ambient temperature gives cis,cis-[{ReOCl2(pyrz)2}O], the formation of
trans-[ReO(OEt)Cl2(pyrz)2] is observed when the same reaction is performed in boiling ethanol. A
large excess of amine gives the dioxo compound [ReO2(pyrz)4]

þ. The noncoordinated nitrogen
atoms of the ligands are capable to further interactions with metals. This has been shown in the
solid-state structure of trans-[ReO2(pyrz)4](PF6) which is co-crystallized with NaPF6 and where
the sodium atom interacts with the noncoordinating nitrogen of the pyrazine ligands at distances
of about 2.5 Å (76). The difunctional pyrazine bases form slightly distorted square cavities of side
lengths of about 7.4 Å with rhenium and sodium alternating at the corners and the pyrazine rings
at the sides. The formation of di- and trinuclear compounds (77) have been concluded from a
detailed NMR study of the reaction between trans-[ReO(OEt)Cl2(pyrz)2] and [Ru(TPP)(CO)
(EtOH)].326 Symmetric (78a) and asymmetric (78b) isomers of the composition [Re2O3Cl2(L)4]
(L= 3,5-dimethylpyrazole, Me2pz) have been isolated from the deboronation of the potentially
tridentate ligand {HB(3,5-Me2pz)3}

� by [ReOCl4]
� (Scheme 7).327 The symmetric isomer has also

been obtained from [ReO4]
�, HCl, and K{HB(3,5-Me2pz)3}.

328 The binuclear nitropyrazole
compound [Re2O3(4-NO2pz)2(PPh3)2] (78c) was synthesized by heating [ReOCl2(OEt)(PPh3)2]
and 4-nitropyrazole under reflux in ethanol.329 The octahedral [ReO2N2ClP] sites are linked by
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two bridging nitropyrazole ligands and an oxo group with an Re–O–Re angle of 125�. The
compound is electrochemically active and shows a reversible one-electron reduction at �0.55V
with respect to Ag/Agþ.
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With the potential use of rhenium compounds in nuclear medicine, the coordination chemistry of
imidazole (Im), which is constituent of the natural amino acid histidine, and imidazole derivatives
have attracted particular attention. A number of trans-[ReO2(R-Im)4]

þ complexes (79) with various
methyl substituted imidazoles have been prepared in high yields from reactions with
[ReO2I(PPh3)2]. The complexes are formed more readily than the pyridine analogues even under
stoichiometric conditions. The products are less sensitive to decomposition which can be attributed
to the better �-donor abilities of imidazoles (pKa of LH

þ� 7) compared to pyridines (pKa= 5–6).
This makes the rhenium center more electron-rich and reduces its ability to act as �-acceptor for the
oxo ligands.322,330 Consequently, the Re¼O double bond character is decreased and the oxo groups
become more nucleophilic and a number of products of reactions at the oxo ligand have been
isolated and characterized. In addition to simple protonation, a number of unexpected reactions
have been observed.331Methylation of an oxo ligand is observed with excess methyl trifluorometha-
nesulfonate in CH2Cl2 under mild conditions (80a), whereas a phosphate ester complex (80b) was
formed when the reaction is carried out in methanol in the presence of excess PF6

�.332 Finally,
[ReO(OBF3)(1-MeIm)4] (80c) (1-MeIm= 1-methylimidazole) has been isolated by treatment of
[ReO2(1-MeIm)4]

þ with HBF4 and characterized structurally.332,333 These studies clearly indicate
that the good �-donor imidazole ligands are more resistant to ligand loss from the equatorial
coordination sphere and show the synthetic potential which arises from electrophilic attack on
terminal oxo ligands. The dimeric ReV compound trans,trans-[Re2O3Cl4(1-MeIm)4] with a linear
O¼Re–O–Re¼O backbone (for the structure of the pyridine analogue see (73a)) is formed by
oxidation of the rhenium(III) complex [ReCl3(1-MeIm)2(PPh3)] on air.334
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Monomeric [ReOCl3(L)(PPh3)2] and dimeric [Re2O3Cl4(L)4] complexes with benzimidazole and
1,5,6-trimethylbenzimidazole ligands have been extensively studied structurally and by NMR
spectroscopy,324–337 whereas little information on triazole and benzotriazole derivatives is avail-
able.338–340

The formation rhenium(V) oxo complexes with azaindole (Haza) has been described as a result
of ligand exchange reactions. Complexes of the structures trans-[ReOCl2(OEt)(Haza)(PPh3)] and
trans-[ReOCl2(OEt)(Haza)2] have been studied crystallographically, both showing bifurcated
intramolecular hydrogen bonds between the heterocyclic ligand and the oxo group and a Cl
atom (81) (Scheme 8).341,342

[ReOCl2(OEt)(PPh3)2] +

N NH

N

Re

O

OEt

Cl

Cl Cl

N
H

(81)

Scheme 8

(ii) Complexes with chelating ligands

(a) Phosphorus and arsenic donor ligands. Oxorhenium(V) complexes with bis-phosphines are
known with both [Re¼O]3þ and [O¼Re¼O]þ cores. The monooxo unit is only stabilized when
additional anionic ligands are present in the coordination sphere of the metal for charge compensation
which cannot be achieved with neutral phosphines alone. Thus, ligand exchange reactions starting
from [ReOX3(PPh3)2], [ReOX3(AsPh3)2], or [Bu4N][ReOX4] (X=Cl, Br) with bis-phosphines (or
phosphites) primarily result in neutral complexes of the type fac-[ReOX3(P

\P)] complexes
(P\P= bidentate phosphine or phosphite) (82) (Scheme 9).343–347 This is independent of the amount
of phosphine added. Prolonged heating, however, leads to isomerization and reduction of the metal.
This is induced by monodentate coordination of a second phosphine ligand which causes an intra-
molecular oxygen transfer from the rhenium to the (noncoordinated) phosphorous atom of that
ligand. Intermedi-ates of the type [ReIIICl3(P

\P)(P\PO)] have been isolated and structurally char-
acterized.343,344 Oxidation with oxygen reforms [ReOCl3(P

\P)] and further reaction with excess
phosphine yields the rhenium(III) cations trans-[ReCl2(P

\P)2]
þ. The [O¼Re¼O]þ core is able to

stabilize bis-chelates with P\P, P\As or As\As type ligands. A number of complexes of the general
formula trans-[ReO2(L)2]

þ (83) have been described.348–353 The main starting material for the synthe-
sis of this group of complexes is [ReO2I(PPh3)2] which yields the cationic products in high yields. trans-
[ReO2(L)2]

þ complexes are kinetically robust and exchange of the chelating ligands has only been
observed in exceptional cases.351A binuclear compound containing the [O¼Re–O–Re¼O]4þ core
has been isolated in high yields as the final product of the oxidation of triply bonded [Re2X4(�-P

\P)2]
(X=Cl, Br) complexes by air. The green, diamagnetic complex [Re2O3Cl4(�-dppm)2] (84) contains a
linear [Re2O3] backbone and is remarkably stable.354
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Mixed-ligand bis-phosphine/oxalate complexes are accessible by an oxidative approach
starting from K2[ReBr6], oxalic acid, H2ox, and a bis-phosphine in methanol. Dark
orange products of the composition [ReO(OMe)(ox)(P\P)] (85) have been isolated for
P\P= bis(diphenylphosphino)ethane (dppe) and bis(diphenylphosphino)ethene.355 Mixtures of
As\As ligands (As\As= bidentate arsine), thiolates and [ReOCl3(PPh3)2] or [Bu4N][ReOCl4] yield
rhenium(V) oxo complexes of composition [ReOCl(SR)2(As\As)] (86) with two thiolato ligands in
the equatorial coordination sphere of the metal.350 Cationic oxo-fluoro complexes with the
meridionally coordinated bis(dicyclohexylphosphinoethyl)diphenylphosphine (Cyttp) are formed
by the reaction of the hydrido complex [ReOFH(Cyttp)] with NaSbF6 and subsequent treatment
with LiCl.356
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Ph2
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Cl

(85)               (86)

(b) Sulfur and oxygen donor ligands. The chemistry of rhenium(V) oxo complexes with chelat-
ing sulfur ligands was developed in the 1970s and 1980s and several examples with dithiolates and
dithiolene-type ligands have been reviewed earlier.21 Continuing this work, the structures and
chemical behavior of [ReO(S\S)2]

� complexes (S\S= 1,2-ethanedithiolate,357,358 1,2-benzenedithio-
late,358,359 2,3-dimercaptosuccinate,360 4,5-mercapto-1,3-dithiole-2-thionate,361 tetrathiotungsten-
ate,362 1,10-mercaptoferrocene,363 and S4

2�364) have been studied. The compounds are
five-coordinate with a square-pyramidal geometry.

An pH-dependent coordination isomerism has been observed for the tumor targeting rhenium(V)
oxo complex [ReO(DMSA)2]

2� (DMSA2�= 2,3-mercaptosuccinate).360 In solution the crystallo-
graphically characterized syn,endo-isomer (87a) slowly isomerizes into the anti- (87b) and the
syn,exo-isomers (87c) which has consequences for the biodistribution of the potential pharmaceu-
tical (Scheme 10). The conversion rate decreases with increasing pH suggesting an acid catalyzed
reaction. The syn,exo-complex is favored in alkaline solutions (pH> 8.4) which can be understood
in terms of the repulsions between the deprotonated carboxylic groups and the oxo ligand.

Interesting coordination behavior has been reported for the 2-thiomethylthiophenolate ligand
which forms a number of binuclear oxorhenium(V), and methyloxorhenium(V) complexes
(88).365–367 The formation of (88c) is achieved by a monomerization of (88b) by interaction
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with monodentate ligands such as pyridine or PPh3. Compounds of the type (88c) react with the
incoming phosphines in two stages, via a reaction scheme in which the stereoisomer of the final
product can be detected as intermediate. Rearrangement then occurs, and turnstile and pentago-
nal mechanisms have been proposed for the stages.368 Complex (88a) was found to be an efficient
catalyst for oxygen transfer reactions. Strong Lewis bases such as phosphines coordinate to one of
the rhenium atoms with cleavage of a Re—S bond, whereas no coordination was observed for
alkylarylsulfides, diarylsulfides, triphenylarsine, or triphenylstibine. The complex catalysis
mechanism involves the oxidation of phosphines, arsines, stibines, sulfides, and dienes by pyri-
dine-N-oxide and the oxidation of phosphines by dimethylsulfoxide.369
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Dimeric dialkyldithiocarbamato (dtc) complexes [Re2O3(R2dtc)4] (89) (R=Me, Et, Prn, Bun,
Ph) have been studied electrochemically showing that the redox potentials Eo0 of
[Re2O3(R2dtc)4]

0/[Re2O3(R2dtc)4]
� couples and the stability of the reaction product are dependent

on the residue R. The Eo values are appreciably solvent-dependent which has been discussed in
terms of solubility parameters. Ligand exchange reactions starting from (89) give access to a
complex with monodentate-coordinated catechol (90) (Scheme 11). Reaction with dithiolates
S\S2� (S\S= 1,2-ethanedithiolate, 1,2-benzenedithiolate, 3,4-toluenedithiolate) lead to degrada-
tion of the dithiocarbamate and the formation of [ReO(S\S)2]

� anions, whereas the mixed-chelate
complex [ReO(Et2dtc){PhP(C6H4S)2}] (91) was obtained with the tridentate phosphinothiolate
PhP(C6H4SH)2 and a remarkable, oxygen-free rhenium complex of the composition
[ReCl2(Et2dtc)2]

þ (92) was formed upon treatment with TMSCl. Reduction of the metal center
and the formation of the rhenium(III) compound [Re(Et2dtc)(Ph2P(C6H4S)2] (93) has been
observed with the bidentate proligand Ph2P(C6H4SH).370

Rhenium(V) oxo complexes with bidentate thioether ligands of the composition
[ReOX3(RSC2H4SR)] (X=Cl, Br; R=Bun, Et, benzyl) are formed during reduction of perrhenate
with SnCl2 in the presence of the thioether in glacial acid or by ligand exchange procedures
starting from [ReOCl4]

�. The products convert in methanol to the dimeric species
[{ReO(RSC2H4SR)Cl2}O] via a [ReOX2(OMe)(RSC2H4SR)] intermediate.371,372

A number of neutral mixed-ligand oxorhenium(V) complexes containing tridentate
[SC2H4YC2H4S]

2� (Y= S,O) (95) and monodentate, monoanionic thiolate ligands have been
prepared from [ReOCl4]

� and a mixture of the ligands (Scheme 12).373,374 The intermediate
[ReO(SC2H4SC2H4S)Cl] (94) is accessible as dark-blue crystals whereas the complex
[ReO(SC2H4OC2H4S)Cl] could not be isolated. Its formation in solution, however, is strongly
indicated by spectroscopic results.375 The simultaneous reaction of tridentate and monodentate
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ligands with a rhenium precursor allows approach to rhenium complexes with functionalized
receptor-binding molecules as has been demonstrated for 8�-amino-6-methyl-ergoline or a testo-
sterone derivative.376,377 The products undergo trans-chelation reactions with glutathione and
other blood constituents carrying thiol functions.378

[ReOCl4]–

RSH[ReO(L)Cl]

H2L
MeOH, CHCl3

H2L, RSH

[ReO(L)(RS) ]

H2L =

Y= S or O
R= alkyl or aryl

(94 ) (95 )

Y
SHSH

Scheme 12

Rhenium chelates with carbon-free chelate-rings are known with derivatives of bis(diphenyl-
phosphino)amine.379 [ReOCl3(PPh3)2] and [ReOCl2(OEt)(PPh3)2] react with an excess of
NH(OPPh2)2 to give [ReOCl2{(OPPh2)N}(PPh3)]. When the donor atoms are changed by using
NH(SPPh2)2 as incoming ligand the mono- and disubstituted complexes
[ReOCl2{(SPPh2)N}(PPh3)] and [ReOCl{(SPPh2)N}2] are obtained. The latter compound can
also be prepared from [ReOCl4]

� and undergoes a further ligand exchange during recrystalliza-
tion from CH2Cl2/EtOH to give [ReO(OEt){(SPPh2)2N}2].

379

Catecholato complexes of rhenium(V) are formed from reactions of [ReOCl3(PPh3)2] with two
equivalents of the ligands and NEt3 under anaerobic conditions, whereas similar reactions in air
give the rhenium(VII) compound cis-[ReO2(cat)2]

�.146 Structure determinations for [NMe4]
[ReO(O2C6H4)2] and [NMe4][ReO(O2C6H4)2(PPh3)] show a square-pyramidal coordination
sphere with the two catecholato ligands in basal sites for the former compound, whereas the
geometry of the [ReO(O2C6H4)2(PPh3)]

� anion is a distorted octahedron with the PPh3 ligand cis
to the oxo oxygen.380 Without addition of a supporting base [ReO(L)(PPh3)X] complexes (X=Cl,
Br; H2L= catechol, tetrachlorocatechol, tetrabromocatechol) are formed. Anionic compounds of
the composition [ReO(L)2(OPPh3)] (L= tetrachlorocatechol, tetrabromocatechol) result from
reactions between [ReOCl3(PPh3)2] and tetrachlorobenzoquinone or tetrabromobenzoquinone.381

The triphenylphosphine oxide ligand was found to be very labile and ligand exchange with
methanol or pyridine was observed.
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Two different coordination modes of dihydroxybenzoic acid have been observed in products
from the reaction with [ReOCl3(PPh3)2].

382 The catecholato bonding mode (96a) is preferred
rather than the salicylato mode (96b) in complexes of the composition [ReOCl(L)(PPh3)2]. The
phenolato oxygen is bonded trans to the oxo ligand in the latter complex. A similar bonding
situation is suggested from spectroscopic studies for a salicylaldehyde complex (97).383
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An unusual approach to a rhenium(V) oxo complex has been reported by the oxidation of the
metal in [ReCl4(PPh3)2] by decomposition products of the potentially tridentate ligand benzoyla-
cetone benzoylhydrazone. The resulting benzoylacetonate (benzac�) acts as ligand in the resulting
rhenium(V) complex [ReOCl2(PPh3)(benzac)].

384

Anionic [ReOBr3(L)]
� and neutral [ReOBr(L)2] complexes are formed by reactions of

[NBu4][ReOBr4] with 2-methyl-3-oxy-4-pyrone or 1,2-dimethyl-3-oxy-4-pyridinone which act as
monobasic ligands.385 The monoligand complex can be regarded as an intermediate in the
formation of the bis-chelate complex.

The potentially hexadentate ligand 1,3,5-trideoxy-1,3,5-tris(2-hydroxybenzyl)amino-cis-inositol
(H3thci) reacts with [ReOCl3(PPh3)2] in methanol under formation of the monomeric complex
[ReO(thci)].386 The amino and phenoxo groups of two (2-hydroxybenzyl)aminato entities are
located in the equatorial positions of a distorted octahedron. The third (hydroxybenzyl)amino
moiety does not interact with the rhenium atom at all. The axial positions of the Re coordination
sphere are occupied by the oxo ligand and by a deprotonated hydroxy group of the cyclohex-
anetriol fragment.

Air-stable complexes with the Kläui-type ligand ([cpCo{PO(OR)2}3)]
�) (19) and derivatives

thereof are formed by reduction of rhenium(VII) compounds with phosphines or by ligand
exchange procedures starting from [ReOX3(PPh3)2] (X=Cl, Br) complexes. The compounds are
stable as solids but undergo slow decomposition in aqueous media. This is most probably a
consequence of oxidation processes in air which finally form the rhenium(VII) trioxo compound
[ReO3L] which is sensitive against hydrolysis.128

(c) Nitrogen donor ligands. Similarly to monodentate neutral nitrogen donor ligands, the
[ReO2]

þ core (58d) dominates in the coordination chemistry of rhenium(V) compounds with
chelating amines. The most appropriate starting material for the synthesis of [ReO2(N

\N)2]
þ

type cations (N\N= 1,2-diaminoethane (en), 1,3-diaminopropane (tn), 1,2-diaminocyclohexane
(dach), N,N-diethyl-1,2-diaminoethane, and N,N,N0,N0-tetramethylaminoethane) is
[ReO2I(PPh3)2].

308,387–391 An alternative approach to [ReO2(N
\N)2]

þ type complexes is from
reactions of the rhenium(IV) precursor [ReCl6]

2� with N\N ligands.392 The formation of
[ReO2(N

\N)2]
þ type bis-chelates has also been observed with ligands such as diethylenetriamine

or triethylenetetramine which potentially possess a higher denticity.393 Comparative studies on the
behavior of [MO2(N

\N)2]
þ complexes (M=Re, Tc) show similar behavior for the complexes of

both metals in aqueous solutions and no significant difference in their in vivo behavior is
expected.394,395 Mixed-chelate complexes of the composition [ReO(N\N\N)(N\O)]þ containing
diethylentriamine as tridentate and amino acids such as glycine, alanine, valine, leucine, or proline
as bidentate N\O� ligands are formed by the reaction of [ReO2I(PPh3)2] with each one equivalent
of the ligands. The triamine ligand deprotonated singly and all cis positions to the oxo ligand are
occupied by nitrogen atoms.396

The rare cis-dioxo configuration has been established for mixed-ligand complexes containing
pyridine and bipyridine. [ReO2(R-py)2(bipy)]

þ cations (98) are formed by reactions of bipy with
[ReO2(R-py)4]

þ and the yields can be optimized by the addition of HI which generates the labile
cis-[ReO2(R-py)2I] species as intermediates.309,397 The same protocol allows the synthesis of trans-
[ReO2(R-py)2(Y-py)2]

þ complexes, where Y is an electron withdrawing substituent. The thermo-
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dynamically less favored cis-isomer of [ReO2(py)2(bipy)]
þ has Re¼O distances of 1.73 Å which

are slightly shorter than those found for trans-dioxo complexes with amine ligands. The angle
between the oxo ligands is 121.4�.398 Electrochemical studies show that substitutions on the bipy
ligand exert large effects: the E0 values for the one-electron oxidation step (ReVI/V) increase by as
much as several hundred millivolts upon replacement of electron-withdrawing by electron donat-
ing substituents.399 Reduction is more complex: a two-electron process is followed by a one-
electron step and a pH-dependence has been detected which indicates proton uptake and an oxo/
hydroxo/aqua conversion. A neutral complex with two oxo ligands in a cis-arrangement is
obtained when trans-[ReO2(py)4]I reacts with 1,2-diaminobenzene (H2dab).

400 The diamine loses
one proton and NMR studies on the resulting purple cis-[ReO2(Hdap)(py)2] complex show a
convergence of the proton resonances of the aromatic rings as a consequence of the delocalization
of �-electron density.
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The complexes trans-[ReO(OH)(N\N)2]
2þ (N\N= bipy or 4,40-dimethyl-bipy) and trans-

[ReO2(N
\N)2]

þ (N\N= 1,10-phenanthroline) are synthesized by reacting Re2O7 with PPh3 in the
presence of the relevant ligands. Decomposition of the complexes occurs in aqueous media by slow
oxidation of the coordinated bipyridine ligands to form the corresponding N-oxides.401

N,N0-Dimethylbiimidazole (Me2biim) and bipyridine react with [ReOCl3(OPPh3)(Me2S)] to give
mer-[ReOCl3(N

\N)] type compounds. Nonmethylated biimidazole (H2biim) forms the trans-O,O
[ReOCl2(OPh3)(H2biim)]þ cation, which is tightly associated with the Cl� counterion via hydro-
gen bonds. Hydrolysis of [ReOCl3(Me2biim)] in wet acetone leads to the bent oxo-bridged
dinuclear species [{ReOCl2}2(�-O)(�-Me2biim)2] (99), where each Re center retains the
[ReO2Cl2N2] coordination but the Me2biim ligands are bridging and the linear oxo-bridged
dinuclear species [{ReOCl2(Me2biim)}2O] containing chelating Me2biim.402 The dimeric chelate
[Re2O3(H2biim)4]

4þ (100) can be isolated from reaction mixtures containing [ReOCl3(PPh3)2] and
H2biim.403 A mixed-ligand oxorhenium complex containing a terpy-ridine and two S-coordinated
p-thiocresolato ligands is obtained as a black solid when [ReO2-(py)4][CF3SO3] is mixed with a
mixture of the ligands in ethanol. The central nitrogen atom of the terpyridine ligand is bonded
trans to the oxo group.404

Compounds of the composition [ReOCl3(N
\N)] have also been isolated with pyridine-2-aldi-

mine and �-acidic arylazopyridine and arylazoimidazole ligands.405–407 The products (101) are
readily reduced by oxygen atom transfer reactions from Re to phosphorus atoms of phosphines
which results in the formation of rhenium(III) complexes. Depending on the reaction condition
and the phosphines used either mononuclear or binuclear compounds are formed.408,409 Azo
splitting reactions with arylazopyridines give access to arylimido and binuclear oxo/imido com-
plexes.409,410
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Rhenium(V) oxo complexes with hydrotris- or tetrakispyrazolylborato ligands, {HB(pz)3}
� (17)

or {B(pz)4}
� (18), have attracted considerable interest due to their remarkable catalytical behavior

and their synthetic potential owing to the easy replacement of the halide ligands in compounds of
the type [ReOCl2(N

\N\N)] (N\N\N=HBpz3
� or HBpz4

�) (102).411,412 Reactions of
[ReOCl2{HB(pz)3}] with monodentate thiols result in ligand exchange and products of the
compositions [ReOCl{HB(pz)3}(L)] or [ReO{HB(pz)3}(L)2] (HL= thiophenol) have been isolated
depending on the amount of added thiol.412,413 Chelating dithiols or diols give mixed-chelate
complexes of the type [ReO{HB(pz)3}(X

\X)] (X\X= dithiolate, diolate, or diselenolate)
(103).123,124,412,414,415 The products undergo both electrochemical reduction and oxidation pro-
cesses which are in many cases reversible. Diolato complexes of composition (103) form the
complexes [ReVII(N\N\N)O3]

þ and alkenes at elevated temperatures in nonpolar solvents.124,416

The opposite reaction, the addition of alkenes to trioxo complexes and the formation of diolato
complexes has been observed for the homologous element technetium.125 Oxygen transfer reac-
tions of compounds of type (102) and their substitution products with alkoxides and triflate have
been subject of detailed studies showing that these complexes can easily be oxidized to form
aldehydes or ketones from the coordinated alkoxo ligands and trioxorhenium(VII) complexes.417

Photolysis of [ReOICl{HB(pz)3}] or [ReOI2{HB(pz)3}] in arenes gives the aryl complexes
[ReO(Ar)Cl{HB(pz)3}] or [ReO(Ar)2{HB(pz)3},

418 whereas the triflate derivative [ReO(Ph)-
(OSO2CF3){HB(pz)3}] reacts with oxygen with oxidation of the phenyl group to give phenoxide
products and the catecholate complex [[Re{HB(pz)3}(O2C6H4)].

419 Reaction with DMSO gives
the adduct [ReO(Ph)(DMSO){HB(pz)3}][O3SCF3] which undergoes phenyl-to-oxo migration at
25 �C to give the phenoxide complex [ReO(OPh)(DMSO){HB(pz)3}][O3SCF3] and SMe2. The
reaction proceeds via an intermediate rhenium(VII) dioxo complex which has been identified in
an analogous reaction with pyridine N-oxide in which the formation of phenoxo and catecholato
complexes has been observed at low temperatures. An unusual product,
[ReO{HB(pz)3}(C9HF12NO4)], where (C9HF12NO4)

2� is a bidentate N\O ligand which results
from condensation of two molecules of hexafluoroacetone with one molecule of acetonitrile, has
been obtained from the photolysis of [ReO{HB(pz)3}(oxalate)] in a mixture of these solvents in
air.420 The mixed-ligand starting material of this reaction and related compounds also containing
other bidentate ligands such as glycolate or 9,10-phenanthrenediolate are obtained in excellent
yields from [ReOCl2{HB(pz)3}] and the corresponding diols.421

The reactions of [ReOCl2{HB(pz)3}] with organic hydrazines show an interesting feature. In
contrast to the common substitution pattern which occur through a condensation type reaction to
displace the oxo group in forming a metal-hydrazido derivative, the reaction with hydrazi-
nophthalazine gives [ReO(HNNC8H5N2){HB(pz)3}] (104) and a dinuclear, phthalazine-N,N0-
bridged species is formed by reaction with bis(hydrazino)phthalazine.413
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Attempts to prepare fluoro derivatives of (102) failed and resulted in the formation of the
unusual �-pyrazolyl �-oxo dimer [{ReO{HBF(pz)2-N,N0}}2(�-pz)2(�-O)] (105).422 An X-ray struc-
tural analysis shows that one pyrazolyl residue of each tridentate ligand has been substituted by
fluoride. With the analogous complex containing hydridotris(3,5-dimethyl-1-pyrazolylborate),
however, mixed Cl/F, I/F, or OSO2CF3/F derivatives of (102) are readily formed. The different
reactivity of the hydridotris(pyrazolyl)borato rhenium complexes has been attributed to the
greater steric protection of the boron atom afforded by the dimethyl-substituted ligand.

The analogous coordination behavior of hydridotris(pyrazolyl)borate and tetrakis(pyrazolyl)-
borate has been demonstrated by numerous reactions. Reduction of the rhenium(VII) complex
[ReO3{B(pz)4] with PPh3 in THF gives a reactive dimeric intermediate which reacted with
monodentate and bidentate protic substrates to yield products with tridentate {B(pz)4}

� ligands
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of the general formulae (102), (103), or (106), all containing �3-coordinated {B(pz)4}
� ligands.126,127,423,424

Key products of this reactions are alcoholato complexes ((106) with X=O and R=Me or Et)
which can serve as versatile starting materials for further syntheses. Starting from [ReO(O-
Me)2{B(pz)4}] and pyridine-2-thiolate ligands, a number of mixed-ligand products were isolated
including a rhenium(V) complex with chelated pyridine-2-thiolate ligands.425 During reactions
of [ReO(OR)2{B(pz)4}] (106a) (R=Me,Et) with potentially bidentate ligands several monomeric
and dimeric oxorhenium compounds, in which the tetrakispyrazolylborate ligand exhibits
different coordination modes, have been isolated: [ReO(OMe){�2-B(pz)4}(acac)] (107)
(acac�= acetylacetonate), [{ReO{�2-B(pz)4}(acac)}(�-O)] (108), [ReO(OMe){�2-B(pz)4}(quinolin-
8-olate)] (109), [ReO(OMe){�2-B(pz)4}(pz)(Hpz)] (110), and [{ReO{�2-B(pz)4}}2(�-pz)}2(�-O)]
(111). The pyrazolyl-bridged dimer (111) is also formed when [ReO{�2-B(pz)4}(�-O)]2 (112) is
treated with excess pyrazole. Reactions of the mixed ligand complexes with acetylacetonate (107)
or 8-hydroxyquinolinolate (109) with trimethylsilylchloride provide monochlorides of type (113)
(Scheme 13).426
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Dioxo compounds have been obtained during reactions of [ReO3{�
3-B(pz)4}] with strong

�-donor ligands such as pyridines, imidazoles or diphosphines.427 The resulting neutral trans-dioxo
complexes [ReO2{�

2-B(pz)4}(L2)] (L= pyridine, 4-methylpyridine, 4-dimethylaminopyridine,
1-methylimidazole) and [ReO2{�

2-B(pz)4}(L)] (L= 1,2-dimethylphosphinoethane, dmpe) complexes
can be obtained in good yields. Similar reactions also give access to compounds with �2-coordin-
ated {HB(pz)3}

� ligands such as [ReO2{�
2-HB(pz)3}(py)2] or [ReO2{�

2-HB(pz)3}(dmpe)]. Cationic
ReV oxo complexes of the type [ReO(OTMS){�2-HB(pz)3}(L)2]Cl can be prepared by reacting
appropriate [ReO2{�

2-HB(pz)3}(L)2] complexes (L= pyridine, 1-methylimidazole, 4-dimethylami-
nopyridine, 1/2 dmpe) with trimethylchlorosilane. In solutions the cations with unidentate nitro-
gen donor ligands are unstable and rearrange into the neutral derivatives [ReO(OTMS)Cl{�2-
HB(pz)3}(L)].

428
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Cyclic voltammograms of rhenium(V) oxo complexes with tetrakis(pyrazolyl)borato ligands
generally display one anionic and cationic redox process, the potentials of which are dependent on
the hapticity of the tetrakis(pyrazolyl)borate and the electronic properties of the co-ligands.429

Neutral rhenium(V) oxo complexes with 1,4,7-triazacyclononane (tacn) and related ligands are
formed by reduction of the rhenium(VII) compounds [(tacn)ReO3]Br with zinc amalgam: the
initially obtained green, air-sensitive complex [(tacn)ReO2Br] is hydrolyzed in aqueous media to
give the oxo-bridged, dimeric complex [(tacn)ReO(�-O)2ReOBr2].

116 Surprisingly reduction of the
ReVII complex [(Me3tacn)ReO3][BPh4], which contains the N,N0,N00-trimethyl derivative of 1,4,
7-triazacyclononane with zinc dust in methanol gives the pale green cis-dioxo rhenium(V) com-
plex [ReO2(OH2)(Me3tacn)]

þ.430 From a similar reduction of [(tacn)ReO3][ReO4] the violet neu-
tral [(tacn)ReO(�-O)2ReO(ReO4)2] was obtained, whereas monomeric complexes of the type
[(tacn)ReOX2]X (X=Cl, Br, I) are obtained from reactions between [ReOX4]

� and the ligand in
acetonitrile,116 or starting from [ReOCl3(SMe2)(OPPh3)].

119

The cationic mixed-ligand complex [ReO(tacn)(OC2H4O)]þ, which can easily be prepared from
a mixture of [ReOCl3(PPh3)2], triazacyclononane, and ethyleneglycol, represents a useful starting
material for further rhenium complexes with the tridentate amine.117,118,250 The complex under-
goes a series of disproportionation reactions in acidic solutions to give [(tacn)ReO3]

þ and
rhenium(IV) and rhenium(III) compounds which will be treated in Sections 5.3.2.4.2(i) and
5.3.2.5.2(ii). Re-oxidation of the dimeric rhenium(IV) complex [(tacn)2Re2(OH)(H2O)(�-O)2]X3

(X=Br, I) in alkaline aqueous solution in air gives anti-[(tacn)2Re2O2(�-O)2]
2þ which contains a

short rhenium-rhenium double bond of 2.4 Å as is expected for a metal–metal multiple bond
between two d2 systems. The terminal Re¼O groups in [(tacn)2Re2O2(�-O)2]

2þ display nucleo-
philic character as shown by their reaction with ZnCl2 and NaCl which gives
[(tacn)Re(OZnCl3)(�-O)]2. The coordination of the ZnCl3

� -fragment to the Re¼O group leads
to a substantial lengthening of the Re—O bond by 0.295 Å and a shortening of the Re—Re bond
by 0.047 Å.117,118 Complexes with a very similar behavior to that of the tacn derivatives are
obtained with tris(2-pyridyl)amine which reacts with [ReOCl3(PPh3)2] in the presence of ethyl-
eneglycol to form [ReO(OCH2CH2)(L)]Cl as a sparingly soluble light purple solid. The product
converts upon prolonged heating into the rhenium(VII) cation [ReO3(L)

þ].121

Tridentate coordination at rhenium(V) centers also occurs even with potentially tetradentate
proligands as tris(2-pyridylmethyl)amine, (tpa) (114), or tris(pentafluorophenylaminoethyl)amine
(115). Proligand (114) forms a cationic complex [ReOL(tpa)]þ upon reaction with an rhenium(V)
oxo precursor in the presence of dianionic bidentate co-ligands such as 1,2-amidophenolate or
catecholate.120,431 The third 2-pyridylmethyl arm of the ligands remains uncoordinated. An
analogous structure is observed for the product of the reaction between [Et4N]2-[ReOCl5] and
(115) in acetonitrile in the presence of Et3N. The air-stable, emerald green, diamagnetic product,
[ReO(L)Cl], contains doubly deprotonated, tridentate bis(pentafluorophenylamidoethyl)(penta-
fluorophenylaminoethyl)amine ligand. The protonated arm of the ligand is not coordinated to
rhenium.432 An analogous compound was prepared with bis(pentafluorophenylamidoethyl)-
methylamine (116) and characterized crystallographically.433 The complex has a trigonal bipyr-
amidal coordination sphere with the oxo ligand in the equatorial plane.
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A rhenium(V) oxo complex with a unique structure has been obtained from a reaction of
[ReO2(PPh3)2I] with 2,20:60,200:600,2000-quarterpyridine.434 The violet–red [ReO(OMe)2(L)]

þ cation
(117a) was isolated as a perchlorate salt and is a rare example of a seven-coordinate rhenium(V)
oxo complex. The coordination environment of the metal is a pentagonal bipyramid with the oxo
ligand being almost coplanar with the quarterpyridine ligand. This unusual coordination mode has
also been observed for the rhenium(V) nitrido core with the same ligand (see Section 5.3.2.3.3(ii)(b))
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and may be attributed to the unique co-ordination properties of the polypyridyl ligand. Other
seven-coordinate complexes are formed with the tetra- or hexadentate ligands of type (117b). The
cationic compounds of the formulae [ReO(H2pmen)Cl2]

þ, [ReO(bbpen)]þ and ReO(bped)]þ (for
ligand abbreviations see (117b)) have a pentagonal bipyramidal geometry with the oxo ligands
being constituents of the pentagonal plane. The axial positions are occupied by the chloro ligands
or the oxygen donor atoms of the organic ligands.435
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Attempts to bind potentially five-coordinate ligands such as {HNC4H3-2CH¼N(CH2)3}2NMe
to a [ReO]3þ core resulted in the formation of the cationic [ReO(OMe)(L)]þ (118) where L is the
monodeprotonated Schiff base and one terminal pyrrolyl group remains protonated und uncoord-
inated.435

The poor donating properties of neutral nitrogen donors is also reflected in the coordination
behavior of tetradentate open chain and cyclic amine ligands. Acyclic tetramines of type (119)
form [ReO2(L)]

þ cations which undergo no further ligand exchange reactions.437 Protonation of
an oxo ligand of the dioxo core has only been observed in highly acidic solutions such as 6M
HCl. The ability of an amido group to donate electron density to a ReV center moderately better
than a neutral amine is evident from experiments with 1,4,8,11-tetraazaundecane-5,7-dione (5,7-
dioxo-tetH6) (120). Reactions of the amide with [ReOCl3(SMe2)(OPPh3)] leads to oxorhenium
compounds with doubly deprotonated amido ligands.438 The dimeric, oxo-bridged species
[Re2O3(5,7-dioxo-tetH4)2] is formed when the reaction is performed under slightly basic condi-
tions, whereas the cationic trans-[ReO(OH2)(5,7-dioxo-tetH4)]

þ cation is obtained when no sup-
porting base is added. The cation has pKa values of 4.1 and 8.7 and can also be prepared by
acidification of aqueous solutions of the dimer.
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The general trend of the preferred formation of dioxo rhenium(V) complexes with neutral
amines is confirmed by the coordination behavior of macrocyclic tetramine ligands of the cyclam
type and its derivatives (121), whereas a five-coordinate monoxo compound of the composition
[ReO(L)]þ has been obtained when L is the tetramethyldibenzotetraaza[14]annulene dianion.439

Monocationic [ReO2(cyclam)]þ type complexes (cyclam is ligand (121) with R1¼R2¼CH2) have
been prepared starting from various rhenium(V) precursors such as [ReOCl3(PPh3)2],
[ReO2(en)2]Cl, [ReO2I(PPh3)2], [ReNCl2(PPh3)2], but also from the ReIV and ReIII precursors
[ReCl4(PPh3)2] and [ReCl3(PPh3)2(MeCN)].440–443 Protonation of the oxo ligands occurs upon
treatment of the complexes with perchloric acid to give the oxo/hydroxo species
[ReO(OH)(cyclam)]2þ. Its ethoxo analogue [ReO(OEt)(cyclam)]2þ is obtained when the ligand
exchange reaction is performed in dry CH2Cl2 with subsequent recrystallization from absolute
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ethanol.442 Re-dissolution in water, however, converts the complex into the species
[ReO(OH)(cyclam)]2þ. The hydroxo group in [ReO(OH)(cyclam)]2þ is a stronger acid than that
in [ReO(OH)(en)]2þ with a pKa of 2.95 compared with 3.29 in the latter. Attempts to achieve a
second protonation resulted in disproportionation of [ReO(OH)(cyclam)]2þ.

Phthalocyanine complexes of rhenium(V) are preferably made from ReCl5 or Re2O7, since
reactions between [NH4][ReO4] and phthalodinitrile always yield the nitrido compound
[ReN(pc)] (pc2�= phthalocyanine dianion) in considerable amounts. Brown [ReO(pc)Cl] is
obtained when ReCl5 reacts with molten phthalodinitrile whereas the same reaction with
Re2O7 yields [ReO(pc)(OReO3)]. The latter complex can be converted into the neutral oxo-
bridged dimer [Re2O3(pc)2] by re-precipitation from concentrated sulfuric acid or recrystalliza-
tion from boiling pyridine.444,445 Porphyrin derivatives such as tetraphenylporphyrin (H2TPP)
react in a similar fashion and the compounds [ReO(TPP)(OReO3)] and [Re2O3(TPP)2] have
been studied crystallographically. The porphyrinato ligand in [ReO(TPP)(OReO3)] is saucer-
shaped with the ReV atom displaced out of the N4-plane towards the oxo oxygen. The distorted
porphyrinate ligand in the oxo-bridged dimer [Re2O3(TPP)2] are rotated by about 30�.
[ReO(TPP)(OReO3)] reacts with OH� with formation of the anionic dioxo species
[ReO2(TPP)]

� which can be isolated as [NR4]
þ salts (R=Et, Bun). The dioxo complex is stable

in pyridine but converts to [ReO(OH)(TPP)] upon dilution with water.444 The formation of an
oxorhenium corrolate complex by ring contraction starting from the highly electron-deficient
5,10,15,20-tetrakis(trifluoromethyl)porphyrine (122a) has been observed during reactions with
Re2(CO)10.

446 Red crystals of (122b) have been isolated when the reaction mixture is exposed to
air (Scheme 14).
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(d) Mixed-donor P/N-, P/O-, and P/S ligands. (o-Amidophenyl)diphenylphosphine (123a) acts
as monodeprotonated chelating ligand in a number of [ReO(NHC6H4PPh2)2(OR)] type Re(V)
complexes (R=H, (substituted) alkyl, or phenyl) which can be prepared in good yields by
reactions of [Bu4N][ReOCl4] with (o-aminophenyl)diphenylphosphine in alcohols using a support-
ing base447 or by an oxidation–substitution reaction of [ReIII(NHC6H4PPh2)2(NH2C6H4PPh2)]Cl
with Et3N in ROH in air.448 The chelating ligands are co-planar with a cis-phosphorus config-
uration, whereas the position trans to the oxo ligand is occupied by the oxygen-containing
monodentate ligands. Reactions of the [ReO(NHC6H4PPh2)2(OR)] complexes with HX
(X= halide) give [ReO(NHC6H4PPh2)2X] species in which two orthogonal NHC6H4PPh2

�

ligands coordinate the metal while still preserving the cis-positions of the P atoms. The coordin-
ation spheres are completed with the oxo and halide ligands. Reactions of various rhenium(V)
oxo precursors with the N-dimethyl-substituted ligand 2-Me2NC6H4PPh2 (123b) give neutral
monoxo complexes of the general composition [ReOX2Y(2-Me2NC6H4PPh2)] (X=Cl, Br, I;
Y=X, OEt, OMe), while reactions in basic media or treatment of [ReOCl2(OMe)(2-
Me2NC6H4PPh2)] with the weakly coordinating trifluoromethanesulfonic acid give the cationic
bis-chelates [ReO2(Me2NC6H4PPh2)2]

þ and [ReIIICl2(Me2NC6H4PPh2)2]
þ, respectively.449 The

formation of a neutral [ReOCl3(L)] complex from reactions of [ReOCl3(AsPh3)2] with
PhN(CH2CH2PPh2)2 (124) has been reported. Spectroscopic and analytical data of the compound
are consistent with an octahedral structure in which the three chloro ligands occupy three facial
positions and L acts as a bidentate ligand with one phosphorus donor atom unbound.450 Products
with the same basic structure are obtained from [ReOCl4]

� and diphenylpyridylphosphine
(pyPPh2).

451 The nitrogen atom in this compound is trans to the oxo ligand.
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Ligands of the type R2P(C6H4-2-O)� (125a) which contain both ‘‘hard’’ and ‘‘soft’’ donor sites
have been shown to be excellent for the stabilization of rhenium(V) oxo cores. Depending on the
starting materials used monosubstituted complexes of the compositions [ReOCl3(L)]

� or
[ReOCl2(L)(PPh3)] have been isolated which can be used for further ligand substitution reactions
to give a range of novel rhenium(V) chelates involving anionic dioxo [ReO2(L)]

�, neutral monoxo
[ReOX(P\O)2] (X=Cl, Br, I) and neutral monoxo mixed-ligand [ReOX(L)(P\NH)] complexes,
where P\NH represents (o-amidophenyl)diphenylphosphine.452–456 In all of the bis-substituted
monoxo compounds, the second chelating ligand binds almost orthogonal to the first one, with
the two phosphorus atoms in cis-positions. Replacement of one residue R in R2P(C6H4-2-O)� by
another C6H4-2-O unit gives a potentially tridentate, dianionic ligand which forms stable rhe-
nium(V) oxo compounds. Mixed-chelate complexes containing this novel tridentate ligand and a
bidentate R2P(C6H4-2-O)� ligand have been isolated with several cores including ReO3þ.457,458
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The tridentate ligand 2-{Ph2P(CH2)3N¼CH}C6H4OH reacts with [Bu4N][ReOCl4] to form a
[ReOCl2(L)] complex in which the trimethylene chain is folded to bring the phosphorus atom into
a position which allows the ligand to bind facially to the [Re¼O]3þ core. The bonding site trans
to the Re¼O oxygen is occupied by the phenolic oxygen.459

An unusual oxo-bridged tetrameric compound of the composition [ReO(�-O){P(CH2OH)3}{�-
�2-P(CH2OH)(CH2O)}]4 has been isolated in low yields from the reaction between [ReO2I(PPh3)2]
and P(CH2OH)3. It represents a unique structural pattern with an eight-membered ring through
four Re–O–Re0 bridges.321

[Bu4N][ReOCl4] or [ReOCl2(OEt)(PPh3)2] react with 2-(diphenylphosphino)benzoic acid (HL)
(125b) in different stoichiometries leading to the mono-substituted complexes [ReOCl3(L)] and
[ReOCl2(L)(PPh3)], respectively. The mixed-ligand species [ReO(OCH2CH2O)(L)(MeO)] is
obtained by reacting [ReOCl4]

�, HL, and ethylene glycol in methanol.460

Monooxides of potentially chelating phosphines or mixed phosphines/arsines (126a) form
stable rhenium(V) oxo complexes of the compositions [ReOCl3(L)] or [ReOCl2(OEt)(L)] upon
reactions with common oxorhenium(V) precursors461 or the oxidation of triply bonded dirheniu-
m(II) complexes with dioxygen,462 whereas the analogous ligand bis(diphenylphosphino)amine
(126b) reduces the metal and rhenium(III) and rhenium(IV) species have been isolated.463

1-Phenyl-2-(diphenylphosphino)ethanone (127) acts as a monoanionic ligand in rhenium(V)
complexes via deprotonation of its enolic form. Green crystals of [ReOCl(L)2] are produced from
reactions between [Bu4N][ReOCl4] and HL.464 Comparative near-IR luminescence studies
between the analogous oxo and analogous nitrido compounds show that the emitting state energy
of the oxo complexes is less than that for the nitrido compounds by a factor of about two.465

Thioanalogues of the ligands of the type (125) have been the subject of several studies. These
includes the potentially bi-, tri-, and tetradentate ligands of the formulae (128) and their phos-
phine oxides which are partially formed during reactions with rhenium oxo precursors.88,466 Most
of the isolated products can simply be obtained by direct reduction of perrhenate in the presence
of the ligands. The rhenium phosphanethiolate chemistry is characterized by a variety of struc-
tural types, reflecting the multiple oxidation states available to rhenium, the denticity of the
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ligand, and the presence of steric constraints. The versatility of phosphinothiolate chelates is
illustrated by the oxo/chloro species [ReOCl{OP(C6H5)2(C6H4S-2)}{P(C6H5)2(C6H4S-2)}] and the
binuclear [ReO(OReO3){P(C6H5)2(C6H4S-2)}2] which originate from the same reaction mixture.
Employing the potentially tetradentate proligand P(C6H4SH-2)3 (128c), the seven-coordinate
neutral compound [Re{P(C6H4S)3}{P(C6H4S-2)2(C6H4SH-2)}] and the eight-coordinate anionic
complex [HNEt3][Re{P(C6H4S-2)3}2] were isolated. These compounds demonstrate the preference
for the ReV oxidation state and illustrate that the oxo group can be removed from a rhenium(V)
center when an appropriate ligand system is provided and when steric congestion is
minimized. The importance of steric factors has been studied by means of trimethylsilyl-substituted
ligands.88
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[ReOCl{N(PPh2Se)2}2] can be obtained from the reaction of [ReOCl3(PPh3)2] or
[AsPh4][ReOCl4] with K[N(PPh2Se)2] in low boiling solvents. This disubstituted complex is
formed irrespective of the molar ratio used. Attempts to recrystallize the green complex from
CH2Cl2/EtOH mixtures resulted in the loss of one selenium atom from each ligand and brown
crystals of [ReO(OEt)(PPh2NPPh2Se)2] have been isolated.467

The high tendency of rhenium(V) centers to form stable bonds to phosphorus, nitrogen, and
sulfur donor ligands lead to the development of numerous multidentate ligand systems in order to
profit from both the effective �-back bonding capabilities of phosphorus and sulfur and the
chelate effect. Water-soluble ligands such as P1,P1,P2,P2-tetrakis(o-hydroxyphenyl)diphosphi-
noethane or the thioether/phosphine derivatives (129) and (130) form cationic dioxo rhenium(V)
complexes.468–470 Whereas compound (130) coordinates one rhenium atom as a P2S2 chelating
ligand, dimeric [Re2O2(L)2]

2þ units with �2-bonded ligands are formed with compounds of type
(129). Complexes of both types show a high in vivo stability.

Neutral [ReOX(L)] complexes (X=Cl, OH, OMe, OEt, OOCCF3) are formed with the poten-
tially tetradentate aminophosphine (131).471 The compound deprotonates twice upon reaction
with [ReOCl4]

� or [ReO4]
� under reducing conditions and coordinates as a P2N2 donor ligand in

a plane orthogonal to the Re¼O linkage. The central ‘‘[ReO(L)]þ’’ core shows a remarkable
acid–base stability which enables the exchange of the labile monodentate ligand trans to the oxo
group over a wide pH range.
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The search for stable complexes with bioactive molecules has led to the development of
dipeptide ligands modified by a phosphine group (132).472,473 N-{N-[3-Diphenylphosphino)pro-
pionyl]glycyl}-L-S-benzylcysteine and its methyl ester derivative represent potentially dianionic
(132a) or trianionic (132b) tetradentate ligand systems for the preparation of six-coordinate
rhenium(V) oxo complexes. Neutral [ReO(X)(L)] complexes are formed for both ligands; charge
balance is achieved by the ligands X (Cl� or OH� for the dianionic ester ligand or OH2 for the
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trianionic carboxylate derivative). The amide nitrogen functions are deprotonated in both com-
plexes. When the cysteine carboxylic group is unbound, in organic solvents, it can replace the
thioether sulfur.

Potentially tridentate ligands can be derived from 2-(diphenylphosphino)benzamide by the
substitution with aminoethyl, thioethyl, or hydroxyethyl substituents (133). Various complexes
have been isolated and structurally characterized. Ligands (133a) and (133b) can act as nonde-
protonated, bidentate ligands as in [ReOCl3(L)]

474 using the phosphorus and amido oxygen atoms
for coordination, or as mono- or dianionic tridentate ligands with deprotonated amido NH and
OH or SH sites. The individual bonding mode depends on the reaction conditions applied and the
formation of mixed-chelate complexes combining the tridentate ligands (133) and bidentate P\O
ligands (P\O= (125b) or nondeprotonated (133b)) has been demonstrated.475 Mixed-ligand com-
plexes containing tridentate, dianionic P\N\S (133c) or P\N\O (133b) ligands together with a
monodentate thiolato ligand in the equatorial plane of five-coordinate ReO complexes can be
prepared by simultaneous reaction of both ligands with [ReOCl4]

�.476 This introduces the possi-
bility of coordinating ligands with receptor-binding groups such as 1-(2-methoxyphenyl)pipera-
zine to rhenium centers.

(e) Mixed-donor O/S and O/N ligands. The rhenium(V) oxo anion [ReO(2-SC6H4COO)2(py)]
�

is formed when [ReO2py4]Cl reacts with thiosalicylic acid. The chelating thiosalicylato ligands are
almost perpendicular to each other with an oxygen atom trans to Re¼O bond in the complex
anion as has been proved by crystallography.477 A distorted octahedron has also been found for
the coordination geometry of rhenium in the neutral complex [ReOCl(PhCONCSNEt2)2] which is
formed during the reaction of [Bu4N][ReOCl4] with N,N-diethyl-N0-benzoylthiourea (134). The
oxo and the chloro ligands are in cis positions in this compound. The oxo complex reacts with
substituted anilines, ArNH2, to give imido compounds (see Section 5.3.2.3.4(ii)(c)) and with PPh3
to form the rhenium(III) complex [Re(PhCONCSNEt2)2(PPh3)2]

þ.478

C

S

H
NN

Et

Et
C

Ph

O OH

S

RO

S

SBu SBu

OH

(134) (135a)
R = H, Et

(135b)

Neutral oxorhenium(V) complexes of the general formula [ReO(L)Cl2] are obtained by reac-
tions of [ReO4]

� or [ReOCl4]
� with functionalized dithiaalcohols containing the donor atom

sequences S\S\O� or S\O�\S (135). The products show distorted octahedral geometry with the
chlorine and sulfur atoms in the equatorial plane. The oxygen of the hydroxy group is coordin-
ated in trans position with respect to the Re¼O core.479 [ReOCl2{O(CH2)2S(CH2)2S(CH2)2OH}]
reacts with an excess of acetyl chloride with cleavage of the trans Re—O bond and acylation of
both of the hydroxy groups to form the �-oxo bridged complex [ReOCl2{MeOCO(CH2)2-
S(CH2)2S(CH2)2OCOMe}]2O. The combination of tridentate mixed donor atom ligands of the
types �S\O\S� or �O\S\O� with other mono- or bidentate ligands allows the synthesis of a large
number of mixed-ligand complexes with the rhenium(V) oxo core and has been demonstrated for
thiolates and selenolates,480 thiaalcoholates,481 thiopyridine, and thiopyrimidine.482

Functionalized thioether ligands are produced by the solvolysis of the cyclic compound 2-oxo-
1,4-dithiacyclohexane (136). Two different rhenium oxo complexes have been isolated from
mixtures of [ReO2(py)4]Cl, ligand (136) and sodium acetate depending on the conditions applied.
The reaction in water resulted in the formation of the carboxylato/carboxylate complex
[ReO{S(CH2)2S(CH2)COO}{S(CH2)2S(CH2)CO2H}] (136a), whereas in methanol the mixed car-
boxylato/ester species [ReO{S(CH2)2S(CH2)COO}{S(CH2)2S(CH2)COOMe}] (136b) is obtained
(Scheme 15).483

A class of ligands which is very flexible in terms of its denticity, donor atom geometry, and
steric demands are Schiff bases derived from salicyladehyde or related carbonyl compounds
carrying additional hydroxo groups. The use of bi- and tridentate ligands of this type allows
the synthesis of mixed-chelate complexes with a number of O\N, N\N or N\S bidentate ligands.
The products are of considerable interest for nuclear medical applications as well as for homo-
geneous catalysis.484
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Simple six-coordinate bis-chelates of the composition [ReOCl(L)2] where HL is a N-aryl- or N-
alkylsalicylideneimine (compound (137) with R1=R2=H or Cl; R3=Ph or Me) have been
isolated as green crystals from reactions of [ReOCl4]

� with an excess of the ligands.485–488

Crystallographic studies confirm an asymmetric arrangement of the chelating ligands in the
complexes with each having a hydroxo group trans to the Re¼O core.487 The same type of
ligands react with [ReOX3(PPh3)2] (X=Cl, Br) complexes to give Schiff base/phosphine mixed-
ligand compounds of the composition [ReOX2(L)(PPh3)] with the two halide ligands cis to the
oxo oxygen atom.489 The red complex [ReOCl3(L)] is obtained when a ligand of type (137) with
R1=Me; R2=CH¼N�R3; R3= (substituted) aryl) is used. Only one of the two Schiff base arms
is used for coordination.490
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Mixed-chelate complexes containing ligands of the type (138a), H2Ophsal, are known with
bidentate ligands such as 8-quinolinolate,486 bipy, 2,20-phenanthroline, or 2,20-dipyridylamine.491

Appropriate starting materials for the syntheses of these compounds are [ReOCl(MeOH)(Oph-
sal)]486 or [ReOCl(PPh3)(Ophsal)].491 The thioanalogous Schiff base H2Sphsal (138b) shows a
more complicated behavior since the compound readily converts into its cyclic oxidized form 2-(2-
hydroxyphenyl)benzothiazole Hhbt (139). This reaction proceeds very rapidly at room tempera-
ture under the influence of metal complexes such as [ReOCl4]

�. When the conversion is conducted
in acetone, the formation of isopropanol is detected within a few minutes after mixing the
reagents492 and the mixed-ligand complex [ReO(Sphsal)(hbt)] has been isolated from such mix-
tures.492,493 More rhenium(V) oxo complexes with 2-(2-hydroxyphenyl)benzothiazole ligands have
been obtained from similar reactions and the product of the compositions [ReOCl3(hbt)]

� and
[ReOX(hbt)2] (X=Cl, Br) contain the ligand as a singly deprotonated N\O donor.492 Careful
control of the reaction conditions between [ReOCl3(PPh3)2] or [ReOBr4(OPPh3)]

� and H2Sphsal
in methanol allows the isolation of [ReO-(MeO)(PPh3)(Sphsal) or [ReOBr(Sphsal)].493,494 The
latter compound is an excellent starting material for the synthesis of neutral mixed-ligand
complexes of the type [ReO(Sphsal)(SR)] which have been isolated with a number of monodentate
benzenethiols and benzylmercaptans, whereas reactions with thiols derived from heterocyclic
amines such as 2-mercaptopyridine yield complex cations of the composition
[ReO(Sphsal)(HSR)]þ.494 Similar mixed-ligand complexes which combine tridentate Schiff bases
and bidentate N\O or N\N ligands can be obtained from [ReOCl2(L)(PPh3)] complexes, where L
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is 2-(2-hydroxyphenyl)benzoxazole or (20-hydroxyphenyl)2-thiazoline and tridentate Schiff base
ligands495 or related reactions with 8-hydroxy-5-nitroquinoline as bidentate ligand.496 An unex-
pected formation of an imino species has been observed during the reaction of [ReOCl3(PPh3)2]
with salicylaldoxime in CHCl3. In addition to a small amount of the pink rhenium(IV) complex
trans-[ReCl4(OPPh3)2], green crystals of [ReOCl2(PPh3)[�

2-OC6H4-2-CH¼NH)] have been isol-
ated as major product formation of which involves the cleavage of the N—O bond of the
oxime.497

The structural flexibility of the Schiff bases of type (137) allows the synthesis of ligand systems
with specific properties in terms of donor capabilities and steric requirements. Their ability to
control the structures of complexes is illustrated by two different O\N\O Schiff base ligands
coordinating rhenium in two distinct ways.498,499 Complexes of the type [ReOCl2(O

\N\N)]
containing monoanionic tridentate ligands of the type (137) with R3= naphthyl500 or pyridinyl,501

have been isolated and structurally characterized. The pyridyl complex contains the almost planar
tridentate ligand coplanar with the oxo oxygen atom. A similar product, but with the ligand
binding facially to the Re¼O core, has been isolated with a ligand in which R3 is
–(CH2)3PPh2.

459

Schiff base building blocks have widely applied to design ligand systems of potentially high
denticity ((140) and (141)). Most of them are based on the bis(salicylidene)amine, H2salen,
skeleton (140). The tetradentate ligands form [ReOX(salen)] complexes (R=X, OR, ½ O) of
various structures (142a–d). This behavior has been the subject of several studies and the forma-
tion of the distinct structures has been attributed to various factors such as the length of the alkyl
bridge, the nature of the second ligand X and the temperature of the reaction. Monomeric
rhenium complexes are preferably formed with ligands which contain alkyl bridges with at least
three carbon atoms between the imine functions. The isolation of the trimeric cationic complex
[{ORe(OC6H4-2-CMe¼NCH2-)2(�-O)}2Re(OC6H4-2-CMe¼NCH2-)2]

þ,502 suggests that electronic
effects are also important. It illustrates the tendency for oxygen donor atom trans to Re¼O
groups to allow a better delocalization of electron density by the formation of Re—O bonds with
partial double bond character. This is confirmed by the relatively short Re—(trans)O bond lengths
and the tendency to form �-oxo dimers.503,504 This results in the formation of dimeric complexes
with ethylene-bridged ligands (142a) and isomeric mononuclear compounds with larger bridges.
The nonsymmetric form (142b) is preferred for many ligands, but symmetric complexes (142c)
have been prepared with a propylene-bridged salen ligand and alkoxo co-ligands. These com-
pounds can be converted by heating to give the nonsymmetric isomers.504 The formation of
dimeric, �-oxo bridged structures (142d) has been observed during recrystallization from various
solvents by traces of water.505,506 Electrochemical studies of complexes of the types (142c) and
(142d) suggest the existence of an equilibrium between the neutral [ReOCl(L)] compounds and
[ReOL]þ cations. A one-electron reduction and one-electron oxidation are observed, followed by a
fast chemical reaction, resulting in decomposition of the complex. The �-oxo dimeric complexes
underwent a two-electron reduction followed by decomposition. Successive one-electron oxida-
tions of each rhenium in [Re2O3(L)2] are observed. Each electron-transfer step is coupled to a
chemical reaction, the generation of [Re2O3(L)2]

þ was followed by the cleavage of the �-oxo bond
and the formation of mono-oxo species. This reaction is much slower than the decomposition
which follows the generation of [Re2O3(L)2]

2þ.507–509
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OH HO
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n = 2–  4

OH HO
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a) R1 = (CH2)2CH(OH)(CH2)2
b) R1 = (CH2)2O(CH2)2O(CH2)2
c) R1 = (CH2)2NH(CH2)2

N N N N
n

Attempts to prepare rhenium oxo complexes with penta- and hexadentate Schiff base ligands
containing additional oxygen donor groups (141a) and (141b) resulted in products of type (142b)
and the additional hydroxo or ether functions do not contribute to the coordination of the
metal.510,511 From reactions of [ReOCl4]

� with ligand (141c), however, brown crystals of the
composition [ReO(L)] (L= triply deprotonated ligand (141c)) have been isolated in moderate
yields.512 One oxygen atom of the N3O2 pentadentate ligand is located trans to the Re¼O bond,
while the four remaining coordinating atoms lie cis to the oxo group giving a distorted octahedral
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geometry around the metal. Similar products have been obtained for the related ligand N,N0-3-
azapentane-1,5-diylbis(3-(iminoethyl)-6-methyl-2H-pyran-2,4(3H)-dione.513

Tetradentate, potentially triacidic Schiff base ligands with N2OS donor sets (type (134)
with R1=R2=H; R3= –(CH2)nNHC(O)CH2SH; n= 2–4)) react with [ReO2(py)4]Cl or
[ReOCl3(PPh3)2] under complete deprotonation and the formation of five-coordinate [ReO(L)]
complexes when n= 2 or six-coordinate products of the compositions [ReO(L)(py)] or
[ReO(L)(PPh3)] when n= 3 or 4.514

The coordinating properties of Schiff bases have been regarded concerning potential applica-
tions in nuclear medicine and promising results have been obtained by the coupling of cholesterol
to complexes of type (142c) and the use of their coordinating capacity for the synthesis of
functionalized tetradentate calix[4]arene ligands and rhenium(V) oxo complexes thereof.515

Aminophenolate ligands which result from the reduction of the tetradentate Schiff bases of type
(140) possess a low capacity to transfer electron density to the metal and, consequently, complexes
containing the [O¼Re�O�Re¼O]4� core are formed.516,517 The products can be obtained in
low yields only when [ReOCl4]

� or [ReOCl5]
2� are used as precursors since side-reactions which

give oligomeric products and ReO2 play a considerable role.516 This problem has been solved by
the intermediate production of an ethylene glycolato complex of the tentative composition
[ReO(eg)2]

�. The less reactive compound decreases the rate of the ligand exchange and the chelate
formation is preferred.517 Similar findings have been reported for the synthesis of five-coordinate
rhenium(V) complexes with the trianionic N\N\N\O3� ligand derived from (143),518 whereas no
supporting ligand is required for the formation of the neutral compound [ReO(L)] with the triply
deprotonated compound (144). This complex can be prepared directly from the triphenylmethyl-
protected S\N\N\O ligand and [ReOBr4]

� or [ReOCl3(PPh3)2].
519
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Some unusual reactions have been observed with hydroxypyridine ligands such as 8-hydroxy-
quinoline (Hoxine), N-phenylsalicylideneimine (Hphsal), 2,6-bis(hydroxymethyl)pyridine
(py(CH2OH)2) (146), or dihydroxydi(2-pyridyl)methane (147a) which is formed by hydrolysis of
di(2-pyridyl)ketone (147b). The nitrido complex [ReNCl2(PPh3)2] reacts with formation of the
complexes [ReOCl(quin)2], [ReOCl2(phsal)(PPh3)], cis-[ReOCl2{py(CH2OH)(CH2O)}(PPh3)], and
[ReOCl2{(py)2CO(OH)}], respectively.520 The formation of the oxo ligand is surprising in view of
the fact that the rhenium–nitrogen triple bond is very stable and examples of Re�N bond
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cleavages are rare. But three of the products observed are identical to those isolated earlier from
reactions of [ReOCl3(PPh3)2] with these ligands,521,522 while in cis-[ReOCl2{py(CH2OH)-
(CH2O)}(PPh3)] ligand (146) acts as a bidentate N\O� donor, spanning one axial and one
equatorial coordination site with the pyridine nitrogen cis to the PPh3 ligand.523 This is unex-
pected bearing in mind the trans positions of the PPh3 ligands in the starting complexes
[ReNCl2(PPh3)2] or [ReOCl3(PPh3)2].

(147) (149)(148)
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The compositions and structures of oxorhenium(V) complexes with substituted pyridines can be
controlled over a wide range by the precursors and the reaction conditions (particularly the
solvents) applied. This has been demonstrated for (2-pyridyl)diphenylphosphine (PPh2py),
where the formation of [ReOCl3(PPh2py-P,N)] vs. [ReOCl3(OPPh2py-P,O)] has been controlled
by the reaction temperature,451 3-hydroxypicolinic acid (HOpy-3-CO2H) (147), (N-(2-pyridyl-
methyl)-2-aminoethanol (mpenOH) (148) and N,N-bis(2-pyridylmethyl)2-aminoethanol (bpen-
OH) (149). The reaction of ligand (147) with [Bu4N][ReOCl4] in a 2:1 molar ratio in boiling
benzene gives the green anionic complex [ReOCl3(HOpy-3-COO)] in good yields. When the same
reaction is performed in boiling ethanol, the blue neutral bis-complex [ReOCl(HOpy-3-COO)2] is
obtained.524 The trans positions to the Re¼O core is occupied by oxygen atoms of the carboxylic
groups in both complexes. Reactions starting from [ReO2I(PPh3)2] give the complexes
[ReOI2(PPh3)(HOpy-3-COO)] and [ReO(PPh3)(HOpy-3-COO)2]I in moderate yields.525
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A mixture of rhenium(V) oxo complexes, from which the dichloro complex [ReOCl2(mpen-
O-N,N0,O)] (148a) and the chlorotriphenylphosphine complex [ReOCl(PPh3)(mpenO-N,N0,O)]þ

(148b) were isolated, is afforded during the reaction of [ReO(OEt)Cl(PPh3)2] with the potentially
tridentate N\N\O ligand mpenOH (148).526 Similar reactions with bpenOH (149) gives the
complexes [ReOCl2(bpenO-N,N0,O)] (149a) and [ReOCl(bpenO-N,N0,N00,O)]þ (149b) with two
different bonding modes for the potentially tetradentate ligand. The addition of ethyleneglycol
(H2eg) to the reaction mixture results in the isolation of the mixed-chelate complex [ReO(eg)-
(bpenOH-N,N0,N00)]þ (149c). It is suggested that the reduction of the metal by liberated PPh3 is
avoided by the formation of the O¼Re�O core which is present in all the formed complexes since
considerable amounts of rhenium(V) are reduced during comparable reactions with PPh2py

451 or
tris(2-pyridylmethyl)amine.526

The coordination capacity of heterocyclic amines has already been outlined in Sections
5.3.2.3.1(i)(d) and 5.3.2.3.1(ii)(c). Substitutions of benzimidazole, benzothiazole, oxazoline, or
thiazoline rings with aliphatic alcohols or phenols results in chelating ligands which mimic naturally
occurring coordination sites. Neutral rhenium(V) complexes of the compositions
[ReOCl2(L)(PPh3)], [ReOCl(OEt)(L)(PPh3)] or [ReOCl(L)2] where HL is a benzimidazolylalcohol
or benzimidazolylthiol of type (150) have been isolated during reactions between [ReOCl3(PPh3)2]
and the ligands in ethanol depending on the reaction conditions applied. The products have been
isolated as solids and characterized by elemental analysis and spectroscopic methods.527,528 A
structurally related product, [ReOCl(hbt)2], (151) (Hhbt= 2-(2-hydroxyphenyl)benzothiazol (139))
has been studied by X-ray crystallography and shown to have an asymmetric coordination of the
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chelating ligands with one phenolato donor trans to the oxo oxygen.529 Compounds of the type
(152) readily deprotonate and can then also act as mononegative chelating N\O ligands in
rhenium(V) oxo complexes. A series of [ReOBr(L)2] complexes with HL=Hoz, Hthoz, or
Hhbo has been isolated from ligand exchange reactions starting from [ReOBr4]

� and structurally
characterized.530 The structures follow the general feature discussed for [ReOCl(hbt)2]. The chloro
analogues are formed when [ReOCl3(OPPh3)(Me2S)] is used as precursor. The chloro ligand in
[ReOCl(oz)2] can readily be removed by treatment with silver triflate giving the cationic complex
[ReO(oz)2(OH2)]

þ.531 [ReOCl(oz)2] as well as [ReO(oz)2(OH2)]
þ catalyze oxygen atom transfer

reactions from aryl sulfoxides to alkyl sulfides and oxygen scrambling between sulfoxides to yield
sulfone and sulfide. Superior catalytic activity has been observed for [ReO(oz)2(OH2)]

þ due to the
availability of a coordination site at the rhenium atom. The active form of the catalyst is a
dioxorhenium(VII) intermediate, [ReO2(oz)2]

þ, which is rapidly reduced in the presence of sulfide
to [ReO(oz)2]

þ with sulfoxide as the sole organic product.531
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A study with bioinorganic background examined reactions of common rhenium(V) precursors
with N-hydroxyiminodipropionic acid (H3hidpa) (153) which is constituent of amavadin. During
the reactions of [Bu4N][ReOBr4], [ReOCl3(PPh3)2] or [ReOCl2(OEt)(PPh3)2] with H3hidpa only
complexes with N\O ligand fragments involving 2-[(1-carboxyethoxy)imino]propionic acid have
been isolated and structurally characterized (153a–c) (Scheme 16).532
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Scheme 16

Mixed-chelate complexes containing the monoanionic P\O ligand 2-diphenylphosphinophenol-
ate (L�) and a number of model peptide fragments such as tiopronin, GlyGly, GlycL–Phe, or
gluthathione show the radiopharmaceutical potential of this class of compounds. Reacting
equimolar amounts of the peptides with the [ReOCl3(L)]

� precursor in refluxing aqueous
MeCN/MeOH mixtures, the following complexes were obtained: [ReO(L)
{SC(Me)CONCH2COO}]�, [ReO(H2NCH2CONCH2COO)(L)], [ReO{H2NCH2CONCH
(CH2C6H5)COO}(L)], and [ReO{SCH2CH(NHCOCH2CH2CHNH2CO2H)CONCH2COO}(L)]�.
By a comparative study of the first three complexes against excess gluthathione it was shown that
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the complex with the bulky C6H5CH2 substituent adjacent to the coordinated carboxylate group
is the most stable.533 A similar coordination mode has been found for mixed-chelate complexes
containing bidentate phosphinophenolato or phosphinocarboxylato and tridentate, dianionic
O\N\S or O\N\O Schiff bases. The coordination environment around rhenium is distorted
octahedral with the donor atoms of the tridentate ligand and the phosphorus atom of the
P\O� ligand in cis positions to the oxo oxygen.534,535

(f) Mixed-donor N/S ligands. Native and synthetic sulfur-containing amino acids and their
derivatives are of great interest because of their considerable potential to provide access to novel
compounds for medical applications. This type of ligands combines the perfect donating abilities
of N\N or O\N chelating ligands with amine or amido donor functions with a ‘‘soft’’ sulfur atom
which perfectly meets the electronic requirements of the ReO3þ, ReN2þ, or ReNR3þ cores (see
also Sections 5.3.2.3.3(ii)(b) and 5.3.2.3.4(ii)(b)). This may explain the large number of rhenium
compounds containing bi-, tri-, and tetradentate N\S mixed-donor ligands.

Nevertheless, reports on well-characterized rhenium(V) oxo complexes with native amino acids
such as cysteine or methionine or small peptides containing these building blocks are rare.
Reactions of common ReO precursors such as [ReOCl4]

�, [ReOCl3(PPh3)2], or [ReO2I(PPh3)2]
result in the formation of products which are contaminated with undefined polymeric species.
This is mainly due to the high reactivity of these starting materials with the thiolates and has been
studied more in detail for analogous technetium compounds.536,537 Well-defined complexes could
however be isolated by a ligand-exchange procedure starting from a less reactive gluconato
oxorhenium(V) precursor. This approach yields monomeric complexes with cysteine and cysteine
methyl ester.538 The ester ligand is partially hydrolyzed during this procedure and octahedral
complexes with one doubly deprotonated cysteinato ligand (�OOCCH(NH2)CH2S

�) having the
carboxylato group in trans position to the oxo ligand and one singly deprotonated cysteinato or
cysteine methylester ligand (ROOCCH(NH2)CH2S

�, R=H (154a) or Me) are obtained. A facile
procedure to obtain [ReO(OOCCH(NH2)CH2-S)(HOOCCH(NH2)CH2S)] is given using the disul-
fide of cysteine, cystine. This reaction starts from perrhenate which has been reduced in the
presence of cystine with sodium dithionite in alkaline solutions to give a brown powder of
complex (154) in moderate yields. The noncoordinated carboxylic group of the product can readily
be deprotonated to give a complex anion.539 This procedure does not influence the first coordin-
ation sphere of the metal significantly. A conversion of the rhenium center into a trans-OReOþ

core, however, has been observed in aqueous solutions at pH 12 by means of EXAFS.538 A
coordination behavior similar to that of cysteine has been found for penicillamine (H4pen) and its
methyl ester.540–543 A neutral oxo complex of the type (154) is formed in neutral media. Differ-
ences in solution chemistry has been observed for the species [ReO(D-penH3)(D-penH2)] and
[ReO(D-penH3)(L-penH2)]. [ReO(D-penH3)(L-penH2)] shows unique solution behavior due to its
mixed DL ligand stereochemistry. Unlike [ReO(D-penH3)(D-penH2)], the DL compound exists as a
pair of enantiomers that undergo base-catalyzed interconversion and does not form a COO-
ligated N-deprotonated species and prefers methoxy over hydroxy coordination in its COO-
delegated form in MeOH/water mixtures. Ester hydrolysis as discussed for cysteine methyl
ester has also been observed for D-penicillamine methylester. Spectroscopic studies suggest that
in aprotic, noncoordinating solvents one amine group in the 1:2 oxorhenium(V) complex is
deprotonated. In presence of coordinating solvents such as water the trans position to the oxo
ligand is occupied with water without any change in the NH/NH2 coordination mode. In water,
however, hydrolysis of the ester is observed and the formed carboxylic group binds trans to
Re¼O.543

The simultaneous action of potentially bidentate aminothiols of the type R1R2NCH2CH2SH
(R1=R2=Et or R1R2=C5H10) and monodentate thiols on [ReOCl3(PPh3)2] results in the forma-
tion of neutral products of the formula [ReO(R1R2NHCH2CH2S)(SR

3)3] (155a) where the ami-
nothiol acts as a monodentate ligand with a protonated nitrogen atom. In solution the brown
complexes gradually transform to green compounds of the type [ReO(R1R2NCH2CH2S)(SR)2]
(155b) (Scheme 17).544 This transformation has also been observed for technetium analogues and
is much slower for the rhenium compounds.

The general procedure described above, the simultaneous action of two different ligands on a
rhenium precursor, has been applied for numerous types of bi- and tridentate aminothiol ligands
with monodentate ligands such as thiols,375,545–555 halides,556 or alkyls.557 The properties of the
resulting complexes of the types (155b) or (156) can be controlled over a wide range by variations
in the backbone of the chelating ligand and/or substitutions at one or both of the ligands and has
caused considerable interest with regard to potential pharmaceutical applications. Functional-
ization of the ligands allows the development of molecules that possess specific pharmacological
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profiles. This has been demonstrated with a rhenium complex of type (156b) where �SR is an
N-ethanethiol derivative of tropane which binds to the dopamine transporter.558
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Rare examples of cis-dioxorhenium(V) complexes of the composition (157) are formed when
[ReOCl3PPh3)2] is exposed to R2NCH2CH2SH ligands where R2N is NEt2, N(C2H4)2C(OC2H4O),
or N(C2H4)2C6H4-2-OMe.559,560 The complexes have trigonal bipyramidal structure with both
oxo ligands and the sulfur atom of the aminothiolate forming the trigonal plane. Water is the
origin of the second oxo ligand as has been shown with an 18O labeling experiment.

The monodentate thiolato ligands in complexes of the type (156) are readily replaced by
competing thiols. This has been demonstrated by ligand-exchange experiments with various thiols
including gluthathione and other blood constituents containing thio groups.378,561,562

A completely different approach to potential rhenium-containing pharmaceuticals is given with
attempts to mimic native steroid receptor ligands by a metal-containing framework. This requires
the synthesis of heterodimeric bis-chelates, that means oxo complexes containing two different
chelating ligands, in preference to the homodimeric compounds. The high versatility of N\S
chelating ligands recommends this class of ligands for such experiments. An example of the
selective formation of heterodimeric bis-chelates is provided by the reaction of [ReOCl3(PPh3)2]
with equimolar amounts of 1-(40-methoxyphenyl)amino-2-methylpropane-2-thiol and pyridine-2-
methanethiol which gives the mixed-chelate complex (158) in essentially quantitative yields.563 This
has been used for the preparation of rhenium complexes whose shape resembles that of molecules
that bound to steroid receptors. Trans-geometry is required for the N\S ligands and that this is
the case for the rhenium complexes has been demonstrated by the crystal structure of a complex
(159a) which resembles the shape of progesterone (159b).564 Neutral Re¼O mixed-chelate com-
plexes are also known containing 2,6-dithiomethylpyridinato and 2-diphenylphosphinophenol-
ato,552 or N-(2-hydroxybenzyl)-2-thioaniline and 2-thiopyridine ligands.565
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Tetradentate S\N\N\S aminothiolato ligands found considerable interest since their complexes
represent structural analogues of the neutral technetium(V) complex [TcO(ECD)]
(H3ECD=N,N0-1,2-ethylenediylbis-L-cysteine diethylester, (160) with R1=R3=R4=R5=H,
R2=COOEt) which is used as a brain imaging agent in diagnostic nuclear medicine.566 The
ligands (160) can easily be substituted in several positions and, thus, their chemical and biological
properties can be optimized. They normally coordinate as tetradentate ligands in their S,S,N
triply deprotonated form and neutral rhenium oxo complexes are obtained from ligand exchange
reactions with common ReO starting complexes such as [ReOCl3(PPh3)2] or [ReOCl4]

� or by
reduction of ReO4

� in the presence of the ligand.567–572 The formation of anionic [ReOL]�

complexes is the exception for tetradentate diaminodithiolato ligands, but has been observed
for a ligand with an aromatic backbone: ethylenebis(N,N0-2-thioaniline).573 A more complicated
complex formation pattern has been observed for 2,7-dicarboxy-3,6-diaza-1,8-octanedithiol
(ligand (160) with R1=R3=R4=R5=H, R2=CO2H), H6EC.

574 Two different products have
been isolated with this ligand, the purple neutral complex [ReO(H3EC)] and the anionic species
[ReO(EC)]3�. Both compounds show unexpected features in their solid state structures. One of
the carboxylate groups is coordinated to the metal trans to the oxo ligand (161a) in the neutral
compound, whereas the coordination geometry of the anionic complex is distorted square pyr-
amidal and both nitrogen donor atoms are deprotonated (161b). NMR studies imply the
co-existence of several complex species in aqueous solutions at physiological pH and a compli-
cated equilibrium between them. This is supported by the isolation of an isomeric form of (161a)
with the oxygen atom of the carboxylic group coordinating in the equatorial plane and an axial
nitrogen atom. This species dominates at high pH values.575
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Deprotonation of the nitrogen atoms is facilitated in amide donor groups and consequently a
number of N\S\S\N ligands have been designed which contain one or two amido groups. This
represents an important step towards the coordination chemistry of rhenium with peptide ligands.
Whereas common diamido–dithiolato ligands of type (162) readily deprotonate at the nitrogen
and sulfur atoms with formation of anionic complexes of the composition [ReO(L)]�,576–579 the
introduction of thioether units into the framework of the ligands (163) allows the synthesis of
stable neutral ReO complexes. This has been demonstrated for amido ligands of the type (163a)
which are available with various ring sizes and substitutions as well as with their reduced form
(163b).580 The resulting [ReO(L)] complexes react with tertiary phosphines under cleavage of a
carbon–sulfur bond, the loss of a SCH2CH2 group and the formation of five-coordinate mixed-
ligand complexes of the type (164a). The decomposition of the ligand can be avoided by
introduction of methyl groups in the framework of the ligand which results in the formation of
six-coordinate species of the composition (164b).581 The strong bond between the ReO core and
amido/thiols has been used to prepare small, lipophilic chelates which form inclusion complexes
with native �-cyclodextrin and �-cyclodextrine dimers.582 The stability of the obtained complexes
may suggest potential for a novel method for radiolabeling biomolecules.

Ligands with mixed amine/amide/thiol donor groups have a complex formation behavior
intermediate between that of the amine/thiol and the amide/thiol ligands. The extent of the
deprotonation of H4L ligands of this type can be controlled by the reaction conditions and
consequently neutral or anionic compounds with a central ReO unit can be isolated.583–586 As
explained for mixed-chelate compounds of type (159), complexes of tetradentate N2S2 ligands
have been proposed as mimics for estrogen receptor ligands. The metal containing unit effectively
replaces the C and D rings of estradiol. The resulting neutral rhenium complexes showed a higher
stability than the compounds which were prepared following the bis-bidentate approach, but
demonstrated an only weak binding to the estrogen receptor.587,588
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The use of a technetium complex containing the pentaanionic form of mercaptoacetyltriglycine
(165), H5MAG3, also stimulated the coordination chemistry of rhenium with small peptides. The
analogous complex [ReO(MAG3)]

2� as well as its monoanionic form and several derivatives have
been isolated and characterized spectroscopically and by X-ray diffraction.589–594 As a result of
these studies new peptides and peptide derivatives such as dimethylglycyl-L-seryl-L-cysteinylglycin-
amid,595 mercaptoacetyl-L-histidinyl-S-benzyl-cysteine methylester,596 and new peptide-based
2,3,5,6-tetrafluorophenyl esters597 with distinct properties have been synthesized and applied as
chelators for rhenium(V) oxo centers.
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The Schiff base ligand derived from salicylaldehyde and 2-aminothiophenol H2L (166) reacts
with [Bu4N][ReOCl4] with formation of the yellow–brown complex [ReOCl(L)] when higher
alcohols are used as solvents, whereas red crystals of [Bu4N][ReOCl2(L)] were isolated from
acetone.598 [ReOCl(L)] reacts with various bidentate, monanionic N\O or N\S ligands HL0 to
give mixed-chelate compounds of the composition [ReO(L)(L0)]. A different complex formation
pattern has been observed with the potentially pentadentate Schiff base ligand (167), H2salthim,
which afford the mononuclear complex [ReO(OEt)(salthim)] when it is reacted with [Bu4N]
[ReOCl4] in methanol. The thioether sulfur remains uncoordinated giving rise to an eight-
membered chelate ring.599 The reduced form of the Schiff base which can be obtained by reduction
with NaBH4, affords a binuclear complex and the pentadentate ligand binds to both metal ions
forming an amine complex with one metal center and an amide complex with the other. The two
rhenium atoms are components of a 10-membered dimetallocyclic {–ReSCH2CH2N–}2 ring. Other
ReVO complexes with Schiff base ligands are known with N,N0-ethylenebis(thioacetylacet-
onylideneimine),600 derivatives of dithiocarboxylic acid601 or dithiocarbazic acid esters.602 Triden-
tate ligands O\N\S of the type (168) readily deprotonate twice and form complexes of the
composition [ReOX(L)] (X=Cl, I, Saryl) having a square pyramidal structure.603,604 N-Protected
amino acids conjugated with S-methyl-2-methyldithiocarbazate give the same type of complexes
and underline the viability of this ligand system for the synthesis of modified peptides.605 The
halide complexes of the composition [ReOX(L)] (X=Cl, I) as well as their analogues derived from
S-methyl-�-N-(2-hydroxynaphtylmethylidene)dithiocarbazate react with PPh3 to give the com-
plexes [ReOCl(L)(PPh3)] which can easily be converted in air to the phosphine oxide complexes
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[ReOCl(L)(OPPh3)].
606 The trans positions to the oxo ligands are occupied by Cl� in the phos-

phine complexes and by the oxygen atom of the phosphine oxide in the latter compounds.
Complexes containing derivatives of dithiocarboxylic acid bind these ligands singly deprotonated
in an N\S chelating mode giving [ReOCl(L)2] or [ReOCl2(L)(PPh3)] complexes depending on the
starting materials used,607 whereas 2-benzimidazole-20-ylethanethiol gives the [ReO(L)2]

þ cation
when perrhenate is reduced in the presence of this ligand.608
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Bulky thiourea ligands such as Me4tu form stable complexes with the rhenium(V) oxo core as
has been described in Section 5.3.2.3.1(ii)(b).303 The thiourea ligands in the [ReO(Me4tu)4]

3þ cation,
however, coordinate monodentately via the sp2 hybridized sulfur atom. Chelate formation under
deprotonation of nitrogen atoms is obtained in the thiourea units of dithiourea ligands of the type
RHNC(¼S)NH(CH2)3NHC(¼S)NHR (R=Me, Ph, 4-MeOC6H4) (169a) or their thiol/amide
derivatives (169b). The ligands of type (169a) deprotonate at the two binding and at one nonbinding
nitrogen during reactions with common ReVO precursors and form neutral complexes with two
four-membered chelate rings. Chelate formation is only observed with ligands having a propylene
backbone. Attempts with ethylene-bridged ligands failed since the resulting central five-
membered ring is too small to accommodate bidentate coordination of both thiourea units. The
neutral form of the complex is favored in neutral and basic solutions. Under acidic conditions,
however, a cationic form with both uncoordinated nitrogen atoms protonated is favored.609 The
chelating thiourea unit can be used as building block for the development of multifunctional
ligand systems as has been demonstrated with compounds (169b) which form stable neutral
[ReO(L)] chelates with rhenium atoms in a square pyramidal geometry.610 Ligands which also
contain thiourea units are N-(N,N-dialkylthiocarbamoyl)benzamidines (170). However, they
coordinate via the sulfur atom of the thiourea unit and the terminal amino group under single
deprotonation and the formation of bis-chelates containing six-membered chelate rings.478,611

Although N-heterocyclic thiols favorably occur in the tautomeric thione form as has been
discussed in Section 5.3.2.3.1(i)(c), deprotonation and chelate formation can be observed when
the thiol is located in the two-position to nitrogen in a six-membered heterocycle.482 This behavior
has been observed for 2-mercaptopyridine (HSpy) and 2-mercaptopyrimidine (HSpym). Reactions
of HSpy or HSpym with (Bu4N)[ReOBr4(OH2)] in THF lead to the neutral complexes [ReO(�2-
Spy)2(�

1-Spy)] or [ReO(�2-Spy)2(�
1-Spy)] with nitrogen atoms of one of the heterocyclic rings

trans to the oxo ligands. The same type of compound is obtained with 3-(trimethylsilyl)pyridine-2-
thiol, whereas increasing the sterical constraints by the introduction of two t-butyldimethylsilyl
substituents in the three- and six-position of HSpy results in a new structural type, the six-
coordinate complex [ReO(OH)(SC5H2N-3,6-SiMe2Bu

t)2] with the two pyridinethiolato ligands
are in cis positions to the oxo group.253 �-Oxo-bridged dimeric complexes are formed with 4,6-
dimethylpyrimidine-2-thiol or 6-purinethiol.297,612 Stepwise ligand exchange and reduction to
rhenium(III) compounds has been observed during reactions of [ReOCl2(OEt)(PPh3)2] with
HSpy or HSpym and derivatives.613–615 Intermediates of the composition [ReOCl2-
(SpymR2)(PPh3)] have only been obtained when sterically hindered pyrimidinethiols have been
used.613,614

Nitrido ligands are often formed from oxo precursors by reactions with hydrazine derivatives.
More details of the formation of hydrazido and diazenido species will be given in Section 5.3.2.10.
Here, only those complexes which still contain oxo ligands and, thus may be regarded as
intermediates of this conversion are regarded. The dithiocarbamato complex
[ReO(Et2dtc)(NHNCSSMe)] (171) is formed in good yields by reacting [Re2O3(Et2dtc)4] (89)
with excess NH2NHC(S)SMe. S-Methyldithiocarbazate is singly deprotonated at both nitrogen
atoms and acts therefore like a hydrazido ligand with an extensive delocalization of the negative
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charge over the ligand framework.616 A similar bis-complex, [ReO(NHNC(S)Ph)-
(NHNHC(S)Ph)], has been obtained from reactions of thiobenzoylhydrazine with [ReO2I(PPh3)2]
or [Re2O3(Et2dtc)4].

617 This compound may be regarded as an analogue for intermediates in the
synthesis of nitrido complexes such as the oxo compound [ReO(HNNMeCS2Me)2]

þ (172). The
latter complex is also suggested as an intermediate in the synthesis of rhenium nitrido species
under radiopharmaceutically relevant conditions.618,619

The formal insertion of RNCS (R=Ph, 4-Me-C6H4) into the Re—OR2 bonds of [ReO-
Cl2(OR2)(PPh3)2] complexes and the formation of the complexes [ReOCl2(PPh3){R

1N¼C-
(OR1)S}] (173) has been observed. The thiazetidine ligand is formally monoanionic and is
coordinated with an almost planar four-membered ring.620
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An unusual approach to rhenium(V) oxo compounds is provided by the reaction of the
rhenium(IV) complex [ReCl4(PPh3)2] with benzoylacetone thiobenzoylhydrazone or salicylalde-
hyde thiobenzoylhydrazone. The ligands do not stabilize rhenium(IV) complexes, and rapid
oxidation in air gives ReVO chelates with one of the potentially tridentate ligands coordinating
as a tridentate dianion and the other as a bidentate monoanion. The position trans to the oxo
ligand is occupied by the oxygen donor atom of the tridentate ligand in both products.384

5.3.2.3.2 Sulfido complexes

Compared with the huge number of oxo complexes only a few rhenium(V) compound with
terminal sulfido complexes are known. The square-pyramidal complex anion [ReS(S4)2]

� was
first isolated in pure form in 1986 by a reaction of Re2O7 with (Ph4P)Br and ammonium
polysulfide in acetonitrile and the structure of the Ph4P

þ salt has been elucidated.151 Later, the
same complex anion was prepared from starting materials such as [Re2Cl8]

2�,621 perrhenate,622 or
ReCl5.

364 When the reactions with the polysulfides are performed in acetone, the derivative
[ReS(S4)(S3CMe2)] in which formally one of the sulfur atoms of one S4

2� ligand is substituted
by the carbon skeleton of the solvent acetone is obtained.622 The use of polysulfides with a high
sulfur content yields sulfur-rich complex anions, such as the [Re2S16]

2� ion in which two rhenium
atoms are linked by each two �2-S

2� and �2-S3
2� ligands (174).153 The anion is characterized by

strongly covalent Re—S bonds and represents a new type of a molecular metal sulfide.
Several approaches have been reported for the synthesis of rhenium complexes with terminal

sulfido ligands which avoid the use of polysulfides and give access to compound with organic
co-ligands. The square-pyramidal complex [ReS(SCH2CH2S)2] with the sulfido ligand in apical
position is formed during a reaction of K2[ReCl6] with 1,2-ethanedithiol in methanol. The source
of the sulfido ligand is partial decomposition of the dithiol.357 Oxo ligands can be replaced by S2�

by reactions of the corresponding ReO complexes with B2S3 or P4S10 as has been demonstrated
for [ReSCl2[HB(pz)3}],

414,623 [ReS(Me)(PPh3)(SCH2C6H4S)],
366 or the sulfido-bridged, mixed oxo/

sulfido species [ReO(Me)(�2-SCH2C6H4S)2Re(�2-S)( Me)].366

The tetrathiorhenate(VII) anion is a very useful synthon for the synthesis of sulfur-rich rhenium
complexes. Thus, it reacts with a number of unsaturated organic compounds to give complexes
with dithiolene-type ligands.165–167 Isocyanides undergo [3þ1] cycloadditions with [ReS4]

� to give
the dithiocarboimidate derivatives [ReS(S4)(S2CNR)]� (175) and [Re2S5(S2CNR)2]

2�, which
undergo S-atom transfer and, in the case of the monometallic species, N-alkylation.164 Addition
of S8 and F3CCN to ReS4

� in acetonitrile in air results in the formation of cis- and trans-
[ReO(S2NCCF3)2]

� complexes. A similar reaction has been observed with 4-RC6H4CN which
yields the mixed-chelate sulfido complex [ReS(S4)(S2NCC6H4R)]� (176). A rhenium(VII) precur-
sor appears essential for the formation of the adducts, since the rhenium(V) complex [ReS(S4)2]

�

does not react with nitriles.624
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5.3.2.3.3 Nitrido complexes

The ‘‘N3�’’ ligand is one of the strongest �-donor ligands known. It stabilizes metal ions in high
oxidation states and, thus, numerous stable representatives are known for the d2 electronic
configuration of rhenium (V). ‘‘Classical’’ reactions for the formation of terminal nitrido ligands
start from metal halides and nitrogen trichloride or chlorine azide.224,625 The resulting nitride
chlorides ReNCl3 and ReNCl4 can readily be converted into the complex anion [ReVINCl4]

� or
reduced to rhenium(V) complexes containing organic ligands.626 For large-scale syntheses, how-
ever, this approach seems to be less appropriate in view of the hazardous reagents. Thus,
frequently the neutral rhenium(V) complex [ReNCl2(PPh3)2] or its less reactive analogue
[ReNCl2(PMe2Ph)3] are used as precursors for the synthesis of nitridorhenium(V) compounds.174

A renaissance in the use of the [ReNCl4]
� anion occurred with the report of its facile synthesis by

the reaction of perrhenate with sodium azide in HCl as described in Section 5.3.2.2.2.225 The
formation of terminal nitrido ligands has also been reported for reactions of rhenium oxo or halide
complexes with dithiocarbazates, 627,628 diphenylsulfur imine,629 triphenylphosphoraneiminates,630

or from thionitrosyls,631 isocyanate,632 or hydrazines.176 A summary is given in Figure 4.

(i) Complexes containing exclusively monodentate ligands

Ligand exchange reactions with halides and pseudohalides starting from [ReNCl4]
� or [ReNBr4]

�

result in rhenium(VI) compounds [ReNX4]
� (X=F�, N3

�, or NCS�).631 Reduction of the metal
is often observed when cyanide is used. However, EPR evidence for rhenium(VI) species with a
maximum number of two coordinated CN� ligands was found when solutions of [Bu4N]-
[ReNCl4] were treated with KCN.629 Ultimately the rhenium(V) complex [ReN(CN)4(OH2)]

2� is
formed and this has previously been prepared from reactions of cyanide with [ReNCl2(PPh3)2]
and the tetraphenylarsonium salt structurally characterized.633,634 The kinetics of the reaction
between [ReN(CN)4(OH2)]

2� and cyanide have been studied in the pH range 8–14 and show that
the aqua ligand is replaced by both CN� and HCN by a dissociative mechanism.635 The ready
replacement of the aqua ligand which is labilized by the strong trans influence of the nitrido
ligand is confirmed by the reaction of K2[ReN(CN)4(OH2)] with sodium azide which yields after
addition of CsCl yellow–orange crystals of Cs2K[ReN(CN)4(N3)] in good yields.636 The complex
is isostructural with its molybdenum and tungsten analogues.
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Figure 4 Synthetic approaches to the Re�N core.
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High-yield syntheses for [ReNCl2(PPh3)2] have been reported with the reactions of
[ReOCl3(PPh3)2] with PPh3 and phenylhydrazinium chloride,278 or by the reduction of perrhenate
in HCl in the presence of PPh3 and sodium azide.225 The corresponding dimethylphenylphosphine
complex [ReNCl2(PMe2Ph)3] has been prepared from the rhenium(III) compound
[ReCl2(NCO)(PMe2Ph)3].

632 A photochemical decomposition of the isocyanato ligand has been
used to produce the nitrido ligand and carbon monoxide. A similar reaction has also been
observed for mer-[Re(NCO)3(PMe2Ph)3] which gives mer-[ReN(NCO)2(PMe2Ph)3]. Only one
isocyanate ligand is decomposed in accord with the proposed mechanism.632 The analogous
iodo complex mer-[ReNI2(PMe2Ph)3] can be obtained from a reaction of mer-[ReO2I(PMe2Ph)3]
with TMSN(Me)TMS in moderate yields in the form of green crystals.280 mer-[ReNBr2(PMe2Ph)3]
has been isolated from reactions of mer-[ReNCl2(PMe2Ph)3] with TMSBr in CH2Cl2,

637 whereas
an analogous reaction with TMSI results in reduction of the metal and protonation of the nitrido
ligand.638

Isothiocyanato complexes are produced by exchange of the chloro ligands in [ReNCl2(PPh3)2]
or [ReNCl2(PMe2Ph)3] using KSCN. The five-coordinate complex [ReN(NCS)2(PPh3)2] precipi-
tates from CH2Cl2/MeOH as a yellow microcrystalline solid. Recrystallization from acetonitrile
gives the six-coordinate complex [ReN(NCS)2(PPh3)2(NCMe)] with the acetonitrile ligand trans to
the nitride.639 The reaction of [ReNCl2(PMe2Ph)3] with KSCN yields the corresponding nitrido
complex [ReN(NCS)2(PMe2Ph)3]. The use of TMSNCS, however, causes a four-electron reduc-
tion of the metal and the formation of the rhenium(I) thionitrosyl compound
[Re(NS)(NCS)2(PMe2Ph)3].

640 This unexpected reaction can be explained by the reactivity of
terminal nitrido ligands towards sulfur which has been observed previously for other metals
such as molybdenum.641 The relationship between thionitrosyl and nitrido ligands will be treated
more in detail in Section 5.3.2.9.

As observed for [ReN(CN)4(OH2)]
2�, the position trans to the nitrido ligand is labilized by the

trans-effect. This can be used for selective ligand exchange reactions as has been demonstrated for
[ReNCl2(CF3SO3)(PMe2Ph)3] with the triflate ligand trans to ‘‘nitride’’.642

The five-coordinate nitridorhenium(V) complexes [ReNCl2(Pcyc3)2], [ReNBr2(Pcyc3)2],
[ReNCl2(PPh3)2] and [ReNBr2(PPh3)2] (Pcyc3= tricyclohexylphosphine) are luminescent and pro-
duce structured emission spectra upon excitation at low temperatures. The spectra contain
resolved vibronic structure. Vibrational spectroscopy was used to assign the ReN stretching
frequencies and to verify that the vibronic progression in the emission is attributable to the
ReN stretch. Angular overlap model calculations account for the emission energy changes and
are consistent with the assignment of the emissions as dxy to dyz transitions. The changes in the
ReN bond lengths in the excited states are about 0.09 Å and are consistent with a decrease in the
ReN bond order.643

Ligand exchange reactions of [ReNCl2(PPh3)2] with the bulky thiol 2,4,6-tri-isopropylbenzen-
ethiol (Htipt) gave the yellow compound [ReN(tipt)2(PPh3)2] and the pale orange dianionic
complex [ReN(tipt)4]

2�, which is readily oxidized by air to the green rhenium(VI) compound
[ReN(tipt)4]

�.232 [ReN(tipt)2(PMe2Ph)2] has also been isolated starting from [ReNCl2(PMe2Ph)3].
The nitrido complex [ReNCl(Me2CNNCOPh)(PPh3)2] is formed in the reaction of

[ReOCl3(PPh3)2] with Me2C¼NNHCOPh in ethanol in the presence of HCl. The complex has
a pseudo-octahedral geometry with the nitrido ligand trans to the oxygen atom of the N\O-
chelated hydrazonato ligand.176 A similar reaction with Ph2NNH2�HCl gives a mixture of
[ReNCl2(NNPh2)(PPh3)] and [ReCl3(NNPh2)(PPh3)2] containing diphenylhydrazido ligands,
whereas in the presence of base the cation [ReCl2(NNPh2)(PPh3)2]

þ is formed.176

(ii) Complexes containing chelating ligands

(a) Phosphorus and arsenic donor ligands. Cationic complexes of the composition
[ReNCl(P\P)2]

þ or [ReNCl(P\As)2]
þ are formed when [ReNCl2(PPh3)2] reacts with bidentate

phosphines or arsines of the types (177) or bis(diphenylphosphino)amine (178).344,348,644 An
intermediate of this ligand exchange has been observed with dppm: [ReNCl2(dppm)(PPh3)]
contains a monodentately coordinated dppm ligand located trans to PPh3. Analogous compounds
are formed with alkyl-substituted ligands. They are luminescent and protonation of both their
ground and excited states occurs in HCl which gives imido species of the composition
[Re(NH)Cl(R2PCH2CH2PR2)2]

2þ which has been extensively studied for the compound with
R=Me.645,646 Titration of the ground and excited states of this compound yields apparent
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pK values of about �1.0 and 4.5, respectively, demonstrating a profound increase in basicity in
the excited state. This change is due to an increase in electron density at the nitrido ligand in the
excited state. The luminescence quantum yield can be increased by a factor of>103 when the chloro
ligand is removed from the metal as has been demonstrated for [ReN(dppe)2(MeCN)]2þ.647

This complex can be prepared by the reaction of [ReNCl(dppe)2]ClO4 with Ag(CF3SO3) in
acetonitrile.

The reaction of [ReNCl2(PPh3)2] with tris(2-diphenylphosphinoethyl)amine, NP3 (179), in THF
gives [ReNCl2(�

3-P,P-NP3)], in which NP3 acts as tridentate ligand using the nitrogen and two of
the phosphorus donor atoms for coordination. Heating this product under reflux in polar solvents
such as ethanol produces the cationic complex [ReNCl(�4-NP3)]Cl. The oxidation state of the
rhenium atom is maintained during the reaction of NP3 with the nitrido complex
[ReNCl2(PPh3)2], whereas during the reaction with [ReOCl3(PPh3)2] reduction and the formation
of a rhenium(III) compound is observed.648

Ph2X YPh2
Ph2X YPh2

Ph2P PPh2

H
N

N

PPh2

Ph2P

Ph2P

(177a)

(CH2)
n

n = 1–3;  X, Y = P, As

(177b) (178) (179)

A pair of structurally related octahedral oxo and nitrido complexes has been prepared with
1-phenyl-2-(diphenylphosphino)ethanone, HP\O (127). [ReOCl(P\O)2] and [ReN(PPh3)(P

\O)2]
with singly deprotonated organic ligands are formed during reactions of [Bu4N][ReOCl4] or
[ReNCl2(PPh3)2] with the ligand in ethanol.464 Both complexes show a cis arrangement of the
phosphorus atoms and the coordination of one of the oxygen atoms trans to the oxo group. A
comparative visible and near-IR luminescence study shows that the emitting state energy of the
nitrido complex is higher by a factor of about two.465

Chelating mixed-donor P/N and P/O ligands of the types (181) or (182) do not act as three- or
tetradentate ligands in rhenium nitrido complexes. Reactions with [ReNCl2(PPh3)2] give neutral
[ReNCl2L] complexes in which the phosphinoamine or phosphinoether ligands are coordinated as
bidentate phosphines.628,649,650 A tridentate binding mode has been observed for the phosphine
(182). Reactions of these complexes with an excess of potassium O-ethyl dithiocarbonate yields
neutral dithiocarbonate compounds [ReN(S2COEt)L], while the cationic and neutral complexes
[ReN(S2CNEt2)L]

þ and [ReN(S2CNEt2)2] were obtained upon reaction with K(S2CNEt2).

O

Ph2P

O

PPh2Ph2P C3H7 PPh2

N

Me

Ph2P PPh2 PPh2

(180) (181) (182)

(b) Nitrogen donor ligands and mixed-donor N/S or P/S ligands. Nitridophthalocyaninatorhe-
nium(V) is prepared by the reaction of Re2O7, [NH4][ReO4] or [ReOCl3(PPh3)2] with molten 1,2-
dicyanobenzene.651,652 The diamagnetic complex is chemically and thermically extremely stable.
In the UV–vIS spectra the typical �-�* transitions of the phthalocyaninato ligand are observed.
Extra bands in the solid-state spectrum are due to the strong excitonic coupling of about 2.8 kK.
In the resonance Raman spectra the intensity of the Re�N stretching vibration at 969 cm�1 is
selectively enhanced by laser excitations above 19.0 kK. Soluble phthalocyaninato derivatives
have been prepared starting from 4-t-butylphthalodinitrile in a similar reaction as described
above. The resulting green nitrido complex was characterized by spectroscopic methods which
suggest the occurrence of a monomeric compound in solution which aggregates to dimers and
polynuclear units in the solid state.445,653 The presence of different constitutional isomers has been
concluded from the NMR spectra. Analogous compounds are obtained when other 4,5-di-n-
alkylphthalodinitriles are used.654

Oxorhenium(V) porphyrins or trichlororhenium(V) porphyrins are transformed into nitrido-
rhenium(V) porphyrins with hydrazine hydrate in the presence of ethanol in good yields. The
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diamagnetic complexes are stable towards hydrolysis and contain five-coordinate rhenium atoms
in a square-pyramidal geometry. Their structure is deduced spectroscopically and the octaethyl-
derivative has been studied crystallographically and shows a short Re�N bond length of
1.633 Å.655

An unusual nitrido complex of rhenium(V) has been isolated from the reaction between
[ReNCl2(PPh3)2] and 2,20:60,200:600,2000-quarterpyridine in methanol. The rhenium atom in the
[ReNCl(PPh3)(L)]

þ cation, which represents the first seven-coordinate d2 nitrido metal complex,
has a distorted pentagonal bipyramidal geometry with the nitride ligand being almost coplanar
with the nitrogen atoms of the chelating ligand.434

An unusual cleavage of the Re�N bond during the reaction of [ReNCl2(PPh3)2] with cylam-
type ligands (121) suggested further studies in order to explore the driving force of this type of
reaction and the nature of the nitrogen-containing products. Cleavage of the C—N bonds of
diethylenetriamine has been promoted by the reaction of the amine with [ReNCl2(PPh3)2] and the
formation of �-alanine has been reported.656 The conversion of H2NCH2CH2CH2NH2 to
H2NCH2CH2CO2H requires the presence of atmospheric oxygen and CO2.

Reaction of [ReOCl3(PPh3)2] with S-methyl-2-methyldithiocarbazate under mild conditions
gives the N\S-chelated complex [ReO{NHNMeC(SMe)S}2]Cl (172) which produced
[ReNCl2(PPh3)2] when it is heated in the presence of HCl and PPh3.

618

The dianionic tetradentate N2S2 ligand N,N0-ethylenebis(methyl-2-aminocyclopentene-1-dithio-
carboxylate (183) reacts with [ReNCl2(PPh3)2] to give an orange–red complex of the composition
[ReN(L)]. It is interesting to note that deprotonation of the ligand is much slower than a similar
reaction with N,N0-ethylenebis(thioacetonylideneimine) (184).601

Different products have been isolated during ligand exchange reactions of dialkylthiocarba-
moylbenzamidinates, HR2tcb (170), with [ReNCl4]

� or [ReNCl2(PMe2Ph)3]. Whereas the chloro
complex gives red crystals of the composition [ReN(R2tcb)2] in good yields,225 the phosphine
precursor yields [ReNCl(PMe2Ph)2(R2tcb)] with the chloro ligand trans to the nitrido nitrogen
(185).657 The compound undergoes stepwise ligand exchange reactions. Halides or pseudohalides
preferentially replace the chloro ligand as has been demonstrated for Br�, I�, N3

�, SCN�, or
CN�.658 Complexes with the coordination number five are obtained when sulfur-containing
ligands are used: the reaction with 2,6-dimethylthiophenol substitutes one of the PMe2Ph ligands
and gives complexes of the type [ReN(PMe2Ph)(SC6H3-2,6-Me2)(R2tcb)] and
[ReN(PMe2Ph)(mnt)] is obtained when the chelating ligand 1,2-dicyanoethene-1,2-dithiolate,
mnt2�, is used.659
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(c) Sulfur, oxygen, and mixed-donor S/O ligands. Nitrido complexes of rhenium(V) with
chelating sulfur ligands have been known for a long time and a dithiocarbamato complex was
the first ReN compound to have been characterized structurally.660,661 In the light of the search
for new rhenium chelates with promising nuclear medical properties the interest in this class of
compounds has been renewed. This resulted in the development of TcN and ReN dithiocarba-
mato complexes of the general formula [MN(L)2] which accumulate in brain.662 Structurally
related, five-coordinate rhenium(V) nitrido complexes are obtained with thio-�-diketones663 or
ferrocenyldithiocarboxylato ligands. The blue bis-chelate (186) is formed in good yields when
[ReNCl2(PPh3)2] reacts with piperidinium ferrocenyldithiocarboxylate.664 Cyclic voltammetry of a
CH2Cl2 solution of the complex showed that a quasi-reversible oxidation process occurring at
0.306V relative to the ferrocene/ferrocenium couple was established to involve a two-electron
transfer by controlled electrolysis at 0.960V (vs. Ag0/Agþ). This electron transfer was assigned to
the oxidation of the two FeII atoms in the ligands and has also been observed for the analogous
technetium complex.

As discussed for dialkylthiocarbamoylbenzamidinates in Section 5.3.2.3.3(ii)(b), ligand exchange
reactions starting from [ReNCl2(PMe2Ph)3] occur stepwise and stable mixed-ligand complexes can
be isolated during such procedures. This has also been observed for reactions with
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dialkyldithiocarbamates, R2dtc
�, or 1,2-dicyanoethene-1,2-dithiolate, mnt2�, where complexes of

the compositions [ReN(Cl)(R2dtc)(PMe2Ph)2]
665 and [ReN(R2dtc)2(PMe2Ph)]

665 or
[ReN(mnt)(PMe2Ph)2]

659 are formed intermediately. The final products of the reactions are the
five-coordinate bis-chelates [ReN(R2dtc)2]

665 and [ReN(mnt)2]
2�.225 A similar ligand exchange

behavior has been observed for bis(diphenylthiophosphoryl)amide, {N(SPPh2)2}
� (187). The

mononegative ligand reacts with [ReNCl2(PMe2Ph)3] with formation of the mixed-ligand complex
[ReNCl{N(SPPh2)2}(PMe2Ph)2] independent of the [ReNCl2(PMe2Ph)3]/ligand ratio and the reac-
tion conditions applied, whereas with [ReNCl2(PPh3)2] the bis-chelate [ReN{N(SPPh2)}2] is
obtained.666,667 The nitrido ligand in the latter compound is nucleophilic and reacts readily with
Lewis acids.666,668

A more complicated reaction pattern has been reported for the reaction of [ReNCl2(PMe2Ph)3]
with O,O0-diethyldithiophosphate. Each one of the ethyl groups of the ligands is removed during
the reaction and the resulting fragments act as tridentate, dianionic ligands which connect two
rhenium atoms giving the dimeric complex [ReN(PMe2Ph)2{S2PO(OEt)}]2 (188).665
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A remarkable rhenium(V) nitrido complex has been isolated with Kläui’s tripod ligand [Co(�5-
C5H5){PO(OEt)2}3]

� (19) which is known to stabilize metal ions in high oxidation states due to its
excellent �-donating capabilities. The neutral rhenium(V) chelate [ReNCl(PPh3){Co(�

5-
C5H5){PO(OEt)2}3}] is obtained from a reaction of the sodium salt of the tripodal ligand with
[ReNCl2(PPh3)2] in form of yellow crystals in moderate yields.229 The compound can readily be
oxidized with AgBF4 to the corresponding rhenium(VI) cation. Its nitrido ligand is nucleophilic
and reacts with carbonium salts or Lewis acidic metal complexes under formation of imido
complexes and heterometallic, nitrido-bridged compounds, respectively.

(iii) Complexes with Bridging Nitrido Ligands

The first reports of adduct formation between rhenium nitrido compounds and boron halides
were published by Chatt669,670 and Dehnicke.671 The first crystallographically characterized
compound of this type was [Re(NBCl3)Cl2(PMe2Ph)3], prepared from the reaction of
[ReNCl2(PMe2Ph)3] with boron trichloride.672 Following this general procedure a number of
new compounds with Re�N�B and Re�N�Ga bonds have been prepared. Nitrido ligands
of complexes with six-coordinate rhenium atoms (particularly [ReNX2(PMe2Ph)3] (X=Cl, Br,
NCS) or [ReN(Et2dtc)2(PMe2Ph)]) readily react with boron halides, GaCl3 or boranes to form
stable adducts [Re(NER3)X2(PMe2Ph)3] (189) or [Re(NER3)(Et2dtc)2(PMe2Ph)] (190).

251,637,673–677

A similar reactivity has been observed towards carbonium cations which yield imido compounds
(see Section 5.3.2.3.4). Rearrangements in the equatorial coordination sphere of the metal have
been observed during reactions of [ReN(Cl)(Et2dtc)(PMe2Ph)2] or [ReN(Cl)(Et2tcb)(PMe2Ph)2]
with boron halides,676,678 whereas B(C6F5)3 and BCl2Ph form simple adducts of the type
(191).676,677 The formation of the nitrido bridge has little effect on the Re—N multiple bond,
whereas the bond in trans position to the nitrogen atom is significantly shortened. This suggests a
marked decrease of the structural trans influence of the nitrido ligand as a consequence of the
formation of a nitrido bridge.679 Another interesting feature is the mean bond angle between the
nitrido nitrogen and the equatorial coordination sphere of the metal atom which remains almost
unchanged despite the decrease of trans bond lengths. This strongly suggests that the reason for
the trans influence is mainly of electronic nature as has also been suggested by density functional
theory calculations for five- and six-coordinate osmium nitrido complexes.680 The experimentally
obtained bond distances and angles of the nitrido-bridged boron and gallium adducts are well
reproduced by quantum chemical calculations using gradient-corrected density functional theory
(B3LYP) and ab initio methods at the MP2 level.681
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X    =Cl,Br

ER3 = BCl3, BBr3, BCl2Ph, B(C6F5)3, BEt3, BPh3, BH3, GaCl3

Nitrido bridges with five-coordinate rhenium complexes are only formed with the most reactive
Lewis acids such as BCl2Ph, BCl3, and B(C6F5)3. This has been shown for the complexes
[ReNCl2(PPh3)2], [ReN{N(SPPh2)2}2] and [ReN(Et2dtc)2] and compounds of the types
(192)–(194) have been isolated and structurally characterized.666,677,679 Similar behavior has been
proposed for nitrido(phthalocyaninato)rhenium(V) complexes based on spectroscopic data.654

As previously observed for complexes with coordination number 6, only a moderate increase of
the rhenium–nitrogen multiple bond was observed and the N�Re�L angles remain almost
uninfluenced even when bulky Lewis acids such as B(C6F5)3 are used. A remarkable feature of
this chemistry is the increase in the coordination number of [ReN(Et2dtc)2] as a consequence of
the formation of a nitrido bridge.682 The five-coordinate starting complex dimerizes during the
reaction with B(C6F5)3 with formation of two Re—S bonds (2.835 Å and 2.856 Å) with sulfur atoms
of the neighboring molecules (194). This strongly suggests that five-coordination in nitrido (and
probably also oxo) complexes is a consequence of the strong trans-influence of the multiple bond.
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BR3 = B(C6F5)3, BCl2Ph BR3 = B(C6F5)3 or BCl3

X = Cl, Br

Whereas reactions of [ReN(Et2dtc)2(PMe2Ph)] with boron halides, alkyl boranes, or aryl
boranes produce Lewis acid adducts at the nitrido group, the electrophilic attack of BH3 (as
THF adduct) is directed to a sulfur atom of a dithiocarbamate ligand.683 This results in the release
of thioformic acid diethylamide and the formation of the [H2B�S�BH3]

� anion which then
attacks the nitrido ligand to form a nitrido bridge. The final product is an orange–red, dimeric
rhenium(V) complex with two bridging (NBH2SBH3)

4� ligands (195) (Scheme 18). Two
Re�N�B bridges are contained in a carbon-free, eight-membered metallacycle. The position
trans to the nitrido group is occupied by a hydrido hydrogen atom of the�S�BH3 unit.

The neutral nitride chloride [ReNCl4] is the first compound in which an asymmetric nitrido
bridge between two rhenium atoms has been found. Its structure is built of indefinite one-
dimensional chains containing alternating short (1.58 Å) and long (2.48 Å) rhenium–nitrogen
bonds.224 This structural pattern is also found in bi-, tri-, or tetranuclear compounds which result
from reactions of rhenium nitrido complexes with Lewis acids when their electrophilic attack is
not directed towards the nitrido ligand but results in cleavage of rhenium-ligand bonds. The
coordinating capabilities of the attacking Lewis acid and the conditions applied control the extent
of the ligand release and the structure of the products. This general approach is not restricted to
reactions with halides of main group elements, but has also been observed for Lewis-acidic halides
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of some transition metals.684,685 The individual compositions of the nitrido-bridged chains, cages,
or rings depend on the acceptor properties of the Lewis base. This has been demonstrated for the
starting complexes [ReNCl2(Me2PhP)3] and [ReN(Et2dtc)(Me2PhP)] which give compounds of
the types (196a) to (196g) when exposed to Lewis acidic compounds such as Al2Cl6, TlCl, GeCl4,
SbCl3, SbCl5, Pr(tosylate)3, ZrCl4, or NbCl5.

231,686–690 All these arrangements contain almost
linear, asymmetric nitrido bridges with one rhenium–nitrogen bond of about 1.7 Å which can be
assigned to a triple bond and one longer bond which corresponds to a single bond. A similar
result has been observed for the reaction of the neutral rhenium(V) chelate [ReNCl(PPh3){Co(�

5-
C5H5){PO(OEt)2}3}] (53) with [ReO3Me] which gives the red adduct complex
[Re(NReO3Me)Cl(PPh3)(Co(�

5-C5H5){PO(OEt)2}3)] in moderate yields.229 The compound is
unstable and decomposes in solution with re-formation of the starting materials.
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Two more examples of rhenium complexes with nitrido bridges contain additional thionitrosyl
and/or dinitridosulfato ligands. The dianionic [Cl2Re(N3S2)(�-NSN)(�-N�ReCl3)]2

2� is formed
during the reaction of [ReCl4(NSCl)2]

� with N(TMS)3 in dichloromethane.173 The complex anion
consists of a planar ReN3S2-heterocycle which is connected with a second rhenium atom by a
�-nitrido bridge as well as by a �-dinitridosulfato ligand. Two of these [Cl2Re(N3S2)(�-NSN)(�-
N�ReCl3)] units dimerize via one of the N-atoms of the (NSN)4� ligand to give a centrosym-
metric Re2N2 four-membered ring. A similar reaction with an excess of N(TMS)3 gives the
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dimeric complex anion [(SN)ReCl3)(�-N)(�-NSN)ReCl3(THF)]2�. The rhenium atoms are
connected by an asymmetric nitrido bridge (ReN bond lengths of 1.883 Å and 2.244 Å) as well as
by a (NSN)4� bridge to form a planar Re2N(NSN) six-membered heterocycle. Both rhenium atoms
are coordinated by three chlorine atoms, one of them by a thionitrosyl ligand, the other by a THF
molecule.691

A number of Lewis-acidic fragments of transition metal complexes have been found to coordi-
nate at terminal nitrido ligands of rhenium complexes and, thus, represent building blocks for
multinuclear complexes. A number of binuclear compounds with asymmetric nitrido bridges
between rhenium and another metal are known derived from [ReNCl2(PMe2Ph)3] and Lewis
acidic metal halides or their derivatives. This involves gold,692 zinc,693 titanium,694 zirconium,695

tin,695 molybdenum,696 and ruthenium compounds.229,697,698 The formation of nitrido-bridged
compounds is supported by the presence of coordinating solvents such as acetonitrile or THF. A
binuclear compound, [Re(NAuPPh3)Cl(PPh3){Co(�

5-C5H5){PO(OEt)2}3}], can also be isolated as
greenish yellow crystals from a reaction of the rhenium(V) nitrido complex [ReNCl(PPh3)(Co(�

5-
C5H5){PO(OEt)2}3)] (53) with [Au(PPh3)(CF3SO3)] in diethylether.229

Trinuclear compounds with Re�N�M�N�Re units have been synthesized with central
NbCl4,

685 MoCl4,
696 TiCl4,

694 and VOCl2 units.699 More complicated structures have been
found for bridging zinc or tin halides. In the brown, air-sensitive complex
[{ReNCl(PMe2Ph)2(�-Cl)}SnCl4] two rhenium fragments, which are connected by two chloro
bridges, coordinate one SnCl4 molecule via their nitrido ligands (197). The two resulting nitrido
bridges complete the distorted octahedral coordination sphere of the Sn atom with a cis-arrange-
ment of the nitrogen atoms.700 The bent nitrido bridges with a Re–N–Sn angle of 155� are
asymmetrical. An incomplete exclusion of water leads to the formation of red–violet, air-stable
crystals of [{ReNCl(PMe2Ph)3}Sn2(OH)Cl7] (198).

700 In the diamagnetic complex one molecule of
[ReNCl2(PMe2Ph)3] is coordinated by the nitrido ligand and one Cl bridge to the tin atoms of a
[Sn2(OH)Cl7] unit. In this unit the two Sn atoms are connected by one Cl and one OH bridge. The
reaction of [ReNCl2(PMe2Ph)3] with ZnCl2 or ZnBr2 yields the tetranuclear complexes [X2(PMe2-
Ph)3Re�NZnX2]2 (X=Cl, Br) (199).693 In the case of the reaction with ZnBr2, halogen exchange
is observed. The centrosymmetric complexes have central [XZn(�-X)2ZnX] units and the tetra-
hedral coordination sphere of zinc is completed by the nitrido ligands of the [ReNCl2(PMe2Ph)3]
units. Trinuclear compounds with Re�NPt bridges have been obtained by the reaction of
[ReNCl4]

� with various platinum starting materials. The nitrido bridges are linear and asym-
metric with platinum–nitrogen distances between 1.88 Å and 1.94 Å.701
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5.3.2.3.4 Imido complexes

The formally dianionic imido ligands ‘‘NR2�’’ are isoelectronic with the oxo ligand and stabilize
metals in their high oxidation states. Numerous synthetic approaches to organoimido complexes
have been described involving reactions of oxorhenium complexes with appropriate precursors of
the NR fragment such as ArNH2, ArNCO, ArNHNHCOPh, ArNSO, Ph3PNCOPh, or
RNHNHR�2HCl (R= alkyl).702 The driving force in all these reactions is the oxygen transfer
from the rhenium atom to an appropriate acceptor to form species such as H2O, CO2, SO2, or
OPPh3. For reactions with RNHNHR�2HCl, an excess of PPh3 is employed as oxygen acceptor.
The potential of the imido core for future nuclear medical applications is obvious since the
organic substituent can readily be varied which allows a fine-tuning of the biological properties
of the potential radiopharmaceutical or the introduction of functional groups which allow the
coupling with biomolecules.
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(i) Complexes containing exclusively monodentate ligands

Phosphine complexes of the general composition [Re(NAr)X3(PR3)2] (Ar= (substituted) aryl;
X=Cl, Br, I; PR3=PPh3, PEt2Ph) can be regarded as key compounds for the synthesis of
arylimido complexes with chelating ligands and, thus, their synthesis and characterization was
subject of special interest. [Re(NPh)Cl3(PPh3)2] is obtained from reactions of [ReOCl3(PPh3)2]
with phenylformamidine in boiling THF,703 N-trimethylsilylaniline,704,705 heptamethyldisilazan,304

PhNHCH¼NPh,706 substituted anilines,707,708 or by thermal decomposition of the rhenium(III)
triazenido complex [ReCl2(PhNNNPh)(PPh3)2].

706 These routes are also appropriate for other
precursors such as [ReOCl3(PEt2Ph)2],

704 or substituted anilines706 which allows access to com-
pounds which are interesting for nuclear medical research. Thus, reactions of [ReOCl3(PPh3)2]
with N-substituted acetylarylhydrazines have been applied to prepare rhenium-containing deriva-
tives of glycine and the cytotoxic compound chlorambucil.709 The same approach can be used for
labeling estradiol ligands with rhenium.710 The imidorhenium(V) complex [Re{NC6H4CO2N-
(COCH2)2}Cl3(PPh3)2] containing an N-succinimidyl ester function has been prepared starting
from a functionalized phosphoraneiminate and is able to couple in aqueous dimethylformamide
solutions with a series of primary and secondary amines, amino acids and biotin derivatives.711

The formation of arylimido ligands is often accompanied with ongoing ligand exchange in the
equatorial coordination sphere of the metal. Depending on the starting materials and the condi-
tions applied, phosphine and/or halide ligands can be replaced by amines which are formed from
the nitrogen containing starting materials by solvolysis.90,705,712

The reaction of 4-phenylenebis(triphenylphosphoraneimine), Ph3P¼NC6H4N¼PPh3, with
two equivalents of [ReOCl3(PPh3)2] produces OPPh3 and the 4-phenylendiimido-bridged dirhe-
nium species [(PPh3)2Cl3Re¼NC6H4N¼ReCl3(PPh3)2].

713 Ligand exchange products of this
complex with dithiocarbamates can be used as building block for the synthesis of oxo-bridged,
multi-metallic chains.

The formation of arylimido complexes starting from phosphine-free precursors has been
demonstrated for [ReOCl4] and the dimeric, oxo-bridged pyridine complex cis-[Re2O3Cl4(py)4].
[ReOCl4] reacts with PhCNO to give the polymeric [Re(NPh)Cl4]n which is an excellent precursor
for ligand exchange reactions.235 Dissolution in THF or acetonitrile gives the rhenium(VI)
adducts [Re(NPh)Cl4(THF)] or [Re(NPh)Cl4(MeCN)], whereas the reactions with [Me4N]Cl,
PPh3 or TMSNHCMe3 yield [Me4N][Re(NPh)Cl5], [Re(NPh)Cl3(PPh3)2], and
[Re(NPh)Cl3(NH2CMe3)2], respectively. The reaction of cis-[Re2O3Cl4(py)4] with N-trimethylsilyl-
aniline yields the cationic complex [Re(NPh)(OTMS)Cl(NH2Ph)(py)2]

þ with two pyridine ligands
in cis-arrangement to each other.319

[Re(NPh)Cl3(PPh3)2] (200) is a useful material for ligand exchange reactions as has been
demonstrated for the synthesis of numerous complexes with chelating ligands. Replacement of
PPh3 ligands by trimethylphosphine, PMe3, or trimethylphosphite, P(OMe)3, leads to mer,trans-
[Re(NPh)Cl3(PPh3)(PMe3)] (201a) and fac-[Re(NPh)Cl3(PPh3){P(OMe)3}] (201b), respectively.
The different arrangements of the phosphorus ligands in both products have been attributed to
differences in the coordinating abilities between trimethylphosphine and trimethylphosphite to the
five-coordinate fluxional intermediate.714 fac-Arrangement of the chloro ligands is also observed
in [Re(NPh)Cl3(PPh3)(CO)] which was obtained in good yields from a reaction of
[Re(NPh)Cl3(PPh3)2] with 5 atm of CO at room temperature.715 Anionic aryimido complexes of
the composition [Re(NAr)(SR)4]

� (Ar=Ph, 4-C6H4OMe, 4-C6H4Me; R¼ 2,4,6-triisopropyl-
phenyl) can be isolated by the reaction of [Re(NAr)Cl3(PPh3)2] complexes with the bulky thiol
and triethylamine, whereas N2 loss and the isolation of an oxo complex was observed during a
similar reaction with unsubstituted thiophenol.232
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A series of cationic methylimidorhenium(V) complexes, trans-[Re(NMe)(py)2(PPh3)Cl(OEt)]þ,
cis-[Re(NMe)(py)2(PPh3)Cl(OEt)]þ, [Re(NMe)(py)3Cl(OEt)]þ, and [Re(NMe)(4-Me-
py)2(PPh3)Cl(OEt)]þ have been prepared by ligand exchange starting from [Re(NMe)Cl3(PPh3)3]
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and the ligands in ethanol.716 The cis isomers were obtained when the reactions are conducted at
room temperature.

Another approach to imido complexes makes use of the basicity of terminal nitrido ligands and
their reactions with Lewis acids such as carbonium ions. The formation of {Re(NCPh3} units by
the reaction of nitridorhenium(VI) compounds with [CPh3][PF6] has already been described in
Section 5.3.2.2.2, but the general route can also be applied for rhenium(V) compounds and also
works with carbonium ions generated in situ as has been demonstrated for the reaction of
nitridorhenium(V) complexes in acidic acetone. Blue compounds of the composition fac-
[Re(NCMe2CH2COMe)X3(PMe2Ph)2] (X=Cl, Br) have been isolated during such reactions and
the formation of the unusual (NCMe2CH2COMe)2� ligand can be attributed to a nucleophilic
attack of the nitrido ligand on a carbonium ion which is formed from the condensation of two
molecules of acetone.717 Similar results have been obtained during reactions of
[ReNCl2(PMe2Ph)3] with other Lewis acids, during which the solvent CH2Cl2 decomposes. The
released protons reacted with the nitrido function with formation of imido complex
[Re(NH)Cl2(PMe2Ph)3]

þ which was isolated and structurally characterized as [SbCl6]
� and

[TaCl6]
� salts.690,699

Rhenium(V) compounds containing two or three imido ligands have been prepared by reduc-
tion of appropriate rhenium(VII) complexes. [Re(NAr)2Cl3(py)] (Ar=C6H3-2,6-C3H7) reacts with
zinc dust in THF in the presence of excess pyridine to give the red–brown complex
[Re(NAr)2Cl(py)2].

718 This product undergoes ligand exchange with phosphines to yield
[Re(NAr)2Cl(py)(PR3)] (PR3=PPh3 or PMe2Ph) complexes.719 Addition of thallium tetrafluoro-
borate to [Re(NAr)2Cl(py)(PMe2Ph)] in the presence of PMe2Ph yields the cation [Re(NAr)2-
(PMe2Ph)2]

þ. [Re(NAr)3Cl] is cleanly reduced by two equivalents of sodium amalgam in THF to
give [Na-(THF)2][Re(NAr)3].

720 The corresponding [NEt4]
þ salt is formed in the presence of

[NEt4]Cl. The trisimidorhenium(V) anion (202) undergoes a number of reactions which give
access to a series of novel imido species (202a)–(202d) (Scheme 19). When only one equivalent of
sodium amalgam is used during the reduction of [Re(NAr)3Cl], the trimeric compound [Hg{Re
(NAr)3}2] is formed. The crystal structure of the compound shows a Re�Hg distance of 2.62 Å
which has been assigned to a metal–metal single bond.

[HRe(NAr)3]
H+

Me3NO

C4H4Br 2

Me I

[Re(NAr)3Br]

[Re(NAr)3Me ]
(202)

(202c)

(202d)

[Re(NAr)3]–

[Re(NAr)3O]–

(202a)

(202b)

Scheme 19

(ii) Complexes containing chelating ligands

(a) Phosphorus and arsenic donor ligands. Arylimido complexes with chelating P\P ligands
have been prepared with dppe and 1,10-bis(diphenylphosphino)ferrocene. A ligand exchange
procedure starting from [Re(NPh)Cl3(PPh3)2] yields the cation [Re(NPh)Cl(dppe)2]

2þ,721,722 and
the neutral complex [Re(NPh)Cl3(L)] with one chelating 1,10-bis(diphenylphosphino)ferrocene ligand
in the equatorial coordination sphere.723 A similar product, but with an arylamido ligand which is
conjugated to another ferrocenyl unit has been reported with trichloro(4-imidophenyl-40ferrocenyl
benzoate){1,1-bis(diphenylphosphine)ferrocene}rhenium(V) (203), which has been prepared from
the corresponding oxo compound and 4-aminophenyl-40-ferrocenyl benzoate.708

The reaction of [ReOCl3(PPh3)2] in toluene with 2-diphenylphosphinoaniline, H2dpa, yielded
the brown rhenium(V) amido/imido complex [Re(dpa)(Hdpa)Cl2] (204).724,725 One of the
2-aminophenylphosphine molecules is fully deprotonated to give an N\P chelated imino ligand,
whereas the other acts as monoanionic amidophosphinato ligand. The different bonding in two
N\P ligands can clearly be distinguished by the Re�N bond lengths which are 1.76 Å for the
multiple bond and 1.99 Å for the single bond. Analogous reactions with 8-aminoquinoline yield
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the cationic oxo complex [ReO(PPh3)(8-HNC9H6N)2]
þ with two amido ligands,724 or fac-trichloro-

(quinolin-8-imido-N,N0)(triphenylphosphine)rhenium(V) (205), depending on the conditions
used.726 With anthranilic acid in ethanol a complex with the iminobenzoate ligand,
[Re(NC6H4COO)Cl(OEt)(PPh3)2], is cleanly formed.727 The compound contains a chelating imino-
benzoate ligand and trans Ph3P ligands which are cis to the bent imino function.728 Simple
substitution reactions of [Re(NPh)Cl3(PPh3)2] with 2-diphenylphosphinoaniline gives the neutral
compound [Re(NPh)Cl(Hdpa)2] or the cation [Re(NPh)Cl(Hdpa)(H2dpa)]

þ depending on the
solvent polarity.729 Conversely, the tetradentate ligand N,N0-bis{2-(diphenylphos-
phino)phenyl}propane-1,3-diamine, H2dppd (131), gives only the cationic compound
[Re(NPh)Cl(Hdppd)]þ. In alkaline alcohols, the neutral complexes [Re(NPh)(OMe)(Hdpa)2] and
[Re(NPh)(OEt)(dppd)] were obtained. The reaction of H2dpa in a 1:1 ligand to precursor ratio
produces the monosubstituted complex [Re(NPh)Cl3(H2dpa)].
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Analogous compounds have been prepared with 2-diphenylphosphinomethyl-4-methylphenol,
whereas with 2-diisopropylphosphinophenol,455 HP\O, a mixture of monosubstituted and disub-
stituted complexes of the compositions [Re(NPh)Cl2(PPh3)(P

\O)] and [Re(NPh)Cl(P\O)2] were
obtained.456

(b) Nitrogen donor and mixed N/S and N/O donor ligands. A complex with two trans bipyri-
dine, trans-[Re(NPh)(OEt)(bipy)2]

2þ, is formed when [Re(NPh)Cl3(bipy)] reacts with bipy in
ethanol.721 The bonding situation in this compound contrasts that in the starting complex as
well as in an analogous terpyridine compound which possess a nitrogen atom trans to the imido
ligand.730 Equatorial coordination of four aromatic nitrogen donor atoms is also observed for a
complex with 1,2-bis(2,20-bipyridyl-6-yl)ethane, o-bpy.731 The rhenium atom in the [Re(NPh)
(o–bpy)(OEt)]2þ cation adopts a distorted octahedral geometry. Similar bonding situations are
found in [Re(NPh)(OH)(cyclam)]2þ (cyclam= 1,4,8,11-tetraazacyclotetradecane),442 as in its oxo
analogue. Both trans-[Re(NPh)(OEt)(cyclam)]2þ and trans-[Re(NPh)(OH)(cyclam)]2þ show a one-
electron reduction wave in acetonitrile at potentials of �1.0V and �1.4V vs. SCE, respectively. E0

for reduction of the trans-[Re(NPh)(OEt)(cyclam)]2þ/þ couple is less negative than that of the
redox pair of analogous oxo complexes. A completely different coordination mode is obtained
with 1,4,8,11-tetrakis(2-pyridylmethyl)-1,4,8,11-tetraazacyclotetradecane (206), which reacts with
[Re(NPh)Cl3(PPh3)2] in ethanol to give the cationic [Re(NPh)(L)(EtOH]3þ which has been iso-
lated and structurally characterized as its PF6

� salt. The metal is coordinated by two aza and two
pyridine nitrogen atoms of the ligand while the other four N atoms remain uncoordinated.732

Imido complexes with the tridentate ligand 1,4,7-triazacyclononane (tacn) (15a) have been
prepared following two different protocols. Whereas the green, dicationic compound
[Re(NPh)(OH)(PPh3)(tacn)](ClO4)2 was obtained by reacting [Re(NPh)Cl3(PPh3)2] with an excess
of the ligand in CH2Cl2,

733 mixed-ligand compounds containing additional oxalato or carboxyl-
ato ligands of the compositions [Re(NBut)(oxalate)(tacn)]þ and [Re(NBut)(CF3COO)2(tacn)]

þ

were isolated from the reduction of the rhenium(VII) complex [ReO2(NBut)(tacn)]þ in the pre-
sence of oxalic acid or CF3CO2H.190

Rhenium(V) 4-tolylimido complexes with the hydrotris(pyrazolyl)borate ligand, {HB(pz)3}
�,

are formed on heating the oxo derivatives [ReOX2{HB(pz)3}] (X=Cl, I) with 4-toluidine, whereas
reactions with amines at ambient temperatures only give oxo complexes of the composition
[ReO(NHR)Cl{HB(pz)3}]. The [Re(NC6H4-4-Me)X2{HB(pz)3] complexes react with ZnEt2 with
formation of imido-ethyl complexes of the composition [Re(NC6H4-4-Me)Cl(Et){HB(pz)3}].

734
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Azo splitting is observed during reactions of 2-(arylazo)pyridines, RC6H4N¼NC5H4N (207),
with K2ReCl6 in boiling 2-methoxyethanol and violet crystals of the composition
[Re(NC6H4R)Cl3(RC6H4N¼NC5H4N)] are formed.236 The coordinated arylimido moiety origin-
ates from the splitting of the azo function of a second azopyridine ligand. The complexes display
a nearly reversible one-electron oxidation at E0= 1.3–1.4 V vs. SCE in acetonitrile. Oxorhe-
nium(V) complexes of the composition [ReOCl3(RC6H4N¼NC5H4N)] are formed when perrhe-
nate is used as precursor. They can be quantitatively converted into violet imido species by
reactions with excess of aromatic primary amines.406,410 Reaction of equimolar amounts of oxo
complex and amine gives the bluish violet binuclear complexes [ReOCl2(L)-O-Re(NAr)Cl2(L)]
(208). They possess an unusual structure with the oxorhenium(V) and imidorhenium(V) units
connected by a �-oxo ligand. A similar chemistry has been established for related 2-(arylazo)-
1-methylimidazoles407 and Schiff base ligands derived from pyridine-2-carbaldehyde and substi-
tuted anilines.237,238,735
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The reaction of [Re(NR)Cl3(PPh3)2] (R =Me or 4-Me-C6H4) with salicylaldehyde (SalH) gives
the imido complexes [Re(NR)Cl2(Sal)(PPh3)].

736 The corresponding PMe2Ph derivatives cis- and
trans-[Re(NMe)Cl3(PMe2Ph)2] and trans-[Re(NC6H4-4-Me)Cl3(PMe2Ph)2] do not react with SalH
or SalLi under the same experimental conditions. By reactions of [Re(NC6H4-4-Me)Cl2
(Sal)(PPh3)] with PR3 (PR3=PMe2Ph, PEt2Ph, PEt3, or PMePh2) the complexes [Re(NC6H4-
4-Me)Cl2(CHOSal)(PR3)2] are obtained in which the ligand is monodentate. Addition of toluidine
to [Re(NC6H4-4-Me)Cl2(CHOSal)(PR3)2] and heating in ethanol results in the formation of a
Schiff base which coordinates to the rhenium atom via the aldimine nitrogen and the phenolic
oxygen.736 A tridentate Schiff base coordination is obtained in [Re(NR)(O\N\O)(O\N\OH)]
complexes where R=Ph or C6H4-4-OMe and H2O

\N\O is 2-hydroxybenzaldehyde-((1R,2S)-
1-amino-2-indanol)imine or 3-(1-adamantyl)-2-hydroxy-5-methylbenzaldehyde-((1R,2S)-1-amino-
2-indanol)imine.498 The main characteristic of these complexes is the presence of two coordination
modes for the Schiff base ligands on rhenium. In the latter, the hydroxy group of the indanol is
free and is directed away from the coordination sphere.

Reactions of sterically hindered 3-TMS-pyridine-2-thiol (Me3pySH) with [Re(NPh)Cl3(PPh3)2]
yield the green rhenium(V) complex [Re(NPh)(PPh3)(Me3pyS)2]

þ, in which the rhenium
atom has a distorted octahedral geometry with the imido and the phosphine ligands cis.
An analogous reaction with the unsubstituted pyridine-2-thiol gives a product of similar
composition.724

(c) Sulfur and oxygen donor and mixed S/O donor ligands. Organoimido compounds of
rhenium(V) with sulfur and oxygen donor ligands can be prepared adopting the approaches
above: (i) ligand exchange from complexes with a pre-formed imido core such as
[Re(NAr)Cl3(PPh3)2], (ii) the replacement of oxo ligands by NAr2� using appropriate nitrogen
starting materials such as aromatic amines or iminophosphoranes, or (iii) the electrophilic attack
of protons or carbonium ions on nitrido ligands.

A series of [Re(NAr)Cl(S\O)2] complexes where HS\O represents N,N-diethyl-N0-ben-
zoylthiourea (134) and Ar=C6H4-4-C(O)Me, C6H4-4-OMe, C6H4-2,6-(

iC3H7)2) has been pre-
pared from reaction of the corresponding oxo compounds with substituted anilines in good
yields. The green products are air-stable. NMR studies indicate a cis arrangement of the oxygen
and sulfur atoms of the chelating ligands as has been found in the analogous oxo complex by
X-ray structure determination.478

Ligand exchange reactions starting from [Re(NPh)Cl3(PPh3)2] and excess maltol in ethanol in
the presence of triethylamine give a dark green solution from which the diamagnetic complex
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[Re(NPh)(maltolate)2(PPh3)]
þ has been isolated upon addition of Na(BPh4).

737 The complex has
a pseudooctahedral structure with cis-maltolate ligands (209).

An electrochemical study on �-oxo-bridged arylimido complexes with dithiocarbamato ligands
of the composition [{Re(NAr)(S2CNR2)2}2O] (Ar=Ph, C6H4-4-Me, C6H4-4-Cl, C6H4-4-OPh;
R=Et, Ph) in N,N-dimethylformamide shows a quasi-reversible one-electron reduction followed
by the cleavage of the �-oxo bond and the release of one dithiocarbamate ligand from the
complex.738 The redox potential for the [{Re(NAr)(S2CNR2)2}2O]0/� couple and the stability of
the reduction products strongly depend on the substituents on the imido and the dithiocarbamato
ligands. The diphenyldithiocarbamato complexes are easier to reduce by 170mV than their
diethyldithiocarbamato analogues. A comparison with the electrochemical behavior of the ana-
logous oxo complexes [{ReO(S2CNR2)2}2O] shows that the imido complexes are more difficult to
reduce as a consequence of the weaker �-bonding abilities of the ReNAr core. A
[{Re(NAr)(S2CNR2)2}2O] derivative with Ar=C6H4CO2N(COCH2)2 and its monomeric ana-
logue [Re{NC6H4CO2N(COCH2)2} have been prepared as potential precursors for coupling
reactions with biomolecules.711 They resist potential oxidation reactions caused by the N-hydro-
xysuccinimido substituent, but are not suitable for labeling experiments due to hydrolysis of the
organoimido groups under the reaction conditions.

The reactivity of terminal nitrido ligands towards acidic fragments has been used for the
synthesis of imido derivatives starting from the neutral rhenium(V) complex
[ReNCl(PPh3){Co(�

5-C5H5){PO(OEt)2}3}] (53). Reactions with CF3SO2OMe, PhCH2Br, or
(Ph3C)BF4 afforded imido species with the (NMe)2�, (NCH2Ph)

2�, or (NCPh3)
2� ligands without

changes in the primary coordination sphere of the metal.229 Similar results have been obtained
starting from the dithiocarbamato complex [ReN(PMe2Ph)(Et2dtc)2] and (Ph3C)PF6 or from a
reaction of [ReN{N(SPPh2)2}2] with (Ph3C)BF4, which yield blue crystals of [Re(NCPh3)(PMe2-
Ph)(Et2dtc)2](PF6),

86 and the pale purple complex [Re(NCPh3)F{N(SPPh2)2}2],
668 respectively.

The latter compound is presumably formed via the cationic intermediate
[Re(NCPh3){N(SPPh2)2}2]

þ. Protonation of nitrido ligands has been obtained during reactions
of [ReN{N(SPPh2)2}2] with trihaloacetic acid anhydrides followed by recrystallization from
CH2Cl2/hexane in air. The parent imido complexes [Re(NH)(OCOCX3){N(SPPh2)2}2] (X=Cl,
F) have been isolated as yellowish–green crystals in low yields. Air-sensitive orange–red acylimido
compounds have been obtained from the same nitrido precursor and acylating agents such as
(CF3CO)2O or RCOCl (R=CHCl2, CH2Cl, Me) when the reaction is performed under strictly
anaerobic conditions.668

Unexpected reactions of released phosphine ligands have been observed during the ligand
exchange reactions of [ReNCl2(PPh3)2] with 2-aminothiophenol (H2NC6H4SH) and
[ReNCl2(PMe2Ph)3] with dimercaptosuccinic acid dimethylester (H2DMSMe2). [ReNCl2(PPh3)2]
reacts at room temperature in air with a slight excess of 2-aminothiophenol to give the orange–
red, air-stable phosphoraneiminato complex [Re(NPPh3)(HNC6H4S)2].

443 The formation of a
phosphoraneiminato ligand from the interaction of a nitrido function represents a major route
for the preparation of {M(NPR3)} functionalities for many transition metals, and is not without
precedent for rhenium, where it has been described for complexes with sterically hindered
thiols,739 but must be regarded as exception for rhenium in the light of the ready formation
of nitrido complexes in reactions of appropriate oxo or chloro complexes with phosphorane-
iminato precursors.679 The formation of the unusual dimethylphenylphosphinoisopropylimido
ligand has been observed during the reaction of [ReNCl2(PMe2Ph)3] with H2DMSMe2 in
acetone which yields the complex [Re(NCMe2PMe2Ph)(DMSMe2)2] (210) in moderate
yields.740,741 This can be understood by the coordination of the phosphine molecule to an
intermediately formed product of the addition of acetone to the basic nitrido function. The
proposed mechanism is proved by the isolation of a related product when the reaction is
performed in methylethylketone and the mass spectrometrical detection of a rhenium complex
containing the condensation product of the solvent: [Re{NC(Me)(Et)CH2C(O)C2H5}
(PMe2Ph)(DMSMe2)2],

740,741 which corresponds to similar products which have been described
for rhenium complexes with phosphine ligands.717,742

The coordination of a phosphoraneiminato ligand to a rhenium(V) center has been observed
during the reaction of [Bu4N][ReOCl4] with TMSNP(Ph)2CH2P(Ph)2. The dimeric compound
[ReO{NP(Ph)2CH2P(Ph)2}Cl2]2 (211) deposits as blue crystals when equimolar amounts of the
starting materials react at room temperature in dry acetonitrile. Excess of
TMSNP(Ph)2CH2P(Ph)2 leads to the formation of nitrido species and the cationic phosphorane-
imine complex [ReN(OTMS){HNP(Ph)2CH2P(Ph)2}2]Cl has been isolated when moist acetonitrile
or CH2Cl2 have been used as solvents.679
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5.3.2.3.5 Miscellaneous

Although the chemistry of rhenium(V) is dominated by multiply bonded ligands such as oxo,
nitrido, sulfido or imido groups, a number of compounds are known which contain the metal in
other coordination environments. Hydrazido complexes and related compounds will be treated
separately in Section 5.3.2.9 since the electronic situation in these complexes and, thus, the formal
oxidation state of the metal depends on many factors and cannot be defined unambiguously for
each individual compound without detailed knowledge about bond lengths and angles, and the
degree of protonation/deprotonation of the arylhydrazine skeleton.

A new and efficient synthesis for the hexachlororhenate(V) anion, [ReCl6]
�, has been reported

with the oxidation of [ReCl6]
2� by PbO2 in a slurry of CH2Cl2.

743 The product can be isolated as
tetrabutylammonium salt as orange–red crystals. The solution electronic absorption spectrum
is dominated by two intense chlorine-to-rhenium(V) charge transfer manifolds. The analogous
fluoro anion, [ReF6]

�, is formed when rheniumhexafluoride reacts with KrF[Sb2F11] or
KrF[SbCl6].

744 The Raman spectrum of the obtained products show characteristic strong bands
of [ReF6]

� at 796 cm�1 and 358 cm�1.
The outstanding donor abilities of thiolato ligands allow the stabilization of rhenium(V) com-

plexes even without additional multiply bonded ligands. The known examples, however, suggest
that additionally to the charge compensation by the negatively charged ligands chelate formation
and steric shielding of the metal ions play an important role. Consequently, stable complexes are
preferably formed with bulky chelating ligands such as bi- and tetradentate phosphinothiolates
(128) or 1,1,1-tris(2-thiomethyl)ethane, (HSCH2)3CCH3 (212). The anionic complex
[Re{(SCH2)3CCH3}2]

� has been isolated as its tetraphenylphosphonium salt from a reaction of
K2ReCl6 with (HSCH2)3CCH3 in air.357 The complex anion has a geometry which is close to
trigonal prismatic. This is surprising since the aliphatic ligand does not belong to the dithiolene
ligand class where the preferred formation of trigonal prismatic complexes can be explained by the
unsaturated nature of the ligands and S–S interactions along the vertical edges of the prism. The
donor atoms of each of the tridentate ligands in [Re{(SCH2)3CH2CH3}2]

�, however, span triangular
faces of the prism rather than the vertical edges. Obviously, there are significant contributions from
the tripodal nature of the ligand which optimizes interactions between the sulfur 3p and the metal 5d
orbitals and prevents ready disulfide formation due to steric restrictions. Intraligand interactions
are discussed to explain the stability of the rhenium(III) tris-chelate [Re(Ph2PC6H4-2-S)3], which has
been prepared from several rhenium(III) and rhenium(V) precursors and the phosphinothiol (128a)
in alkaline methanol.745 Complexes with the coordination number eight have been isolated from
reactions of [ReS4]

� with three equivalents of tetraethylthiuram disulfide,163 or by the reduction of
perrhenate with HCl and the potentially tetradentate ligand P(C6H4-2-SH)3 (128c), in ethanol
and subsequent treatment with Et3N.88 The resulting complex cations [Re(S2CNEt2)4]

þ and
[Re{P(C6H4-2-S)3}2]

þ both have geometries being between idealized square antiprismatic and
dodecahedral. Another oxo-free diethyldithiocarbamato complex has been prepared in high yields
starting from the common oxo-bridged dimer [Re2O3(Et2dtc)4] and TMSCl in dichloromethane.
The obtained compounds [ReCl2(Et2dtc)2]

þ precursor allows a novel synthetic route into rhenium
dithiocarbamate chemistry without an oxo core.370 An unusual compound, which is most presum-
ably the mixed chelate [Re{S2C2(CF3)}2{S3C2(CF3)2}2] (213) containing two perthio ligands results
from the reaction between [ReS4]

� and bis(trifluoromethyl)-1,2-dithiete, (CF3)2C2S2.
168

Structural studies on rhenium complexes containing complexone type ligands are of consider-
able interest in the light of the application of their technetium analogues in diagnostic nuclear
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medicine and the interest in rhenium compounds for therapeutic purposes. Thus, rhenium com-
plexes with 1,2-hydroxyethylidenediphosphonate (H4HEDP) have been synthesized and studied
using EXAFS. Products which have been obtained by reduction of perrhenate with tin chloride in
the presence of the ligand are characterized by oligomeric structures with bridging HEDP ligands.
Depending on the excess of phosphonic acid also products with Re—Re bonds and mixed Sn/Re
complexes have been found. An anionic complex with the proposed structure [Re(H2HEDP)3]

�

(214) has been obtained via a ligand exchange approach starting from [ReO2(py)4]
þ with

H4HEDP in absolute ethanol.746
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Oxygen abstraction from the {ReO}3þ core has been observed during the reaction of
[ReOCl3(PPh3)2] with 3-nitro-1,2-diaminobenzene (H2dab-3-NO2) which gives
[ReCl(PPh3)3(dab-3-NO2)2], whereas the same reaction with 4-nitro-1,2-diaminobenzene (H2dab-
4-NO2) gives the monosubstitution product [ReCl3(PPh3)2(dab-4-NO2)] in which the incoming
ligand is doubly deprotonated at one nitrogen atom and coordinates as imido group.747

[ReCl(PPh3)(dab-3-NO2)2] has an unusual skew-trapezoidal bipyramidal geometry.
The formation of a monomeric amidino complex has been reported for the reaction of rhenium

pentachloride with di-isopropylcarbodiimid. A composition of [ReCl4(prop
i
2N2CCl)] was derived

from elemental analysis, spectroscopic data and the crystal structure of the molybdenum analogue.748

The tungstorhenate(V) heteropolyanion [W9ReO32]
5� has been isolated as guanidinium and

caesium salts from reaction of [ReOCl3(PPh3)2]
þ with sodium tungstate. A crystallographic study

shows the anion to be isostructural with decatungstate, [W10O32]
4�. The complex can be oxidized

to rhenium(VI) and rhenium(VII) analogues which are less stable against hydrolysis.208 Rhenium
complexes of the [�2-P2W17O61]

10� isomer, a mono-lacunary derivative of the Wells-Dawson ion
[�-P2W18O62]

6�, have been isolated from the reaction of K10[�2-P2W17O61] with K2ReCl6 in
water. The resulting K7[�2-ReOP2W17O61] salt can be oxidized by air to a rhenium(VI) species,
oxidation with Ag(O3SCF3) results in the rhenium(VII) species [�2-P2W17O61]

5�.209

5.3.2.4 Oxidation State IV

Complexes containing rhenium in the oxidation state þIV are comparatively rare. There is no
extended chemistry in aqueous media and many rhenium(IV) complexes tend to hydrolyze when
exposed to water. The stabilization of rhenium(IV) centers requires a well-balanced donor-acceptor
behavior of the ligands and, thus, none of the classical �-donor ligands such as O2�, N3�, or NR3�

or �-acceptors such as carbonyls or nitrosyls are characteristic for this oxidation state.

5.3.2.4.1 Complexes containing exclusively monodentate ligands

(i) Halide and pseudohalide ligands

Hexachlororhenate(IV), [ReCl6]
2�, can easily be prepared by the reduction of [ReO4]

� by H3PO2

in HCl and has been explored structurally in more than 20 crystallographic studies.749–751 An
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alternative approach to [NH4]2[ReCl6] has been reported by the reaction between ReCl5 and
ammonium chloride which reduces the metal to the oxidation state þIV.752 The ammonium
cations are located on three-fold disordered positions, which allow hydrogen bridges to each
four of the chlorine atoms of the hexachlororhenate anions. Hydrogen bridges have also been
detected in the solid state structures of the [ReCl6]

2� salts with organic cations such as bipyr-
idinium,753 triethylammonium,754 dibutylanilinium,755 or crown ether-stabilized oxonium.756

Solutions of [ReX6]
2� complexes (X=Cl, Br) are phosphorescent at room temperature, with

emission maxima of 1,340 nm (chloro complex) and 1,380 nm (bromo complex) at life times
between 40 ns and 80 ns. The phosphorescences are assigned to the �8(

2T1g)!�8(
4A2g) transi-

tion.757 Both ions undergo one-electron oxidation on irradiation in the presence of acceptors such
as chloranil or benzoquinones. This process is reversible, and back-electron transfer reactions are
essentially diffusion-controlled. One-electron oxidation of [ReCl6]

2� has also been studied by thin-
layer spectrochemical techniques in CH2Cl2 giving high resolution spectra for the generated d2

ion.758 Reversible one-electron reduction of [ReCl6]
2� has been performed voltammetrically in the

basic aluminum chloride-1-methyl-3-ethylimidazolium chloride melt with a half-wave potential of
�0.87V vs. the Al3þ/Al couple. The dimeric metal–metal bonded [Re2Cl9]

� ion can be reduced to
the [Re2Cl9]

2� species at a glassy-carbon electrode in a reversible electrode reaction. Like its
parent compound [Re2Cl9]

� the mixed rhenium(IV)/rhenium(III) anion [Re2Cl9]
2� exhibits only

limited stability in basic melts and converts to [ReCl6]
2� and the rhenium(III) complex [Re2Cl8]

2�

by the incorporation of chloride ions.759

Mixed-ligand [ReClnBr6�n]
2� compounds (n= 1–5) are formed when [ReBr6]

2� is dissolved in
aqueous HCl followed by a rapid precipitation of the mixture of complex anions with caesium
cations. The homogeneous crystalline solid shows luminescence under blue or UV excitation.
Analysis of the spectra obtained at low temperatures show the presence of [ReBrCl5]

2�, cis-
[ReCl4Br2]

2�, and fac-[ReCl3Br3]
2�. The reverse reaction, starting from [ReCl6]

2� and aqueous
HBr, forms predominantly [ReBr6]

2� together with the intermediates trans-[ReCl4Br2]
2� and

[ReCl2Br4]
2�.760 Full separation of all 10 mixed-ligand species of the series [ReBrxI6�n]

2� (n= 0–6)
including the geometrical isomers for n= 2–4 was achieved by ion exchange chromatography on
diethylaminoethyl cellulose. The IR and Raman spectra of the products have been completely
assigned according to point groups Oh, D4h, C4v, C3v, and C2v, as supported by normal coordinate
analyses based on a general valence force field.761 Similar preparation and separation procedures
have been applied for the isolation and full structural and spectroscopic characterization of the
chloro/iodorhenate(IV) complexes [ReCl5I]

2�, cis- and trans-[ReCl4I2]
2� and fac-[ReCl3I3]

2�. A
mean lengthening of the Re–Cl distance by 0.02 Å and a shortening of the Re–I distance by
0.035 Å along the asymmetric Cl–Re–I axes compared with the symmetric X–Re–X axes are due to
the stronger structural trans-influence of the iodo ligand compared with the chloro ligand.762

Mixed halide/isothiocyanato complexes are formed by reactions of hexahaliderhenates(IV) with
SCN� or (SCN)2.

763–766 Bond isomers with nitrogen- and sulfur-bonded thiocyanato ligands have
been isolated for the mixed-ligand species und characterized by their vibrational spectra.763,764

Crystallographic evidence for SeCN�/NCSe� bond isomerism has been given for cis- and trans-
[ReCl4(NCSe)(SeCN)]2� complexes. Based on the molecular parameters of the X-ray data their
low temperature IR and Raman spectra have been assigned by normal coordinate analysis. The
valence force constants are fd(ReN)= 1.68 mdyn Å�1 and fd(ReSe)= 1.15 mdyn Å�1.767

(ii) Ligands with P, O, N, S, or As donor atoms

Complexes of the composition trans-[ReX4(PR3)2] (X=Cl, Br, I; PR3=PPh3, P(C6H4-3-Me)3,
PMePh2, PMe2Ph, PEt2Ph, PEt3, PPr

n
3, PMe3) are formed by reactions of various rhenium(VII),

rhenium(V), rhenium(III), or rhenium(II) precursors.768–776 The phosphines act as reducing agents
and, thus, depending on the conditions applied also phosphine oxide complexes are produced as
by-products.777,778 Complexes with analogous structures have also been obtained with phosphite
and phosphonite ligands by oxidation of corresponding [ReCl3L3] complexes in air or by Cl2.

779

Reactions of common rhenium(V) precursors such as [ReOCl3(PPh3)2] or [ReNCl2(PPh3)2] with
TMSNCS give access to unusual rhenium(IV) complexes with isothiocyanato ligands. Whereas
the former reaction yields the mixed phosphine/phosphine oxide complex cis-
[Re(NCS)4(PPh3)(OPPh3)] as red–brown paramagnetic crystals in good yields,780 the cleavage of
the ReN bond of [ReNCl2(PPh3)2] in methanol results in the formation of the hydroxo complex
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trans-[Re(NCS)3(OH)(PPh3)2].
781 It is noteworthy that the analogous reaction with

[ReNCl2(PMe2Ph)3] yields the thionitrosyl rhenium(I) species [Re(NS)Cl2(Me2PhP)3].
640

Reactions of [ReCl6]
2� solutions with thiourea does not exclusively yield ligand exchange

products with oxidation state þIV. Reducing conditions give access to the class of hexakis{(alkyl)
thiourea}rhenium(III) complexes which will be treated more in detail in Section 5.3.2.5.1(ii).
Reactions in air result in partial oxidation of thiourea and �,�0-dithiobisformamidinium salts of
[ReCl6]

2� and the monosubstitution product [ReCl5(tu)]
þ have been isolated from such solutions.

The oxidation requires the presence of air as well as [ReCl6]
2�.782 Ongoing ligand exchange has

been observed with acetonitrile and brown crystals of [ReCl2(CH3CN)4][ReCl6] have been
obtained in low yields from acetonitrile solutions of ReCl5 containing triphenylsilanol.752

The stable complex trans-[ReX4(THT)2] (215) (X=Cl, Br; THT= tetrahydrothiophene) has
been prepared as yellow (chloro complex) or brown crystals (bromo complex) in high yields by
heating K2ReCl6 in a mixture of THT and aqueous HCl.783 Both compounds are useful pre-
cursors for the synthesis of further rhenium(IV) complexes. cis-Arrangement of the organic
ligands has been found for the analogous complexes with THF (216),771 a mixed-ligand complex
containing phosphine and dimethylaminoadenine,784 or N-phenylacetamidine (217).771,785 The
latter compound is formed in high yields when cis-[ReCl4(CH3CN)2] reacts with aniline in acetone
solutions and shows metamagnetic behavior. At higher temperatures the magnetic behavior is
typical of a rhenium(IV) complex, with three unpaired electrons (�= 3.6�B), an almost isotropic
g-tensor of 1.86 and a large zero-field splitting of �20(2) cm�1. At very low temperatures
(T< 9K) the magnetization behavior as a function of temperature and field strength and direc-
tion indicates two magnetically ordered structural phases when the magnetic field is parallel to the
b axis of the unit cell, but only one along the a and c axes.786
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Homoleptic phenoxido complexes of the composition [Re(L)4] where L= 2,6-diisopropylphenoxide
or 2,6-dimethylphenoxide have been prepared by the reaction of [ReCl4(THF)2] with the lithium salts
of the ligands. The molecular geometry is square planar and the metal center is well protected from
above and below the {ReO4} plane by the isopropyl groups and protects the complex from reactions
with alkynes, whereas such a reaction and the formation of [Re(OC6H3-2,6-Me2)4(RC�CR)] adducts
(R=Me, Eth, Ph) has been observed for the dimethyl derivative of the phenoxide.783,787

5.3.2.4.2 Complexes with chelating ligands

Formal ligand exchange on [ReX4(L)2] complexes (X=Cl, Br ; L= donor solvents such as THF,
CH3CN, or THT) gives ready access to common chelate complexes of the composition [ReX4(L)]
where L is a bidentate neutral ligand. Less common are related reactions with dinegative ligand
systems and the formation of corresponding complex anions. A frequently observed structural
feature in rhenium(IV) chelate complexes is the {Re(�2-O)2Re}4þ core in which two rhenium
atoms are symmetrically connected by two bridging oxo ligands.

(i) Phosphorus, nitrogen donor and mixed N/S and N/O donor ligands

Rhenium(IV) complexes with only one bidentate ligand have been described for chelating phos-
phines, Schiff bases, and N-heterocycles. The synthetic approaches are different and involve
simple ligand exchange procedures as well as reduction of rhenium(V) or oxidation of rhe-
nium(III) compounds.
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Red crystals of [ReCl4(dppe)] are obtained when the alkyne complex
[ReCl4(PhC�CPh)(OPCl3)] is treated with the phosphine in dichloromethane.788 Reduction of
the rhenium(V) oxo core with simultaneous oxidation of the phosphine is observed when
[Bu4N][ReOCl4] reacts with diphenyl(2-pyridyl)phosphine (PPh2py) in boiling acetone and bright
green crystals of [ReCl4(OPPh2py-O,N)] and [ReCl3(OH)(OPPh2py-O,N)] have been isolated in
moderate yields.451 The intermediate formation of the [ReCl6]

2� ion seems to be an important
step in the course of this reaction, which gives a mixture of [Bu4N]2[ReCl6], [ReOCl3(OPPh2py-
O,N)], and [ReOCl3(PPh2py-P,N)] when it is carried out at room temperature.

Oxidation of the rhenium(III) compound mer-[ReCl3(PPh3)(HMe2Ad)], where HMe2Ad is
dimethyladenine, results in the formation of the mixed-ligand complex [ReCl4(PPh3)(HMe2Ad)]
with a monodentate dimethyladenine ligand in cis-position to PPh3. A ligand exchange reaction
starting from cis-[ReCl4(CH3CN)2] and the same ligands gives a completely different product. The
CN group of one of the acetonitrile ligands is inserted into the N9-H bond of the N3-bonded
dimethyladenine ligand and finally a chelating amidine ligand is formed.784 The resulting complex
[ReCl4{Me2AdC(Me)¼NH}] (218) is stable as solid and in solutions.

Schiff base complexes with rhenium(IV) centers can be prepared by the reduction of rhe-
nium(V) oxo complexes or by ligand exchange reactions starting from [ReCl4(PR3)2] complexes.
A mixed ligand complex containing a salicylideneaminato ligands and PMe2Ph in an octahedral
rhenium(IV) complex has been studied structurally showing that the bonding situation inside the
organic ligand is not significantly influenced by the oxidation of the metal as has been derived
from comparison with rhenium complexes in the oxidation states þI, þIII, and þV.789
[ReCl3(PPh3)(L)] or [ReCl3(OPPh3)(L)] complexes with L= pyridine-2-aldimine (219a) can be
oxidized chemically by dilute nitric acid or electrochemically under formation of pyridine-2-
carboxamide ligands (219b). The formation of complex cations of the composition [Re(L)]þ has
been reported for the reaction of K2ReCl6 with tris[2-(20-hydroxybenzylideneethyl)]amine and
related compounds in glacial acid and the sexidentate coordination of the organic ligands has
been concluded from spectroscopic data.790 An unusual decomposition of a rhenium(V) imido
complex with the cleavage of the Re—N multiple bond is observed when [Re(NPh)Cl3(PPh3)2]
reacts with the potentially pentadentate ligand 2,6-bis(2-thiophenylaminomethyl)pyridine.791 The
resulting ligand (220), which is formed from the decomposition of the symmetric pyridine
derivative and partial self-condensation followed by oxidation, coordinates the rhenium atom in
a tetradentate manner. The coordination sphere of the metal in the neutral rhenium(IV) complex
is completed by a dianionic HN-C6H4-S

2� ligand.

Re

Cl

N

Cl

Cl

Cl

N

N

N

N

NMe2

C
Me

Re

PPh3

Cl
N

Cl

Cl

N

Ph

Re

PPh3

Cl
N

Cl

Cl

N

Ph

O

(218) (219a) (219b)

Rhenium(IV) complexes with the potentially tetradentate triamidoamine ligand
{(C6F5)NCH2CH2}3N

3� (115) are formed when the corresponding rhenium(V) complex
{ReOCl[{(C6F5)NCH2CH2}3N]} is reduced. The reaction with [Ta(CHBut)(THF)2Br3] gives the
paramagnetic complex {Re[{(C6F5)NCH2CH2}3N]Br} (221) which is useful precursor for the
synthesis of numerous rhenium(III) complexes.432

Mono- and dinuclear species containing rhenium(IV) have been described with the tripodal
ligand tacn (15a).250 Thus, the rhenium(III) complex [Re(tacn)Cl3] which is formed by the
reduction of [ReO(tacn)(O2C2H4)]Br by zinc dust in HCl, can be oxidized in hot CH3SO3H in
air to give [Re(tacn)Cl3]

þ. Disproportionation of [ReO(tacn)(O2C2H4)]
þ in HCl or HBr solutions

gives the rhenium(VII) compound [Re(tacn)O3]X and the binuclear rhenium(IV) complexes anti-
[(tacn)ClRe(�2-O)2ReCl(tacn)]2þ (222). A related binuclear complex has been described with
tris(2-pyridylmethyl)amine (114). The distorted octahedral coordination spheres of the rhenium
atoms of a {Re(�2-O)2Re}4þ core are completed by the four donor atoms of the amine ligand.
The tertiary amine and one of the pyridine donor atoms are in trans positions to the bridging oxo
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ligands.792 The dark-brown complex Ba2[Re2(�-O)2(EDTA)2] has been prepared from the sodium
salt of the complex and BaCl2.

793 The binuclear structure is centrosymmetric with each tetra-
dentate EDTA4� ligand having two uncoordinated acetate groups. The {Re2O2} ring is planar
and the short ReRe distance of 2.36 Å indicates multiple metal–metal bonding.
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The triply bonded dirhenium(II) complexes [Re2X4(�-dppm)2] (X=Cl, Br) have been shown to
react with dioxygen with formation of the rhenium(V) oxo complexes [ReOCl3(dppmO)]
(dppmO=Ph2PCH2P(O)Ph2). The dirhenium(IV) complex [ReOCl(�-O)(�-Cl)(�-dppm)2ReCl2]
reacts with thionyl chloride to form the centrosymmetric corner-sharing bioctahedral complex
[ReCl3(�-O)(�-dppm)2ReCl3].

462

(ii) Sulfur and oxygen donor and mixed S/O donor ligands

Neutral [ReCl4(O
\O)] complexes with O\O= dimethoxyethane or 1,4,7,10,13,16-tetraoxaoctade-

cane (18-crown-6) have been prepared from ReCl5 and the corresponding ligands.752,788 Only two
neighboring oxygen atoms of the crown ether are involved in the complex formation. The Re�Cl
bond lengths in trans position to the oxygen donors are slightly shorter than those trans to Cl
which is in accordance with the estimated small trans-influence of the ether donor atoms.

Although oxalato complexes of rhenium(IV) have been known for a long time and the structure
of the dimeric, dioxo-bridged complex [(C2O4)2Re(�-O)2Re(C2O4)2]

4� known since 1975,794 some of
the synthetic procedures give only impure products. A synthesis which starts from K2ReCl6 and
solid oxalic acid in water gives a pure sample of the olive-green complex in 50% yield.795 The
complex is stable in solution at pH 7 over many days, whereas a slow decomposition and the
formation of [ReO4]

� is observed in acidic solutions. A kinetic study of this oxidation indicates a
protonation step with an equilibrium constant of 2.4M�1 followed by a reaction with
k= 5.3� 10�5 s�1.795

The monosubstitution product of [ReCl6]
2� with oxalate, the [ReCl4(C2O4)]

2� anion (223) can
be prepared by simple ligand exchange procedures and isolated with bulky cations. The complex
anion has a distorted octahedral geometry with a chelating oxalato ligand.796,797 It is an appro-
priate building block for the synthesis of heterobimetallic complexes with bridging oxalato
ligands. This has been demonstrated for a series of compounds containing copper(II) centers.
Oxalato (and in some cases additional chloro) bridges connect the metals forming binuclear or
tetranuclear units.796 Examples with bidentate/monodentate (224) and bidentate/bidentate oxa-
lato bridges have been isolated and structurally characterized. This results in Re–Cu distances
between 5.4 Å and 5.5 Å which allow weak antiferromagnetic couplings between ReIV and CuII.

ReIII and ReIV thiocarbamoyl complexes have been prepared by the reaction of
[ReCl3(PPh3)2(CH3CN)] with a large excess of sodium diethyldithiocarbamate in acetone. The
resulting rhenium(III) complex [Re(S2CNEt2)2(SCNEt2)(PPh3)] is easily oxidized by K3[Fe(CN)6]
to the cationic species [Re(S2CNEt2)2(SCNEt2)(PPh3)]

þ (225) which has been isolated and struc-
turally characterized as its perchlorate salt.799 The structure of the complex cation (224) is best
described as pentagonal bipyramidal with the PPh3 ligand and one sulfur atom of a dithiocarba-
mate in axial positions. The thiocarbamoyl ligand is �2-C,S bonded in an equatorial position.

Compounds with the sulfur analogue of the {Re(�-O)2Re}4þ core have been obtained during
reactions of [ReS4]

� salts with tetraalkylthiuram disulfides. Dimeric rhenium(IV) complexes of the
composition [Re2(�-S)2(S2CNR2)4] (226) (R=Me, Et, Bui) are formed in excellent yields when 1.5
equivalents of thiuram disulfide is used.162,163 A larger excess gives rhenium(III) species. The
dimers [Re2(�-S)2(S2CNR2)4] undergo reversible one-electron oxidation to produce [Re2(�-
S)2(S2CNR2)4]

þ. This species can also be generated chemically and, in the presence of excess
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sulfur, forms a novel rhenium(IV) sulfur-bridged dicationic dimer of dimers [{(Re2(�-
S)(S2CNR2)4}2S4]

2þ (227).163

Reduction of [ReS4]
� with polysulfide solutions gives a number of products depending on the

pH and the solvent used.151–161 When the reaction conditions are strictly controlled, however,
good yields of individual compounds can be obtained as has been demonstrated for the multi-
nuclear rhenium(IV) compound [NH4]4[Re4S4(S3)6] (228). It is formed in 40% yield during the
reaction of ammonium perrhenate with an aqueous ammonium polysulfide solution at tempera-
tures between 60 �C and 65 �C.151 The structure of the complex anion can best be described as a
distorted {Re4S4} cube in which the rhenium atoms of each plane are additionally bridged by S3

2�

ligands. The shortest Re–Re distance in this compound is 2.76 Å.
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5.3.2.5 Oxidation state III

Rhenium complexes containing the metal in the oxidation state þIII are comparatively numerous.
This may be ascribed to the fact that the d4 configuration of the rhenium center can readily be
stabilized by ligands with pronounced donor and �-acceptor properties. Most of the rhenium(III)
compounds are stable against hydrolysis rendering them suitable for nuclear medical applications.

Additionally to the large number of complexes with octahedral or distorted octahedral geom-
etry, compounds containing the metal in trigonal bipyramidal, monocapped trigonal prismatic, or
pentagonal bipyramidal coordination environments play an important role. Whereas the most of
the octahedral d4 compounds are paramagnetic, rhenium(III) complexes with the coordination
numbers five or seven are diamagnetic as is explained by the orbital energy splitting patterns
illustrated in Figure 5.

Organometallic compounds which begin to play a more important role in the chemistry of
rhenium with the metal in the oxidation state þIII and lower will only be treated in the
subsequent sections when the ‘‘organometallic parts’’ of the molecules do not dominate the
chemistry of the complexes and can be regarded as co-ligands to halides, phosphines or nitrogen
ligands as is often the case for carbonyl or isocyanide ligands. Their behavior as �-acceptors often
contributes significantly to the stabilization of rhenium(III) complexes with the coordination
number seven.

Seven-coordination is also observed for cyano complexes. The diamagnetic anion [Re(CN)7]
4�

is obtained by the reaction of K2ReCl6 with KSeCN and KCN under nitrogen.800,801 The complex
anion possesses pentagonal bipyramidal geometry and the Re�CN bonds are kinetically inert as
has been demonstrated by an electrochemical study. [Re(CN)7]

4� undergoes a single, fully
reversible one-electron oxidation with E0= 0.643V. The complex can be singly protonated
according to the equilibrium [Re(CN)7]

4�þHþÐ [Re(CN)7H]3� with pH= 1.31. A 13C- and
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14N-NMR study on K4[Re(CN)4], however, strongly indicates a fluxional behavior of the cyano
ligands in solution at least at the NMR timescale. Only one signal has been observed in the 13C-
(140.3 ppm vs. TMS) and 14N-NMR (�95 ppm vs. NaNO3) spectra at ambient temperatures
which indicates that the interchange rate of the two nonequivalent ligand sites (two axial and
five equatorial) is faster than the NMR timescale and the measured chemical shifts are averaged
values for cyano ligands in different chemical environments.802

5.3.2.5.1 Complexes containing exclusively monodentate ligands

(i) Ligands with phosphorus or nitrogen donor ligands

Complexes of the composition mer-[ReX3(PR3)3] or [ReX3(PR3)(CH3CN)] (X= halide; PR3= ter-
tertiary phosphine) have been long established and can easily be prepared as orange–red crystal-
line solids by the reduction of perrhenate or rhenium(V) oxo compounds with an excess of the
corresponding phosphine in HX solutions.21 The individual composition of the complexes is
mainly controlled by the steric requirements of the phosphine ligands. Bulky phosphines such
as PPh3 prefer the formation of [ReCl3(PPh3)2(L)] type compounds where L is a solvent mol-
ecule,803–805 whereas smaller phosphines such as PMe2Ph, PEt2Ph, or PMePh2 and related
phosphites such as P(OEt)3 or the cyclic P(OCH2)3CEt yield mer-[ReCl3(PR3)3] com-
pounds.779,806–809 The paramagnetic d4 complexes show 1H NMR spectra with narrow lines
(	1Hz) at low field exhibiting no 31P-H splittings and there are large differences in chemical
shifts between geminal methylene protons of the alkyl groups because of the low symmetry at the
phosphorus atoms.772,808 A detailed 13C NMR study has been carried out on [ReCl3(PEt2Ph)3]
and [ReCl3(PPr

n
2Ph)3] and the 13C signals have been assigned based on the known 1H spectra by

13C-1H correlation spectroscopy experiments.808 The spectra show no coupling between 13C and
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Figure 5 Frequent coordination numbers and energy levels for d4 rhenium(III) complexes.
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31P. The C1 carbon resonances for the aryl groups, unlike the C� resonances of the alky groups
are too broad for detection. The proton relaxation times T1

�1 and T2
�1 as well as the linewidths

in three different magnetic fields, corresponding to proton frequencies of 250, 400, and 600MHz,
show an increase with the field strength.

The dichloro bridged complex [Re2(�-Cl)2Cl4(PMe3)4] (229) which contains no rhenium–rhe-
nium bond is formed from the reaction of the quadruply bonded dimer [Re2Cl8]

2� with PMe3 in
benzene.810 This result is remarkable since the same reaction causes reduction of rhenium and the
formation of the metal–metal bonded rhenium(III)/rhenium(II) and rhenium(II) dimers
[Re2Cl5(PMe3)3] and [Re2Cl4(PMe3)4] when it is performed in alcohols.811,812 [Re2(�-
Cl)2Cl4(PMe3)4] has an effective magnetic moment of 4.85�B per dirhenium unit which is con-
sistent with the presence of four unpaired electrons. Cyclic voltammetry showed several accessible
oxidation and reduction processes, but all of them were irreversible. The use of [Re2(�-
Cl)2Cl4(PMe3)4] as a synthetic starting material resulted in several reduction products with
metal–metal bonds such as [Re2(�-Cl)3Cl2(PMe3)4], [Re2Cl5(PMe3)3]

�, [Re2Cl4(PMe3)4], whereas
oxidation with NOBF4 gives trans-[ReCl4(PMe3)2]. When this oxidation is performed in the
presence of [NBu4]Cl, the anionic rhenium(III) complex trans-[NBu4][ReCl4((PMe3)2] (230) was
obtained as a side-product, whereas the cis isomer (231) has been isolated as [Co(�5-C5H5)2]

þ salt
as side-product of the reduction of [Re2(�-Cl)2Cl4(PMe3)4] with cobaltocene.775

Re

Cl

Cl

Me3P

Me3P Cl
Re

Cl

Cl

PMe3

PMe3

Cl

Re

PMe3

PMe3

Cl

Cl Cl

Cl

Re

PMe3

Cl

Me3P

Cl Cl

Cl

(229) (230)

–      

(231)

–

Ligand substitution reactions of [ReCl3(PR3)3] or [ReCl3(PPh3)2(CH3CN)] complexes give
access to mixed-ligand complexes with amines or isocyanides or lead to complete replacement
of the phosphine ligands. Thus, reactions between [ReCl3(PPh3)2(CH3CN)] and pyridine-type
ligands such as pyridine, 3,5-dimethylpyridine, 4-methylpyridine, and 4-vinylpyridine yield mer-
[ReCl3(L)2(PPh3)] complexes as major products and the tris-pyridine compounds as side-pro-
ducts.813 Considerable oxidation to rhenium(V) and the formation of [ReO2(py)4]

þ complexes is
observed when the reaction mixture is exposed to air for a prolonged time.

A chloro ligand is replaced when [ReCl3(PMe2Ph)3] reacts with pyrrolyllithium in diethylether.
The brown, air-stable product [ReCl2(PMe2Ph)3(NC4H4)] contains the remaining chloro ligands
in trans positions. It reacts with electrophiles under formation of novel rhenium(III) complexes
with regioselectively substituted pyrrolyl ligands.814 For example, the reaction with one equivalent
of N-chlorosuccinimide gives a compound having a 3-chloropyrrolyl ligand, while the reaction
with excess reagent produces 3,4-dichloropyrrolyl and 2,3,4-trichloropyrrolyl complexes. The
reaction of [ReCl2(PMe2Ph)3(NC4H4)] with methyl triflate yields, depending on the amount of
the reactant, the products [ReCl2(PMe2Ph)3(3-NC4H3Me)] and [ReCl2(PMe2Ph)3(3,4-
NC4H2Me2)], whereas triflic acid protonates the pyrrolyl ligand in �-position to form the cation
[ReCl2(PMe2Ph)3(NC4H5)]

þ (232). The obtained pyrrol derivatives can be removed from the
metal and isolated in good yields by a reaction with a LiCl/AlCl3 mixture in diethylether. The
starting material [ReCl3(PMe2Ph)3] is re-formed during this procedure.

An unusual approach to an ammine ligand has been reported by the full protonation of a
nitrido ligand.638 The red–brown complex [Re(NH3)I2(PMe2Ph)3]I3 is obtained by the reaction of
[ReNCl2(PMe2Ph)3] with TMSI in dichloromethane. Decomposition of the solvent is believed to
be the source of the protons. It is remarkable that the analogous reaction with TMSBr exclusively
results in a Cl/Br exchange and the formation of [ReNBr2(PMe2Ph)3].

637 The synthesis of the
cationic tetrammine complex trans-[ReCl2(NH3)4](PF6) was achieved by the reduction of
[ReO2(NH3)4]Cl with zinc amalgam in HCl and precipitation of a yellow solid with [NH4][PF6].

638

Pyridine complexes of rhenium(III) can be prepared by the reduction of K2ReX6 complexes
(X=Cl, Br) with NaBH4 in pyridine.816 Separation of the crude complex mixture by chromato-
graphy on Al2O3 allows the isolation of the individual [ReX6�n(py)n]

(3�n)� complexes. Apart
from the monosubstituted pyridine complexes only the trans- and mer-isomers are formed
for the bis- and tris-pyridine species. This has been proved by crystal structure analyses for
trans-[ReBr4(py)2]

�, mer-[ReCl3(py)3], and mer-[ReBr3(py)3]. An alternative synthesis for the
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tris-pyridine derivatives which allow mixed halide coordination has been reported with the
isolation of mer-[ReFI2(py)3] from ReI3, Tl(OEt), and benzoylfluoride in pyridine.817

Two different types of mixed-ligand rhenium(III) complexes containing monodentate tertiary
phosphines and isocyanides are known. Seven-coordinate cations of the general formula
[ReCl2(CNR)3(PR3)2]

þ (233) or [ReCl3(CNR)2(PR3)2] (R= various alky or aryl substituents;
PR3=PMe2Ph, PMePh2) are formed during ligand exchange procedures starting from
[ReCl3(PMe2Ph)3] or [ReCl3(PMePh2)3].

818–821 The coordination geometry of the red, diamagnetic
compounds can best be described as capped trigonal-pyramidal with one chloro ligand occupying
the capping position. Paramagnetic octahedral compounds of the composition
[ReCl3(PPh3)2(NCR)] (R=But, Cyclohexyl, Ph, CH2CH2N(C2H5)2O, CH2COOMe) (234) are
obtained when triphenylphosphine is used instead of PMe2Ph or PMePh2.

822,823 Two different
routes were employed for the preparation of the compounds: the reduction of [ReOCl3(PPh3)2]
with excess of PPh3 in the presence of the corresponding isocyanide and a ligand exchange
approach starting from [ReCl3(PPh3)2(CH3CN)]. The latter procedure gives better yields. The
formation of an octahedral rhenium(III) complex with the chelating isocyanide
{CN(CH2)3OCH2}2 has been reported for the reaction of [ReOCl3(PPh3)2] with Na2S2O4 and
an excess of the ligand in methanol and a tentative composition of [ReCl3(PPh3)(L)] has been
derived from spectroscopic data.824
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(ii) Ligands with sulfur donors and mixed-ligand complexes

Thiourea complexes of technetium(III) have been shown to be excellent precursors for the
synthesis of a large number of TcIII and TcI complexes.825 The [Tc(tu)6]

3þ cation is readily formed
in a mixture of pertechnetate, tu and 12M HCl and precipitates as chloride. Due to the different
redox potentials of the homologous elements technetium and rhenium, the reducing capacity of
HCl is not sufficient to apply the same method for rhenium and tin chloride is added as reducing
agent.826 The rhenium atom in the paramagnetic [Re(tu)6]

3þ cation has a pseudooctahedral
geometry. Analogous complexes have been synthesized with a number of substituted thioureas
and structural determinations of the hexakis(alkylthiuourea)rhenium(III) complexes have been
reported for N-methylthiourea (Metu), N,N0-dimethylthiourea (Me2tu) and N-ethylthiourea
(Ettu).827,828 The thiourea ligands are labile and the complexes have been tested for their ligand
exchange behavior. Reactions with chelating phosphines readily form [Re(P\P)2Cl2]

þ complexes
(P\P= dppe or bis(diphenylphosphino)propane) and a substitution rate has been found as fol-
lows: [Re(tu)6]

3þ< [Re(Ettu)6]
3þ< [Re(Metu)6]

3þ < [Re(Me2tu)6]
3þ.827 [Re(tu)6]

3þ hydrolyzes in
aqueous solution and pseudo-first order kinetics have been found for the decomposition. The rate
constants vary from 1.3� 10�2 min�1 to 9.6� 10�2 min�1 in the pH range 2.80–5.04.828

Pseudooctahedral coordination of rhenium(III) centers has also been found for mixed-ligand
complexes with tertiary phosphines and N-heterocyclic thiols which coordinate as their neutral
thione tautomers. A representative example with thiazoline-2-thiol (HSthiaz) has been character-
ized structurally. The paramagnetic complex [ReCl3(HSthiaz)2(PPh3)] (235) contains the HSthiaz
ligands in trans position.297

A series of neutral five-coordinate complexes of the composition [Re(SR)3(L)2] (236) with
trigonal bipyramidal structure has been isolated with sterically hindered thiols such as 2,4,6-
triisopropylbenzenethiol (Htipt), 2-triaryl(alkyl)silylbenzenethiol (HR3Sibt), 2,6-dimethylbenze-
nethiol (HMe2bt) or HSCH2Ph-4-OMe.232,293,294,829–831 The thiolates form the trigonal plane
and the axial ligands preferably possess �-accepting properties. Representatives are known
with isocyanides,232,293 CO,232 phosphines,293,294,829,831 or dinitrogen.829 Compounds of the
type (236) can be prepared starting from K2[ReCl6], [ReOCl3(PPh3)2] or
[ReCl3(PPh3)2(CH3CN)]. The reaction of [ReCl3(PPh3)2(CH3CN)] with HSC6H4-2-TMS in
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acetonitrile yields an unexpected product which contains two thiolimidato ligands, [Re(SC6H4-
2-TMS){NC(SC6H4-2-TMS)CH3}2(PPh3)2] (237).

291 The formation of this unusual ligand can
be understood as the result of a nucleophilic attack on the coordinated acetonitrile and
reduction of nitrile to amidine. This unusual feature is attributed to the �-silicon effect of
the substituent since neither sterically innocent thiols nor conventionally bulky thiols show this
type of reactivity.
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Rhenium(III) complexes with sulfur dioxide ligands have been obtained by oxidation of dimeric
sulfido-bridged complexes either by air or by NO(PF6). The oxidation of the bridging sulfur
atoms is facilitated by the high electron density at these ligands.152,832

5.3.2.5.2 Complexes with chelating ligands

(i) Phosphorus and arsenic donor ligands

Chelating phosphorus and arsenic ligands have attracted considerable interest for the chemistry of
rhenium(III) since cationic technetium(III) complexes with this type of ligand showed consider-
able myocardial uptake in dogs and were promising candidates for the development of an agent
for myocardial imaging for a long time. Finally, no agent was developed, mainly due to problems
with the redox behavior of technetium, but this work has contributed significantly to our know-
ledge about the coordination chemistry of rhenium(III) cations of the general composition trans-
[Re(P\P)2X2]

þ, where P\P is one of the ligands (238) or related phosphines and X=Cl, Br, or SR.
trans-[Re(P\P)2Cl2]

þ or trans-[Re(P\P)2Br2]
þ complexes can readily be prepared starting from

[ReO4]
� and an excess of the appropriate ligand in HCl or HBr. This general procedure has also

been applied for radioactive 186Re.833 Other protocols start from [ReX6]
2� complexes (X=Cl,

Br),834 the thiourea complex [Re(tu)6]Cl3,
827 multiply bonded dirhenium precursors,835 or the

rhenium(III) compound [ReCl3(PPh3)2(CH3CN)].343 An unusual synthesis has been reported for
the fluoro derivative [Re(dppe)2F2]

þ which is formed as a side-product during the synthesis of the
rhenium(I) isocyanide compound [Re(NCC6H4-4-Me)2(dppe)2]

þ after treatment of trans-
[Re(N2)Cl(dppe)2] with three equivalents of NCC6H4-4-Me in the presence of TlBF4.

836 The
cationic complexes are stable in solution and they have been isolated in crystalline form with
various anions.

The cationic complexes trans-[Re(238)2X2]
þ (X=Cl, Br) exhibit a diffusion-controlled, rever-

sible one-electron reduction to neutral trans-[Re(238)2X2] complexes. The formal reduction
potential of the ReIII/ReII redox couple ranges from �0.205V to �0.450V vs. Ag/AgCl depending
on the halides and the substituents of the phosphine ligands. Further reduction to ReI anions
[Re(238)2X2]

� is possible, however, the reversibility of the process depends on the nature of the
coordinating ligands and the experimental conditions.834 In aqueous solutions, insolubility of the
electrochemically generated neutral rhenium(II) complexes results in absorption effects when (238)
is dmpe. However, ionic surfactants effectively solubilize the [Re(dmpe)2X2] species such that
diffusion-controlled reversible cyclic voltammograms are observed in these media. The more
lipophilic [Re(depe)2X2]

þ (depe= 1,2-bis(diethylphosphino)ethane) complexes behave differently.
While the solubility of the cationic complex is enhanced in the surfactant media, the electro-
generated neutral rhenium(II) species are absorbed on the electrode surface which leads to net
stabilization of the components of the ReIII/ReII redox couple in various surfactant media.838,839

This stabilization is dependent on (i) the formal charge of the electroactive complex, (ii) the
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formal charge of the surfactant molecule in the micelle and (iii) the lipophilicity of the components
of the redox couple.
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The M�P and M�Cl bond lengths in [M(dppe)2Cl2]
þ complexes (M=Mo, Re) are sensitive to

the number of d electrons. The M–P distances contract by about 0.1 Å for each electron added. In
contrast, the Re–Cl distances increase by less than 0.02 Å upon addition of an electron (d3 to d4).
The results can be interpreted in terms of �-effects.840

Another type of rhenium(III) bis-phosphine complex is obtained from reactions of the rhe-
nium(V) precursors [ReOX3(AsPh3)2] (X=Cl, Br) and dppm. The arsine complexes are excellent
precursors since AsPh3 binds to ReV centers less strongly than PPh3 and the [ReOX3(AsPh3)2]
complexes are better soluble in common solvents than their PPh3 analogues. Treatment of
[ReOCl3(AsPh3)2] with two equivalents of dppm in hot benzene under an inert atmosphere
gives the yellow rhenium(III) complex mer-[ReCl3(dppm-P1,P2)(dppmO-P)] (239) (dppmO= bis-
diphenylphosphino)methane monoxide) in good yields, whilst a similar procedure starting from
[ReCl3(PPh3)2(CH3CN)] results in the formation of [ReCl3(dppm-P1,P2)(dppm-P1)]. The bromo
analogues [ReBr3(dppm-P1,P2)(DPPOM-P1)] and [ReBr3(dppm-P1,P2)(dppm-P1)] have been pre-
pared using the precursors [ReOBr3(AsPh3)2] and [ReBr3(PPh3)2(CH3CN)], respectively. During
the reaction of [ReBr3(PPh3)2(CH3CN)] with an excess of dppm a mixture of [ReBr3(dppm-
P1,P2)(dppm-P)] and trans-[ReBr2(dppm-P1,P2)2]

þ is formed, from which the cation can easily
be separated by precipitation with BPh4

�.343

Mixed rhenium(III) complexes of the composition [Re(SR)2(P
\P)2]

þ (R=Et, Ph, C6H4-4-Cl,
CH2C6H5, CH2C6H4-4-Me) have been synthesized by reactions of [ReOCl3(PPh3)2] or [ReO2-
(py)4]Cl with mixtures of bis-phosphines and aromatic or aliphatic thiols. Only trans-isomers have
been obtained when P\P is dppe or DEPE,841 whereas a mixture of cis- and trans-
[Re(SR)2(dmpe)2]

þ complexes is formed when the less bulky chelating phosphine is used.842 The
complexes undergo a reversible one-electron reduction in the range �0.43V and �0.53V for the
cis isomer and �0.48V and �0.60V for trans-[Re(SR)2(dmpe)2]

þ/0 complexes. The individual
ReIII/ReII couples depend on the nature of the thiolato ligands.

Attempts to prepare ReIII diars/thiolato mixed-ligand complexes (diars= 2-phenylenebis-
(dimethylarsine)) by the general method which was optimized for the preparation of
[Re(SR)2(P

\P)2]
þ complexes resulted primarily in the metathesis products [ReOCl(SR)2(diars)]

which indicated that reduction requires more forcing conditions. Heating to 100 �C finally
results in the formation of rhenium(III) complexes. In the successful preparation of the alka-
nethiolato complex [Re(SEt)2(diars)2]

þ, only the red trans isomer is apparently formed, whereas
in the benzenethiolate case a mixture of cis-[Re(SPh)2(diars)2]

þ (240) and trans-
[Re(SPh)2(diars)2]

þ complexes have been isolated.349 Electrochemical measurements show a
reversible ReIII/ReII redox couple at about �0.55V for the trans complex and �0.52 V for
the cis thiolato compound, while a cyclic voltammetric study for the [ReCl2(diars)2]

þ/
[ReCl2(diars)2] redox couple gives reduction potentials between �0.319V and �0.263V depending
on the solvent used.843

Additional to the rhenium(V) imido complexes [Re(NAr)Cl2(dppe)2]
2þ, the amidorhenium(III)

compounds [Re(NHC6H4-4-R)Cl(dppe)2]
þ (R=H, Cl, OMe) (241) are formed during the reaction

of [Re(NPh)Cl3(PPh3)3] with dppe in ethanol.722 The brown rhenium(III) species show unusual
proton NMR spectra where all of the resonances were found at expected positions except those
for the amido protons which is attributed to second-order magnetic contribution that is strongly
focused along the axially compressed amido axis. The reducing equivalents for the formation of
the rhenium(III) complexes are provided by oxidation of the solvent ethanol which produces
acetal and acetaldehyde in amounts as much as 30 equivalents based on the quantity of rhenium
starting material. Equal amounts of hydrogen gas are produced suggesting that the catalyzed
reaction is the dehydrogenation of ethanol.722

342 Rhenium



Re

Cl

Cl

Ph2
P

P
Ph2

Ph2
P

Cl
P
Ph2

O
Re

SPh

SPh
As
Me2

Me2
As

As
Me2

Me2
As

Re

NHPh
Ph2
P

P
Ph2

Ph2
P

P
Ph2

Cl

(239) (240) (241)

+ +

(ii) Nitrogen donor ligands

As discussed for bis-phosphine complexes in the previous section, reduction of oxorhenium(V)
compounds with chelating amines yields rhenium(III) complexes. The reaction of [ReO2(en)2]Cl
with excess of zinc amalgam in HCl leads to the formation of trans-[ReCl2(en)2]Cl which can be
precipitated from solution as yellow solid.638 A similar product is obtained with 2-(aminomethyl)-
pyridine (ampy). The orange–red complex [ReCl2(ampy)2]

þ (242) contains all equivalent donor
atoms in trans arrangement. The cations [ReCl2(en)2]

þ and [ReCl2(ampy)2]
þ undergo substitution

of chloride by pyridine ligands. This ligand exchange is accomplished with accompanying iso-
merization to cis geometry as has been demonstrated with the structural analysis of
[ReCl(en)2(picoline)]

2þ (243).638

A convenient starting material for the synthesis of complexes which contain only one bipyridyl
ligand is [ReIVCl4(bipy)]. Reduction with tertiary phosphines gives the mixed bipy/phosphine
rhenium(III) species fac-[ReCl3(bipy)(PR3)2] and trans,cis-[ReCl2(bipy)(PR3)]

þ (PR3=PPh3,
PMe2Ph).

844 The pseudooctahedral complexes show NMR spectra with highly shifted resonances
due to temperature-independent paramagnetism. Well-resolved and distinct proton resonances,
however, have been found for seven-coordinate terpyridyl rhenium(III) complexes. They possess a
capped trigonal-prismatic geometry and, thus, two of the three t2g orbitals are sufficiently lowered
in energy to cause diamagnetism. The parent compound of this class, the cationic complex
[Re(terpy)2(OH)]2þ (terpy= 2,20:60,600terpyridine), has been synthesized via a reduction/substitu-
tion route starting from [ReO2(py)4]

þ.845 The concomitant production of perrhenate implies the
presence of a disproportionation. Replacement of the hydroxo ligands the [Re(terpy)2(OH)]2þ

complex by Cl� or NCS� is easily achieved by the addition of HCl or KSCN. The structures of
the [Re(terpy)2X]2þ cations (X=OH, Cl, NCS) are closely similar with the rhenium atom in the
center of a capped trigonal prism. The capping positions are occupied by the anionic ligands in all
compounds. An alternative approach to [Re(terpy)2Cl]

2þ is the ligand exchange starting from the
rhenium(III) benzil complex [ReCl3(PPh3)(benzil)] which yields the dark-red product in good
yields.846 This route has been applied also for other polypyridyl complexes of rhenium with the
metal in lower oxidation states, such as the rhenium(III) compounds cis-[Re(bipy)2Cl2]

þ, cis-
[Re(phen)2Cl2]

þ, cis-[Re(But-bipy)2Cl2]
þ or [ReCl3(terpy)] (phen= 1,10-phenanthroline). The rhe-

nium(II) and rhenium(I) complexes which can be prepared by a similar procedure and by ongoing
ligand exchange reactions from the ReIII compounds will be mentioned in Sections 5.3.2.6.2 and
5.3.2.7.2. Generally has been concluded that seven-coordinated polypyridylrhenium(III) com-
plexes can be readily reduced with loss of a ligand to form ReI complexes and, conversely,
rhenium(I) complexes may be oxidized in the presence of appropriate ligands such as Cl�, CN�

or ButNC to give ReIII species with coordination number seven.846

Anumber of complexes with biimidazole (H2biim) ligands (244) demonstrate the synthetic potential
of this class of ligands. Stable rhenium(III) cationic monomers of the composition
[ReX2(PPh3)2(H2biim)]X (X=Cl, Br, I) are obtained from reactions of oxorhenium(V) precursors
with H2biim in boiling chloroform. Crystal structures have been determined for the compounds with
the three halogens as well as for the [ReCl2(PPh3)(H2biim)](benzoate) salt.847 In all cases the counter
ion is hydrogen-bonded to NH groups of the coordinated biimidazole. Both NH groups can
be deprotonated with sodium methoxide. Competition between monodeprotonated
[ReCl2(PPh3)(Hbiim)] and various carboxylic acids reveals that the acidity of the first NH proton
corresponds to that of acetic acid, whereas the second acidity is estimated to be close to that of
phenol.847 The phosphine ligands in [ReX2(PPh3)(H2biim)]þ complexes can be replaced by PMe3 with
retention of stereochemistry. The resulting complexes are readily deprotonated and the cationic as
well as the neutral forms exhibit good stability. The relative high acidity of the NH protons makes
these complexes promising candidates to prepare biimidazolato-bridged multinuclear units.848
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A rhenium(III) complex with a strongly donating coordination environment composed primarily
of nitrogen-based ligands has been introduced with the combination of bipyridyl and hydrotris
(pyrazolyl)borato ligands, {HB(pz)3}

�, in the coordination sphere of one metal atom. The red–
purple complex [ReCl{HB(pz)3}(bipy)]

þ (245) can be prepared in good yields from the oxorhe-
nium(V) compound [ReOCl2{HB(pz)3}] by reduction with trimethylphosphine and subsequent
ligand exchange with bipy.849 The coordination sphere of the complex allows three fully reversible
redox couples in cyclic voltammetric experiments, E1/2= 1.06 V (ReIV/ReIII), E1/2=�0.36 V (ReIII/
ReII) and E1/2=�1.42 V (ReII/ReI). Thus, rhenium complexes comprising four oxidation states of
the metal are stabilized by this ligand combination at least in the time-scale of cyclic voltammetry.
The first reduction product, [ReCl{HB(pz)3}(bipy)], has also been prepared chemically by the
reduction of the ReIII complex with zinc amalgam giving a black solid in excellent yields.

A number of rhenium(III) complexes has been described with the tripodal tacn (15a), and its
N,N0,N00-trimethyl substituted derivative, Me3tacn. Orange–red complexes of the composition
[Re(tacn)X3] (X=Cl, Br) are obtained when the mixed-ligand species [ReVO(tacn)(glycolate)] is
reduced by zinc dust in HCl or HBr.250 A similar route starting from [ReO(Me3tacn)Cl2]Cl and
phosphines results in an oxygen transfer from the metal to the phosphorus atom and the
formation of the phosphine oxide complexes [Re(Me3tacn)Cl2(OPR3)] (R=Ph, Me). The OPR3

ligands are readily displaced by other neutral ligands such as acetonitrile, acetone, or pyridine.199

Oxidation of the rhenium(III) complexes results in a number of different products in which the
coordination of the tripodal ligand is retained depending on the conditions applied. Mononuclear
rhenium(IV), -(V), or -(VII) compounds have been obtained and the formation of binuclear oxo
and chloro bridged species has also been reported.119,250 The dinuclear complexes exhibit multiple
metal–metal bonding with Re–Re distances ranging from 2.36 Å to 2.53 Å.250

The ligand tris(2-pyridyl)amine reacts with [ReCl3(PPh3)(benzil)] to yield the brown complex
[ReCl3(L)] which has been characterized by spectroscopic methods. The compound possesses a
remarkable thermal stability and survives attempted thermolysis at 270 �C.121

Reduction of a rhenium(V) complex with the trianionic ligand {(C6F5NCH2CH2)3N}3� (115)
[ReOCl{(C6F5NCH2CH2)3N}] with methyllithium or magnesium in the presence of a variety of
two-electron ligands such as dihydrogen, ethylene, propylene, CO, N2, phosphines, pyridine,
tetrahydrothiophene, acetonitrile, or silanes give complexes of the general composition
[ReIII{(C6F5NCH2CH2)3N}(L)].432,850 Protonation of the PMe3 complex [Re{(C6F5NCH2-
CH2)3N}(PMe3)] gives an authentic hydrido phosphine complex [Re{(C6F5NCH2CH2)3N}H(PMe3)]

þ,
but protonation of other phosphine complexes result in compounds of the composition
[Re{(C6F5NCH2CH2)3N}(�2-HPRnH3�n)]

þ as has been concluded from the NMR spectra of the
products showing relatively large P�H couplings of about 60Hz.432

A phthalocyaninato (pc2�) complex of rhenium(III) has been isolated from reactions of the ReII

compound [Re(pc)(PPh3)2] with [NBu4]F in acetone in air.851 The complex anion trans-
[ReF2(pc)]

� can be precipitated with bulky cations. The Re�F bonds are short (1.798 Å) and
the Re–F stretching vibration is observed at 746 cm�1. Obviously due to a large spin-orbit
coupling, the complex salt is diamagnetic with an electronic d4 ground state of ReIII (S= 1) and
a sharp 19F-NMR signal at �126.1 ppm has been observed.

As outlined for rhenium(V) and rhenium(IV) compounds (Sections 5.3.2.3 and 5.3.2.4),
2-(arylazo)pyridines and 2-(arylazo)-1-methylimidazoles are excellent ligand systems for the stabil-
ization of rhenium centers in these oxidation states. Reduction of the oxorhenium(V) complexes
(101) by phosphines or ligand exchange procedures starting from [ReCl3(PPh3)2(CH3CN)] provide
synthetic routes to rhenium(III) complexes with these N\N chelating ligands.406,852 The oxygen
atom transfer during these reactions which also allows the oxidation of the organic framework of
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the aldimines under formation of amides has been studied in a number of papers.405,853,854

Important intermediates in these reactions are phosphine oxide complexes [ReCl3(OPR3)(L)]
which can be converted into the phosphine derivatives by subsequent ligand exchange. Transfer
of one and two oxygen atoms between azopyridine rhenium(V) oxo complexes and bis(diphenyl-
phosphino)alkanes (P\P) has been realized by control of the relative ratios of the two reactants
and mononuclear compounds of the compositions [ReCl3(azopyridine-N,N0)(OP\P-P)] or
[ReCl3(azopyridine-N,N0)(OP\PO-O)] (for an example see (246)) and binuclear products of the
formula [ReCl3(azopyridine)(OP\PO)ReCl3(azopyridine)] with bridging bis-phosphine dioxide
units have been obtained.409 Related arylazo-1-methylimidazol ligands show a similar chemistry
and the synthesis of several rhenium(III) complexes with phosphine or phosphine oxide co-ligands
have been described together with their molecular structures.407,408

Clathrochelate complexes of the Group VII elements have attracted considerable interest
since representatives with boron capped tris(dioxime) ligands have proven to be very useful
in the radiopharmaceutical chemistry of technetium. Two compounds from this class of
technetium(III) complexes show pronounced myocardial and cerebral uptake. Rhenium
analogous tris(dioxime) complexes are known without and with boron caps.855 Uncapped rhe-
nium(III) tris(dioxime) complexes, [ReCl(dioximeH)2(dioximeH2)] are neutral, seven-coordinate
compounds with a chloro ligand occupying the seventh site.856 They can be capped at one end
with a boronic acid to give [ReCl{(dioximeH)2(dioxime)BR}]. Compounds of this type are avail-
able with various oximes and boronic acids and can be prepared as orange–red crystals by the
combined action of a dioxime and a boronic acid on [ReCl3(PPh3)2(CH3CN)]. The composition of
the complexes has been proven by a crystal structure analysis of the 1,2-cyclohexanedione dioxime
complex which has been capped by phenylboronic acid (247). The geometry around the central
rhenium atom can be described as a monocapped trigonal prism. Thus, the rhenium compound is
isostructural to the well-known technetium complexes and contrasts to the structure of the MnII

complexes which form a bicapped dioxime complex in which only two of the three oxime oxygen
atoms at each end are covalently bonded to the capping boron atoms.856 An interesting feature, an
SCN/NCS bonding isomerism, has been found for monocapped dioxime complexes of type
[Re(NCS/SCN){(dioximeH)2(dioxime)BMe}]. Both the isomers are formed during the synthesis,
the yellow–brown S-bound complex, however, isomerizes to the deep-red N-bound isomer.857
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(iii) Sulfur and oxygen donor atoms

The number of rhenium(III) complexes with chelating sulfur or oxygen ligands is comparatively
small. This may be due to by the fact that stabilization of the d4 metal center of ReIII requires
ligands which possess a well-balanced donor/acceptor behavior. These requirements are best met
by the combination of ligands with good electron-donating properties and �-acceptors such as
phosphines or carbonyls. In some cases this is realized by the decomposition of the sulfur-
containing organic ligands.

The latter case has been demonstrated with the reaction of [ReCl3(PPh3)2(CH3CN)] with a large
excess of sodium diethyldithiocarbamate which results in sulfur abstraction and in the formation
of a mixed phosphine/diethyldithiocarbamato/�2-thiocarbamoyl complex.799 For the molecular
structure of this compound see formula (225) which represents that of the corresponding rhe-
nium(IV) cation which is formed by oxidation of the primarily formed ReIII complex and contains
one rhenium–carbon bond. The formation of thiocarbamoyl compounds seems to be an essential
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step in the decomposition of dithiocarbamates on rhenium(III) centers and can be regarded as
intermediate for the formation of thiocarbonyl ligands which has been observed in a similar
reaction between [ReCl3(PMe2Ph)3] and sodium diethyldithiocarbamate in ethanol. Prolonged
heating of such mixtures under reflux gives the seven-coordinate complex [Re(CS)(Et2dtc)3] in
form of red crystals, whereas shorter reaction times yield the yellow rhenium(I) complex
[Re(CS)(Et2dtc)(PMe2Ph)3].

858 The intermediate formation of a rhenium(I) compound in the
course of this reaction is not unexpected in view of the dominance of acceptor ligands in its
coordination sphere.

The excellent ability of sulfur-rich ligands to induce internal electron transfer in metal com-
plexes has also been demonstrated for rhenium sulfido and perthio systems. The reduction of
[NEt4][ReS4] with tetraalkylthiuram disulfides has previously been described in Section 5.3.2.4.2(ii)
and gives the binuclear ReIV–ReIV dimer [Re2(�-S)2(R2dtc)4] in excellent yields when 1.5 equiva-
lents of thiuram disulfide are used.162,163 This dimer reacts with an additional equivalent of
tetraalkylthiuram disulfide in the presence of a Lewis acid to give the dinuclear ReIII species
[Re2(�-S-S2CNR2)2(S2CNR2)3]

þ (248). The formation of the rhenium(III) complex involves the
reduction of ReIV to ReIII with the concomitant formation of the S�S bonds. This reaction is
induced by the Lewis acidic trimethylsilyltriflate but not by protic acids such as HBF4. The
rhenium–rhenium distance in the dimer is 2.573 Å. The metal atoms in the cationic complex can
be re-oxidized with cleavage of the S�S bonds in the bridging trithiocarbamate ligands and
re-formation of the sulfido-bridged rhenium(IV) compound [Re2(�-S)2(R2dtc)4]. This formal
oxidation of the metal atoms is achieved with reducing agents such as H2, and may mimic in
some extent hydrogenation/dehydrogenation reactions of metal sulfide solids. A similar reactivity
has been observed for a reaction between [ReS4]

� and dithiobenzoate disulfide, which forms the
mononuclear, green rhenium(III) complex [Re(S2CC6H5)(S3CC6H5)2] with two chelating perthio-
benzoate ligands in excellent yields.859 This reaction can be regarded as a text-book example for
an internal redox reaction in which ReVII is reduced by four electrons to ReIII and two equivalents
of dithiobenzoate disulfide are also reduced by four electrons to form dithiobenzoate. The
required electrons come from the sulfido ligands of [ReS4]

� which finally form elemental sulfur
which has been found to be produced during this reaction. Addition of phosphines or CN� to
[Re(S2CC6H5)(S3CC6H5)2] results in abstraction of sulfur and the formation of seven-coordinated
rhenium(III) complexes of the compositions [Re(S2CC6H5)3(PPh3)] or [Re(CN)(S2CC6H5)3]

�.859

In contrast to the reactivity of numerous rhenium(V) oxo complexes towards tertiary phos-
phines which has been described in the previous sections, the dimeric dithiocarbamato complex
[Re2O3(Et2dtc)4] is unreactive in this way. Reduction to rhenium(III) products of the composition
(249) could only be obtained, when the dimer had first been converted into the mixed catecholato/
dithiocarbamato complex [ReO(Et2dtc)2{HO(O)C6H4)]. [ReO(Et2dtc)2{HO(O)C6H4)] is a rare
example of a complex containing catecholato ligands in monodentate coordination and readily
reacts with bidentate tertiary phosphines such as bis(dimethylphosphino)ethane (dmpe) or dppe
to give the green rhenium(III) cations [Re(Et2dtc)2(dmpe)]þ or [Re(Et2dtc)2(dppe)]

þ which have
been isolated and characterized as tetraphenylborate salts.370

An unusual reaction pattern has been found for the electrochemical and chemical (by ascorbic
acid) reduction of the rhenium(II) thioether complex [Re(9S3)2]

2þ (9S3= 1,4,7-trithiacyclono-
nane). Instead of the formation of the corresponding rhenium(I) complex, C�S bond cleavage
and the release of ethene was observed and the brown rhenium(III) species
[Re(9S3)(SC2H4SC2H4S)]

þ (250) was isolated as a BF4
� salt.860,861 Upon electrochemical reduc-

tion of [Re(9S3)(SC2H4SC2H4S)]
þ further loss of ethene was observed while the analogous

technetium complex can be reversibly reduced to [Tc(9S3)(SC2H4SC2H4S)].
An octahedral rhenium(III) complex of the composition [ReCl2(PPh3)2(O

\O)] with the chelat-
ing O\O ligand 4,4,4-trifluoro-1-(20-thienyl)butane-1,3-dionate has been prepared.862 The PPh3
ligands are trans in this complex.

(iv) Mixed-donor N/O- and N/S-ligands

The coordination abilities of N-heterocyclic thiols such as 2-thiopyridine, HSpy (66a), 2-mercapto-
pyrimidine, Hspym (66b), or 2-mercaptothiazoline (67) with rhenium centers has already been
described for oxorhenium(V) complexes is Section 5.3.2.3.1. It has been outlined that ligands with
five-membered rings preferably coordinate as monodentate neutral thiones whereas chelate for-
mation is possible for mercaptopyridine or mercaptopyrimidine. Similar complex formation
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patterns can also be discussed for rhenium(III) compounds with these ligands which can be
prepared either by reduction of the corresponding rhenium(V) oxo compounds with excess of
the ligands or by ligand exchange procedures starting from common ReIII precursors such as
[ReCl3(PPh3)2(CH3CN)].253,297,613–615 Two different types of products have been obtained depend-
ing on the synthetic route. Reactions of [ReOCl3(PPh3)2] or [ReOCl2(OEt)(PPh3)2] with an excess
of 2-mercaptopyridine give the seven-coordinate complex [Re(Spy)3(PPh3)] (251) in almost quan-
titative yields.253 Avoiding a large excess of the thiol results in the formation of
[ReCl2(PPh3)(Spy)] (252) or [ReCl2(PPh3)(Spym)] in similar reactions in moderate yields.297,613

A better synthetic route for the pseudooctahedral complexes, however, is the ligand exchange
starting from [ReCl3(PPh3)2(CH3CN)].297

The oxorhenium(V)/rhenium(III) interconversion of the species [ReOX2(PPh3)(SpymMe2)] and
[ReX2(PPh3)2(SpymMe2)] (HspymMe2= 4,6-dimethylpyrimidine-2-thiol; X=Cl, Br, I) by treat-
ment with PPh3 or atmospheric oxygen and the related oxygen transfer from rhenium to
phosphorus has extensively been studied by several spectroscopic methods and suggests this
system to be an efficient catalyst.614 In contrast to the behavior of the dimethyl-substituted
mercaptopyrimidine, no rhenium(V) oxo species could be isolated during the reaction of
HSpym under the same experimental conditions and exclusively rhenium(III) compounds of the
composition [ReX2(PPh3)2(Spym)] were isolated.615 Re-oxidation to ReV was not observed for
these species, but seven-coordinate species of the type (251) were obtained when the reaction was
performed with addition of an excess of the thiol and triethylamine as proton scavenger.

Another synthetic approach to the octahedral complexes of type (252) is provided by the
thermal decomposition of the hydrido complex [ReH7(PPh3)2] in the presence of 2-mercapto-
quinoline or 2-hydroxyquinoline in 1,2-dichloroethane solutions.863 The solvent is source of the
chloro ligands and, thus, essential for the formation of the rhenium(III) products. Comparable
reactions in THF afford hydridorhenium(V) complexes (see Section 5.3.2.11).
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A series of rhenium(III) complexes with the almost planar 2-formylpyridine thiosemicarbazone
(253) and related ligands have been synthesized from reactions of [ReOCl3(PPh3)2] with the
potentially tridentate ligands. An alternative synthesis is a one-pot reaction between [ReO4]

�

and the ligands with Ph3P as reducing agent.864,865 The ligands deprotonate and form dark
pseudooctahedral cationic [Re(L)2]

þ complexes. Decomposition of the ligands has been detected
during the complex formation which results in a reductive cleavage of the hydrazinic N�N bond.
The resulting ketone imine has been trapped by the formation of a rhenium complex of the
composition [ReCl2(PPh3)2(py-2-C(Me)¼NH)]. The composition of this paramagnetic product
has been identified unambiguously by mass spectrometry and X-ray crystallography which
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allowed the detection of the imine hydrogen atoms.864 A product having a completely different
structure has been obtained in a similar reaction of [ReOCl3(PPh3)2] with the analogous ligand
dipyridylketone benzoylhydrazone, Hpy2bhyd (254). As with the thiosemicarbazones, reduction
of the metal atom and formation of a rhenium(III) species has been observed. This, however,
contains additionally to two deprotonated, tridentate organic ligands one chloro ligand and a
seven-coordinate [ReCl(py2bhyd)2] complex is formed.629 Its structure can best be described as a
distorted capped trigonal prism with each of the benzoylhydrazones forming one trigonal plane
and the chloro ligand capping the tetragonal plane formed by the oxygen and the pyridine
nitrogen atoms. This structure contrasts that observed for a related rhenium(III) complex with
2,6-diacetylpyridinebis(benzoylhydrazone), H2py(benzhyd) (255). This ligand coordinates in a
doubly deprotonated, pentadentate manner in the equatorial plane of the complex and the five
donor atoms form an almost planar pentagon. The axial positions in the pentagonal bipyramid
are occupied by a triphenylphosphine and a chloro ligand giving a composition of
[ReCl(PPh3){py(benzhyd)2}].
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Rhenium(III) complexes with the tetradentate ligand 2,20200-nitrilotris(ethanethiolate) can read-
ily be obtained by reduction of [ReO4]

� with phosphines or phosphite in the presence of the
tris-thiol or by ligand exchange on [ReCl3(PPh3)2(CH3CN)].867,868 The resulting
[Re{N(CH2CH2S)3}(PR3)] complexes (256) (PR3=PPh3, PMe2Ph, PMePh2, PBun3, POEt3)
demonstrate the outstanding abilities of the chelating ligand to accommodate rhenium(III) in a
trigonal-bipyramidal manner by providing four of the five donors. The axial phosphine ligand can
be replaced by other monodentate �-acceptor ligands as has been demonstrated for a large
number of isocyanides. The activated carbon atoms of the isocyanides are subject to nucleophilic
attack and can be converted into CO.869

(v) Mixed-donor P/O-, P/N-, P/S-, and S/O-ligands

Whereas the tetradentate ligand P(C6H4-SH-2)3 forms the anionic rhenium(V) complex
[Re{P(C6H4-S-2)3}2], the potentially bi- or tridentate analogues Ph2P(C6H4-SH-2) and PhP(C6H4-
SH-2)2 are more flexible and additionally to the oxo- and imidorhenium(V) chelates which have
been described in Section 5.3.2.3, a number of rhenium(III) complexes are stabilized. Reactions of
Ph2P(C6H4-SH-2) with various rhenium(III) or rhenium(V) precursors result in the formation of the
neutral tris-chelate [Re{Ph2P(C6H4-SH-2)}3].

745 The complex shows two reversible oxidation and
one reversible reduction processes by cyclic voltammetry. Another complex with Ph2P(C6H4-SH-2)
has been obtained from a reaction with the dimeric oxo-bridged rhenium(V) compound
[Re2O3(Et2dtc)4] (Et2dtc

�=N,N-diethyldithiocarbamate).370 The product is the orange–red rhe-
nium(III) complex [Re{Ph2P(C6H4-S-2)}2(Et2dtc)] which has a distorted octahedral geometry with
the sulfur atoms of the phosphinothiolate in a trans arrangement.

A series of five-coordinate rhenium(III) complexes containing the related ligand Ph2P(C2H4S)
�

together with a monothiol have been synthesized and characterized. The diamagnetic compounds
of the composition [Re(Ph2PCH2CH2S)2(SR)] (257) with a trigonal-bipyramidal structure are
formed by the combined action of Ph2P(C2H4SH) and RSH (R=Ph, Prn, CH2C6H5,
CH2CH2PPh2, CH2CH2P(O)Ph2) on the ReIII precursor [ReCl3(PPh3)2(CH3CN)].870 Attempts
to prepare the products by reduction/substitution procedures starting from rhenium(V) precursors
or perrhenate failed. The trigonal bipyramidal coordination sphere contains the three sulfur
atoms in the trigonal plane and two axial PPh3 ligands in accordance with the general structural
motif for this class of complexes.
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Rhenium(III) tris-chelates are formed by the reaction of 2-(diphenylphosphinomethyl)-
4-methylphenol, P1-OH (258a), or 2-diphenylphosphinophenol, P2-OH (258b) with
[ReCl3(PPh3)2(CH3CN)] in a 1:3 ratio. [Re(P1-O)3] is stable as solid and in solutions while
[Re(P2-O)3] is easily oxidized in air giving the rhenium(V) oxo complex [ReO(P2-O)2(OP2-O].871

This behavior is also reflected in the electrochemical behavior of the compounds, where each one
well-defined redox couple for one-electron oxidation and reduction steps are observed for both
compounds. A second oxidative wave (ReIV/ReV) is only reversible for [Re(P1-O)3].

Whereas the oxidation state of the rhenium atom is maintained during the reaction of the
potentially tetradentate ligand tris(2-diphenylphosphinoethyl)amine, NP3 (179), with the
nitrido complex [ReNCl2(PPh3)2], the rhenium(III) complex [ReCl3(�

3-NPP-
(N{CH2CH2PPh2}2{CH2CH2P(O)Ph2})] (259) is obtained when the oxo compound
[ReOCl3(PPh3)2] is used as starting material.648 The oxidation of the noncoordinated phosphorus
atom is related to the reduction of the rhenium atom. A similar product has been isolated for the
related ligand with two side-arms, PhN(CH2CH2Ph2)2. The red–brown complex
[ReCl3{PhN(CH2CH2Ph2)2}] is paramagnetic and most probably has a structure similar to that
of [ReCl3(�

3-NPP-(N{CH2CH2PPh2}2{CH2CH2P(O)Ph2})] (259).
450

More rhenium(III) compounds with neutral chelating P\N ligands have been reported with
bis(diphenylphosphino)amine, HN(PPh2)2 (178), and 2-(diphenylphosphino)-N,N0-dimethylani-
line, Ph2PC6H4-NMe2-2 (123b). Reactions of HN(PPh2)2 with [ReOCl4]

� give various rhe-
nium(IV) and -(III) complexes depending on the reaction conditions applied and the ReIII

product [ReCl3(H2O){HN(PPh2)(OPPh2)}] (260) has been studied structurally showing the aqua
ligand trans to the oxygen atom of the P¼O unit. A reaction starting from
[ReCl3(PPh3)2(CH3CN)], however, results in the cation [ReCl2{HN(PPh2)2}2]

þ.463 Complexes of
similar types are formed with ligand (123b) or 2-(diphenylphosphino)aniline: [ReCl3(P

\N)(PPh3)]
and [ReCl2(P

\N)2]
þ.449

Relatively rare examples of octahedral tris-complexes of rhenium(III) with mononegative
bidentate ligands have been reported for a series of monothio-�-diketonates.872 The neutral
complexes (261) have been prepared by a ligand exchange procedure from a thiourea precursor.
An attempted synthesis starting from perrhenate was not successful. The NMR spectra of the
paramagnetic complexes are well resolved and the chelate ring protons show a low-field shift what
in contrast to the analogous technetium complexes where a high-field shift is observed.

Reduction of the rhenium(V) oxo complex [ReOCl(DEBT)2] (HDEBT=N,N0-diethyl-N0-ben-
zoylthiourea) with PPh3 results in the ReIII cation [Re(PPh3)2(DEPT)2]

þ (262).478 The structure of
the compound has been concluded from spectroscopic data.
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5.3.2.6 Oxidation state II

Rhenium (II) complexes with the metal in the formal oxidation state þII are relatively rare. The
d5 configuration requires ligands with pronounced acceptor abilities to reduce the electron density
at the metal atom. Thus, soft donor atoms such as phosphorus or �-binding ligands such
aromatic amines or isocyanides dominate the rhenium chemistry of this oxidation state. Organo-
metallic compounds are not very numerous for the ReII state, and will only be regarded in
exceptional cases, e.g., when they complete the coordination spheres of typical coordination
compounds or represent ‘‘borderline cases’’ such as isocyanides. Nitrosyl and thionitrosyl com-
plexes, which doubtlessly can be assigned to the rhenium(II) family due to their magnetic properties
and the detection of well-resolved EPR spectra which are characteristic for the d5-low-spin-
configuration, will be treated separately together with all other rhenium nitrosyl complexes in
Section 5.3.2.9. Generally, electron paramagnetic resonance is a useful tool to study rhenium(II)
compounds and gives direct information on the geometry of the complexes and the composition of
the equatorial coordination sphere in axially symmetric complexes.

The main routes for the synthesis of rhenium(II) compounds involve oxidation of rhenium(I) or
the reduction of rhenium(III) complexes. Additionally a few examples are known where ReII

species are formed during the cleavage of Re—Re bonds of bimetallic units.

5.3.2.6.1 Phosphorus donor ligands

A major group of rhenium(II) complexes is characterized by two chelating bis-phosphines form-
ing the equatorial plane of a distorted octahedron (263). The axial ligands can be varied and
representatives with halides, pseudohalides, thiolates, and nitriles have been studied extensively.

Complexes of the general composition [Re(P\P)X2] (P
\P= bis(phosphines) with formula (238)

or 1,2-bis(diphenylphosphino)benzene, X= halides or pseudohalides) are formed upon reduction of
rhenium(III) species of the same composition. The formal reduction potential ranges from
�0.25V to �0.45V vs. Ag/AgCl depending on the individual ligands.834,837 Detailed electrochem-
ical studies draw attention to the importance of the lipophilicity and the solubility of the
electrogenerated species on the potential and the reversibility of the redox processes.838,839 Further
reduction of the rhenium(II) species generated is not reversible and, most probably, results in
cleavage of rhenium–halogen bonds which has been followed by ramp-clamp voltammetry.840 The
resulting 16-electron rhenium(I) compounds [ReCl(P\P)] are unstable and readily add ligands
which are present in the solution to re-form octahedral complexes as has been demonstrated for
t-butylisocyanide with formation of the complex [ReCl(CNBut)(dppe)2] from such reactions.838

The Re—Cl bond lengths in the neutral rhenium(II) complexes of the composition
[ReCl2(P

\P)2] (P
\P= ligands of formula (238) or 1,2-bis(diphenylphosphino)benzene) are signifi-

cantly longer than in their rhenium(III) analogues [ReCl2(P
\P)2]

þ, whereas a shortening of the
metal–phosphorus bonds has been observed.834,840,874,875

The oxidative approach to rhenium(II) compounds has been reported for mixed P\P/cyano
complexes. The reactivity of the anionic rhenium(I) complex [Re(CN)2(dppe)2]

� has been studied
in detail showing that the CN� ligands can readily be alkylated or protonated.876,877 Oxidation in
air yields the neutral rhenium(II) compound [Re(CN)2(dppe)2]. This red, paramagnetic compound
is also obtained on dissolution of the mixed cyano/isocyanide [Re(CN)(CNH)(dppe)2] complex in
solvents such as CH2Cl2 or THF, even under an atmosphere of dinitrogen. In order to get more
insight into the interaction of rhenium cyanide species with acids, a solution of trans-
[Re(CN)(CNH)(dppe)2] was treated with an excess of trifluoroacetic acid. The resulting violet
solid was identified as the adduct complex trans-[Re(CN���HO2CCF3)2(dppe)2] (264) containing
strong hydrogen bonds between two cyano ligands and two molecules of HOOCCF3.

877 Hydro-
gen bonding has also been detected in similar adducts with MeOH or HNEt2. The reactions
doubtlessly involve the oxidation of the metal. The liberation of dihydrogen, however, has not
been observed. The cyano groups in the rhenium(II) complexes do not undergo protonation due
to the less electron-rich character of the oxidized rhenium atom which results in a weaker
activation of the CN� ligands to electrophilic attack.

Oxidation of rhenium(I) species has also been observed during reactions of [ReCl(N2)(dppe)2] with
thiolates which gives [ReCl(SR)(dppe)2] (R=C6H4-4-Me),878 or [ReCl(NCR)(dppe)2] with electro-
philes. Whereas the latter type of reactions with [Et2OH][BF4] or TMSCF3SO3 lead to the formation
of methylenamide rhenium(I) complexes which will be treated more in detail in Section 5.3.2.7.2(i),

350 Rhenium



reaction with [Et3O][PF6] results in oxidation and isomerization of cis-[ReCl(NCC6H4-4R)(dppe)2] to
afford trans-[ReCl(NCC6H4-4R)(dppe)2][PF6] (R=H, Me, Cl).879

Translucent red crystals of the tris-chelate [Re(dmpe)3][F3CSO3]2 are formed when the corres-
ponding rhenium(I) complex [Re(dmpe)3][F3CSO3] is oxidized by H2O2 in acetonitrile in the
presence of CF3SO3H.880 The electrochemistry of the [Re(dmpe)3]

nþ (n= 1–3) is described by
three interrelated oxidation steps and an associated chemical decomposition pathway. Sequential
one-electron oxidation steps are dominant features in aqueous and nonaqueous solutions. Dis-
sociation of phosphine ligands occurs for the oxidized complexes in a stepwise fashion to yield
finally the species [Re(dmpe)2(solv)2]

3þ which is reduced at negative potentials.881 A detailed
study of the relative self-exchange rate of the [Re(dmpe)3]

þ/2þ redox couple has been performed
in comparison with the analogous technetium complexes. It shows a slightly greater exchange rate
for the rhenium complexes which is adequately described by the Marcus equation.882

The [Re(dmpe)3]
2þ cation is one of the rare examples of a d5 complex that is luminescent in

fluid solution. It has a reducible metal and an oxidizable strong field �-acid ligand, and is highly
emissive in acetonitrile solution with a high quantum efficiency.883

The cleavage of Re—Re multiple bonds represents an alternative route for the synthesis
of rhenium(II) compounds with phosphine ligands. The reaction of [NBu4][Re2Cl8] with an excess
of 1,2-bis(diphenylphosphino)benzene (dppbe) in refluxing nitriles gives orange–red crystals of
[ReCl2(dppbe)2] in moderate yields.835 Further examples of reductive cleavage of Re—Re bonds
yield binuclear compounds without metal–metal bonds. This has been shown by the reaction of
[Re2(O2CCH3)2X4L2] complexes (X=Cl, Br; L= py or H2O) with the tripodal ligand
CH3C(CH2PPh2)3 (triphos) in refluxing ethanol. The resulting bioctahedral dirhenium(II) com-
plexes [Re2(�-X)3(triphos)2]Y where Y=Cl, Br, or BPh4 show long Re�Re distances of about
3.2 Å which implies the absence of metal–metal bonds.884 The paramagnetic cations display four
redox processes, each two one-electron oxidations and reductions. A similar reactivity has been
observed for the triply bonded dirhenium(II) complexes [Re2X2(�-Y

\Y)2]
(Y\Y=Ph2AsCH2AsPh2 or Ph2PCH2PPh2; X=Cl, Br) which react with carbon disulfide at
room temperature with formation of thiocarbonyl and sulfido ligands.885

A mixture of the orange–red rhenium(I) complex [Re(CNBut)2(NCCH3)2(PPh3)2][BF4] and the
purple rhenium(II) species [Re(CNBut)2(NCCH3)2(PPh3)2][BF4]2 is obtained when the monohy-
drido compound [ReH(NCCH3)4(PPh3)2][BF4]2 is treated with t-butylisocyanide.886 The related
reactions of [ReH(NCCH3)4(PPh3)2][BF4]2 with isopropyisocyanide and of the pyridine derivative
[ReH(NCCH3)3(py)(PPh3)2][BF4]2 with t-butylisocyanide or isopropylisocyanide proceed in an
analogous fashion to afford pairs of rhenium(II) and rhenium(I) complexes. The paramagnetic
rhenium(II) compounds with �eff values between 1.2�B and 1.5�B have been characterized
structurally and show all-trans-arrangement for the ligands.

Electrochemical oxidation of [Re(CO)2(P
\P)2]

þ cations (P\P= chelating bis-phosphine such as
dppm yields rhenium(II) carbonyl species. The stabilities of the 17-electron compounds are
dependent upon charge and ligand types. A particularly high stability has been found for trans-
[Re(Ph2PCH2PPh2)2(CO)X]þ (X=Cl, Br).887 Another type of rhenium(II) monocarbonyl com-
plex has been introduced by treatment of the dinitrogen complex [Re(N2)(CO)2Cl(PPh3)2] with
monoanionic bidentate 2-aminothiazole ligands which can be used to conjugate amino acids. The
resulting red paramagnetic products of the composition [Re(CO)Cl(PPh3)(L)] (265) are formed as
the only oxidation products in high yields when benzene is used as solvent, whereas a mixture of
the rhenium(II) complex with complexes having rhenium in higher oxidation states is formed in
polar solvents.888 The PPh3 ligands are trans to each other.

5.3.2.6.2 Nitrogen and sulfur donor ligands

Polypyridyl ligands are able to stabilize electron-rich metal centers as has been shown for the d 6-
systems RuII and OsII. This suggests this class of ligands also to be appropriate for rhenium(I)
compounds, and this will be discussed more in detail in Section 5.3.2.7.2, and rhenium(II) complexes
which represent intermediates in the syntheses of the ReI species or are accessed by oxidation of ReI.

Air-stable blue–black crystals of [Re(bipy)3][ReO4]2 have been isolated from reaction mixtures
containing K2[ReF6] and bipy (bipy) in moderate yields.889 A more facile synthesis for the
[Re(bipy)3]

2þ cation and the related complexes [Re(But-bipy)3]
2þ and [Re(phen)3]

2þ starts from
the rhenium(III) complex [ReCl3(benzil)(PPh3)] and Tl[PF6] as chloride scavenger.846 At low con-
centrations and the addition of one equivalent of Tl[PF6] only ligand exchange and the formation of
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the rhenium(III) product cis-[Re(N\N)2Cl2][PF6] is observed, whereas at high concentrations of
[ReCl3(benzil)(PPh3)] and excess of Tl[PF6] the rhenium(II) dications are the major products.
Another useful precursor for the synthesis of [Re(N\N)3]

2þ dications is cis-[Re(N\N)2Cl2][PF6] as
has been demonstrated for the bipy derivative. The transformation is achieved stepwise where
[Re(bipy)2Cl2]

þ is first reduced to [Re(bipy)2Cl2] with zinc amalgam and then the chloro ligands
are removed by Tl[PF6] in the presence of bipy. [Re(bipy)3]

2þ can also be obtained directly from
[ReCl3(PPh3)2(CH3CN)] and excess of bipy in refluxing ethanol as reducing agent.

An oxidative approach to rhenium(II) amine complexes is represented by the reaction of the
dinitrogen complex fac-[Re(PPh3)(PF3)(dien)(N2)]

þ (dien= diethylenetriamine) with silver triflate
which forms fac-[Re(PPh3)(PF3)(dien)(F3CCOO)][F3CCOO] as a yellow solid. The compound is
paramagnetic as expected for a mononuclear rhenium(II) complex and shows a broad EPR signal,
but no coupling could be resolved.890 An attempt to prepare a rhenium(II) dihydrogen complex
starting from fac-[Re(PPh3)(PF3)(dien)(F3CCOO)][F3CCOO] in acetone resulted in the substitution of
the triflate ligand and a complex with �1-bonded acetone, fac-[Re(PPh3)(PF3)(dien)(OCMe2)]-
[F3CCOO]2. The desired dihydrogen complex is obviously unstable as is suggested by the
electrochemical oxidation of the analogous rhenium(I) compound which results in a chemically
irreversible wave at E=þ1.28V vs. NHE.890

A useful precursor for the synthesis of rhenium(I) and rhenium(III) compounds has been
prepared in an unusual reaction, the interaction of the rhenium(V) hydrazido complex
[Re{NNC(Ph)O}Cl2(PPh3)2] with terpy, which gives the black rhenium(II) complex
[ReCl(PPh3)2(terpy)]

þ (266) in almost quantitative yield.891 The phosphine ligands occupy the
axial positions with the nitrogen atoms of the terpy ligand and Cl� lying in the equatorial plane.
The chloro salt can readily be converted into the triflate salt without changes in the structure of
the complex cation.

Treatment of the rhenium(III) complex [Re{HB(pz)3}Cl(bipy)][F3CCOO] with zinc amalgam in
MeOH gives the one-electron reduction product [Re{HB(pz)3}Cl(bipy)] (267) in excellent yields. The
reduction results in a color change from red to almost black. The isolated rhenium(II) complex belongs
to a series of rhenium {HB(pz)3}

�/bipy mixed-ligand complexes which stabilize the metal in four
different oxidation states.849 This flexibility is attributed to the ability of the nitrogen heterocyclic
ligands to act as both weak �-donors and �-acceptors depending on the demand of the metal.

Monomeric and dimeric porphyrinato and phthalocyaninato complexes of rhenium(II) have
been prepared starting from high-valent precursors such as dirheniumheptoxide or rhenium(V)
oxo compounds and appropriate reducing agents such as phosphines. A typical reaction is that of
[ReO(OEP)Cl] (OEP= 2,3,7,8,12,13,17,18-octaethylporphyrinato dianion) with PMe3 at a tem-
perature of 110 �C for 24 h which gives the orange–red complex trans-[Re(OEP)(PMe3)2] in good
yields.892 Similar procedures have been applied to other phosphine/porphyrinato complexes.
Magnetic measurements show that the d5 complexes are in a low-spin configuration. EPR spectra
consist of a six-line pattern due to the nuclear spin of 5/2 of the rhenium 185,187Re nuclei at
g= 2.33. No nitrogen or phosphorus hyperfine couplings have been observed. Pyrolysis of the
trans-[Re(porphyrinate)(PR3)2] complexes results in cleavage of the Re�P bonds and the forma-
tion of triply bonded dimers of the composition [Re(porphyrinate)]2.

893 Solid-state magnetic
measurements indicate that the compounds are diamagnetic despite some unusual 1H NMR
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chemical shifts have been observed in solution. [Re(porphyrinate)]2 can be oxidized to give mono-
and dicationic dimeric complexes. UV–vIS and vibrational spectroscopic data indicate that these
oxidations occur at the metal–metal bond rather than at the porphyrin ligands.

Dirheniumheptoxide reacts with phthalonitrile in boiling 1-chloronaphthalene and subsequent
reprecipitation of the green crude products from concentrated sulfuric acid gives an oxo-phtha-
locyaninate of rhenium, which is reduced by molten PPh3 forming dark-green trans-
[Re(pc)(PPh3)2] (pc

2�= phthalocyaninato dianion).894 The rhenium atom is situated in the center
of the plane which is defined by the nitrogen atoms of the phthalocyaninato ring. Thermal
decomposition of trans-[Re(pc)(PPh3)2] results in the formation of the blue dimer [Re(pc)]2 in
which two cofacial phthalocyaninates are bonded together by a Re�Re bond with a length of
2.285 Å.895 The rhenium atoms are located distinctly outside the center of the N4 plane by 0.4 Å
which contrasts the situation in the monomeric compound trans-[Re(pc)(PPh3)2].

A homoleptic thioether complex can be prepared by the reaction of perrhenate with 9S3 (15b) in
glacial acid in the presence of SnCl2.

860,896 Red–brown crystals of [Re(9S3)2][PF6]2 have been isolated
and studied structurally showing a mean Re�S distance of 2.37 Å. Treatment of [Re(9S3)2][PF6]2 (268)
with ascorbic acid does not result in reduction of the rhenium atom but in its oxidation and the release of
ethene by decomposition of the cyclic thioether. The resulting rhenium(III) complex
[Re(9S3)(SCH2CH2SCH2CH2S)][PF6] has been isolated and studied by X-ray crystallography.860
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5.3.2.7 Oxidation state I

The chemistry of rhenium(I) is dominated by organometallic compounds which are not covered
by this review. Thus, cyclopentadienyl and related compounds, where the ‘‘organometallic part’’
of the molecule dominate the properties will generally not be considered. Nevertheless, com-
pounds with carbonyl or isocyanide co-ligands will be treated when they can be regarded as
constituents of a ‘‘typical coordination compound’’ or the compounds are of fundamental
interest in a radiopharmaceutical context such as the hexakis(isocyanide)rhenium(I) cations. For
the same reason a separate section has been included which gives a brief summary of recent
attempts to develop synthetic routes to tricarbonylrhenium(I) complexes for nuclear medical
applications.

The d 6 configuration of rhenium(I) requires ligand systems which are able to accept electron
density from the electron-rich metal center. Thus, frequently phosphines, nitrogen heterocycles,
carbonyls, or isocyanides are encountered. Most of the octahedral products possess a high
thermodynamic stability and kinetic inertness as is expected for 18-electron d 6 systems.

5.3.2.7.1 Complexes containing exclusively monodentate ligands

(i) Phosphorus donor ligands

The rhenium(V) complex [Re{NNC(Ph)O}Cl2(PPh3)2] containing a chelating benzoylhydrazido
ligand is a known suitable starting material for the synthesis of rhenium(I) dinitrogen complexes
with phosphine ligands.897 Extension of this work to phosphite and phosphonite ligands allows
the synthesis of compounds of the compositions [ReCl(N2)(PPh3)(L)3] (269a) or [ReCl(N2)(L)4]
(269b) (L=P(OMe)3, PPh(OEt)2, PPh(OMe)2) depending on the reaction conditions and the
solvents used.898,899 The dinitrogen complexes react with isocyanides to afford the complexes
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[ReCl(CNR)3(L)2] (R=C6H4-4-Me, C6H2-2,4,6-Pr
i
3 for L=P(OMe)3 and R=Me for

L=PPh(OMe)2). Direct treatment of [Re(NNCH2Ph)Cl2{P(OMe)3}3] or [Re(NNCH2Ph)Cl2-
(PPh3){P(OEt)3}2] with isocyanides in refluxing methanol gives the mixed-ligand dinitrogen
complexes [ReCl(N2)(CNR){P(OMe)3}3] (R=Me, Et, But, C6H4-4-Me, C6H4-4-Cl) or [ReCl(N2)-
(CNMe)(PPh3){P(OEt)3}2].

900

Whereas reactions of the rhenium(III) precursors [ReCl3{PPh(OEt)2}3] with arylhydrazines give
arylhydrazido complexes in good yields, similar reactions with alkylhydrazines RNHNH2 (R=H,
Me, But) afford the bis(dinitrogen) complexes [Re(N2)2{PPh(OEt)2}4]

þ, the dinitrogen complex
[ReCl(N2){PPh(OEt)2}4] or methyldiazenido derivatives [ReCl-(NNCH3)-(CH3NHNH2)-
{PPh(OEt)2}3]

þ in moderate yields.901 An X-ray structural analysis of the bis(dinitrogen) complex
[Re(N2)2{PPh(OEt)2}4][BPh4] shows the two N2 ligands in trans-arrangement with a N�N dis-
tance of 1.09 Å. Only one 	(N2) band is observed in the infrared spectrum of the compound at
2,094 cm�1. The neutral mono(dinitrogen) complex [ReCl(N2){PPh(OEt)2}4] also shows 	(N2) as
a sharp strong band at 2,027 cm�1 and only one sharp singlet in the 31P-NMR spectrum of the
compound, strongly suggesting a trans-arrangement for the Cl� and dinitrogen ligands. Analo-
gous bis(dinitrogen) complexes of rhenium(I) are obtained with phosphite co-ligands by treating
[ReOCl3(AsPh3)2] first with P(OMe)3 or P(OEt)3 and then with an excess of t-butylhydrazine.902

The reaction of [ReOCl3(AsPh3)2] with phosphites probably proceeds to give rhenium(III) inter-
mediates of the composition [ReCl3(L)3] which have not been isolated, but readily react with
t-butylhydrazine to give the yellow bis(dinitrogen) complexes in 30–40% yield. Reactivity studies
show that the dinitrogen compounds are stable and the N2 ligands cannot be substituted by CO,
phosphines, or other donor ligands.

The reactivity of coordinated dinitrogen molecules, however, has been demonstrated by the
reaction of [ReCl(N2)(PMe2Ph)4]

903 with one equivalent of the iron porphyrinato complexes
[Fe(porph)(triflate)] (H2porph= octaethylporphyrine or tetra(4-tolyl)porphyrine) which gives the
dinitrogen-bridged species [(Cl(PMe2Ph)4ReNNFe(porph)][triflate] (270).904 The dissociation of
the labile triflate ligand from the iron porphyrine is crucial for the formation of the bridged
species and no comparable reaction has been observed when [Fe(porph)Cl] is used as starting
material. The Re–N–N–Fe linkage is essentially linear with a �-delocalized system showing bond
lengths of 1.832 Å for the Re—N bond and 1.17 Å for the N—N bond, respectively. The relatively
long Fe–N distance of 1.93 Å indicates that only a weak Fe–N2 �-interaction is present which is
consistent with the magnetic moment of 4.4�B at room temperature. Nitrogen-15 NMR spectros-
copy has been shown to be a useful tool to study the formation of dinitrogen-bridges with
acceptor molecules. Bi- and trinuclear adducts which are formed between [ReCl(N2)(PMe2Ph)4]
and �-acceptors such as TiCl4, ZrCl4, HfCl4, NbCl5, and TaCl5. The chemical shifts observed
reflect the bonding modes and to some extent the reactivity of the dinitrogen ligand.905 Another
15N-NMR study on [ReCl(N2)(PMe2Ph)4] emphasizes the importance of shielding anisotropy for
the 15N2 ligand at higher magnetic fields and the presence of dipole–dipole mechanisms at lower
fields.906

A facile one-pot synthesis for the synthesis of the dicarbonylrhenium(I) complex
[Re(CO)2Cl(N2)(PPh3)2]

907 has been developed which gives this compound in good yields. It
starts from a mixture of perrhenate, HCl, PPh3, and benzoylhydrazine in CH2Cl2/methanol.
When CO gas is bubbled into this mixture, the known pale-yellow complex
[Re(CO)2Cl(N2)(PPh3)2] precipitates from the solution. This compound represents a useful
precursor for the synthesis of a number of rhenium(II) and (surprisingly) rhenium(V) com-
plexes.888

A series of dihydrogen complexes of rhenium(I) has been prepared showing that the binding
strength of the H2 ligand is comparable to that of N2. Since most of this chemistry is ‘‘organomet-
allic’’, it is not considered here in detail. Typical compounds are [ReCl(H2)(PMe2Ph)4] which has
been subject of a detailed structural study,908 [Re(H2)(CNBut)3(PPh3)2]

þ, or [Re(H2)(CNBut)5]
þ.909

A number of reviews are available which cover this chemistry in all its facets.910–913

The dihydrogen complexes [Re(H2)(CNBut)3(PPh3)2]
þ and [Re(H2)(CNBut)5]

þ are members
of a series of mixed-ligand rhenium(I) complexes which can be derived from the hydrido
species [Re(CNBut)3(PR3)2H] (PR3=PPh3, P(cyclohexyl)3). These compounds react with halo-
carbons with formation of [ReCl(CNBut)3(PR3)2] complexes which can be oxidized to the
corresponding 17-electron rhenium(II) complexes.909 The cleavage of rhenium-hydrido bonds
has also been applied for the synthesis of a number of compounds with trimethylphosphine.
Reactions of [Re(PMe3)5H] with CO2 yields white crystals of [Re(PMe3)4(CO)(O2CH)] (271)
with an unidentate formato ligand, whereas a similar reaction with MeI yields [Re(PMe3)4
(CO)I].914
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(ii) Selected isocyanide complexes

Isocyanide complexes are usually defined as being organometallic. Nevertheless, some of the rhe-
nium(I) representatives are treated here in the light of the application of their technetium analogues in
diagnostic nuclear medicine. Hexakis(isocyanide) complexes of technetium can readily be prepared
from ligand exchange procedures starting from [Tc(tu)6]

3þ or by direct reduction of pertechnetate with
sodium dithionite in the presence of excess of the corresponding ligands.915 The latter procedure is not
appropriate for rhenium analogues due to the insufficient reducing power of the [S2O4]

2� anion.
[Re(CNR)6]

þ complexes (R=But, Ph, Cyclohexyl, Me, C6H3-2,6-Me2) can be prepared from reac-
tions of [ReOCl3(PPh3)2] with an excess of the ligands,915 or by the reductive cleavage of the Re—Re
bonds in the binuclear complex [Re2(O2CCH3)4Cl2].

916 The cations can be precipitated as air-stable,
white solids as [PF6]

� salts. The 	(CN) vibrations are detected at about 2,090 cm�1. From a detailed
analysis of the vibrational spectra of [Re(CNBut)6][PF6], force constants of k(NC)= 1,684nm�1 and
ki(NC)= 21Nm�1 have been derived.917

[Re(CNR)6]
þ complexes are robust as expected for d6 complexes and undergo reaction

only under drastic conditions. Thus, they can be chlorinated or brominated to give the seven-
coordinate rhenium(III) cations [Re(CNR)6X]2þ (X=Cl, Br). The products of this reaction
readily dealkylate to form cyano species of the composition [Re(CNR)5(CN)X]þ.918

Irradiation of [Re(CNC6H3-2,6-Me2)6]
þ with UV light in CH2Cl2 in the presence of halide ions

yields complexes of the type [Re(CNC6H3-2,6-Me2)5X] (X=Cl, Br, or I). The quantum yield of this
reaction is high and results in chemical yields between 30% and 40%.916 Products of the same
composition have been obtained directly from the cleavage of the metal–metal bond in quadruply
bonded rhenium complexes of various compositions in the presence of isocyanides.919

5.3.2.7.2 Complexes with chelating ligands

(i) Phosphorus donor ligands

Chelating bis(phosphines) of the general composition (238) which play an important role in the
chemistry of rhenium(V), rhenium(III), and rhenium(II) are also of special interest for the coordin-
ation chemistry of the d 6 centers in rhenium(I) compounds. A combination with appropriate
co-ligands which preferably have acceptor properties allows a perfect compensation of the high
electron density at the metal center. An almost planar equatorial {Re(dppe)2}

þ coordination sphere
is a common structure motif. The dinitrogen complex trans-[Re(N2)Cl(dppe)2] (272) is representa-
tive of a whole family of such complexes (Scheme 20). The pale-yellow compound can be prepared
from the benzoylhydrazidorhenium(V) complex [Re{NNC(Ph)O}Cl2(PPh3)2], dppe, and NaOMe in
refluxing methanol in good yields. A huge number of derivatives containing different P\P ligands
have been prepared following this method.920 Significant amounts of the five-coordinate species of
the type [ReCl(P\P)2]

921 are only obtained when P\P is bis{(4-trifluoromethyl)phenylphosphino}
ethane. Interestingly, the five-coordinate complex with trigonal-bipyramidal structure does not
react with N2, though it reacts with CO or CNCH3.
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Both the dinitrogen and the chloro ligands of trans-[Re(N2)Cl(dppe)2] are potential reaction
sites. Electrochemical oxidation shows a reversible one-electron step which confirms the stability
of a rhenium(II) dinitrogen species as has been described in an early work.897 Chemical oxida-
tion by Ag[BF4] results in the formation of the rhenium(II) species trans-[Re(N2)Cl(dppe)2][BF4]
(273) and NCCH3 readily replaces the N2 ligand to afford trans-[Re(CNMe)Cl(dppe)2][BF4].

922

Photochemical chlorination of [Re(N2)Cl(dppe)2] with CH2Cl2 gives [Re2Cl8(dppe)4].
922 Substi-

tution of the dinitrogen ligand is also observed during reactions with thiolates and products of
the compositions [Re(SC6H4-4-Me)(dppe)2] (274) and [Re(SC6H4-4-Me)Cl(dppe)2] have been
isolated containing rhenium in the oxidation states ‘‘þ1’’ and ‘‘þ2’’, respectively.878 A complex
which has been assigned to [ReCl(�2-CS2)(dppe)2] (275) was isolated from the reaction of
[Re(N2)Cl(dppe)2] with CS2 in THF under irradiation with UV light. The structure of this
yellow solid is somewhat uncertain since an IR band at 1,205 cm�1 favors formulation as
thiocarbonyl species.878

The coordination of the dinitrogen ligand is maintained when trans-[Re(N2)Cl(dppe)2] is
exposed to NaX salts (X=NCS�, NCO�, N3

�) in THF/MeOH solutions. The isothiocyanato
and azido complexes of type (276) have been studied by X-ray structural analysis.923 A Re�N2

bond length of 1.951 Å is observed for the NCS� compound which is somewhat shorter than that
in the starting material and indicates a considerable degree of double bond character.
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Reactions of trans-[Re(N2)Cl(dppe)2] with 1-alkynes HC�CR (R=Ph, Et, But, TMS, CO2Me)
cause replacement of the dinitrogen ligand giving access to the vinylidene compounds
[ReCl(¼C¼CHR)(dppe)2] (277).

924 The molecular structure of the red phenylvinylidene com-
plex shows that the rhenium–carbon bond (Re�C= 2.046 Å) has double-bond character and the
Re¼C¼C bond is slightly bent. Since the vinylidene ligand is coordinated on the electron-rich
metal site {ReCl(dppe)2} it is subject to �-electrophilic attack which allows conversion of a
carbyne species by protonation.925 A structurally related compound is obtained when trans-
[Re(N2)Cl(dppe)2] reacts with trimethylsilylcyanide. The initially formed ligand exchange product
trans-[ReCl(CNTMS)(dppe)2] undergoes a secondary reaction which cleaves the N—Si bond
when it is treated with MeOH or HBF4 to give the neutral compound trans-[ReCl(CNH)(dppe)2]
and the aminocarbyne species trans-[ReCl(CNH2)(dppe)2]

þ.926

Treatment of trans-[Re(N2)Cl(dppe)2] with nitriles in boiling solvents affords trans-
[Re(NCR)Cl(dppe)2] (278) complexes with nitriles with various substituents (R=Me, C6H4-4-
Me, C6H4-4-OMe, C6H4-4-F). Protonation of the products with H[BF4] gives
[ReCl(N¼CHR)(dppe)2] complexes, and provides a novel route to methyleneamido ligands.927

The same products are obtained during reactions of the nitrile complexes with [Et2OH][PF6] and
have been unambiguously characterized as azavinylidene compounds by spectroscopic methods
and the X-ray crystal structure of one example.879 The resulting CNHR ligands behave as three-
electron donors and as strong �-acceptors. The ligated methyleneamide has a linear coordination
and thus resembles the linear coordination mode of NOþ. Previous reports by the same authors,
which discussed the formation of a hydrido complex,928–930 have been refused.879 Another
approach to methylenamide complexes is possible by the oxidative addition of an oxime with
N—O bond cleavage as in the reaction of Me2C¼NOH with trans-[Re(N2)Cl(dppe)2] in the
presence of a Tl[BF4]/Tl[HSO4] mixtures. The resulting methylenamide complex trans-
[Re(OH)(N¼CMe2)(dppe)2]

þ (279) undergoes ready replacement of the OH� ligand by F�

upon reaction with H[BF4].
931 The linearly bound N¼CMe2 ligand behaves as a �-acceptor

and exerts a significant trans influence.
The configuration of [Re(NCR)2(dppe)2]

þ complexes (280) can be controlled by the reaction
conditions and the temperature of the ligand exchange reaction starting from trans-
[Re(N2)Cl(dppe)2]. When the reaction with NCC6H4-4-Me is performed in boiling THF in the
presence of Tl[BF4], the trans isomer (280a) is isolated together with the rhenium(III) cation
[ReF2(dppe)2]

þ. The 	(CN) band in trans-[Re(NCC6H4-4-Me)2(dppe)2]
þ is found at 2,140 cm�1

which points to the electron-rich nature of the {Re(dppe)2}
þ site and a considerable electron

transfer from the metal to the ligand836 The corresponding bands in the cis isomer, which is
obtained when the reaction is performed at ambient temperatures, are found between 2,200 cm�1

and 2,185 cm�1.932,933 Isomerization of cis-[Re(NCR)2(dppe)2]
þ complexes into their trans

analogues is observed upon heating of solutions of the salts, activation by sunlight or by
electrochemical activation.934,935 cis-Arrangement of two dppe ligands has also been assigned
for [Re(�2-BH4)(dppe)2] based on spectroscopic data. The compound is formed when trans-
[Re(N2)Cl(dppe)2] reacts with Na[BH4] in the presence of Tl[BF4] as chloride scavenger.936

As with their trans isomers, treatment of the nitrile complexes cis-[ReCl(NCR)(dppe)2]
(R= aryl) with [Et2OH][BF4] or TMSCF3SO3 in CH2Cl2 leads to the formation of the methylen-
amide compounds cis-[ReCl{NC(E)R}(dppe)2]

þ (E=H, TMS) and trans-[ReCl(NCHR)-
(dppe)2]

þ. The products undergo deprotonation by bases such as [NBu4]OH to form the trans
isomers of the corresponding nitrile complexes [ReCl(NCR)(dppe)2]. Reactions of cis-
[ReCl(NCR)(dppe)2] complexes with [Et3O][PF6] result in oxidation and isomerization to afford
the rhenium(II) complexes trans-[ReCl(NCR)(dppe)2][PF6].

836

Alkyl- and arylisocyanide complexes of the type (281) are formed by treatment of trans-
[Re(N2)Cl(dppe)2] with the corresponding ligands CNR (R=Me, But, Ph, C6H4-4-Me,
C6H4-4-Cl, C6H2-2,4,6-Pr

i
3) and trans geometry is maintained after monosubstitution (281a).937

Disubstitution and the formation of symmetric or asymmetric trans-[Re(CNR1)CNR2)(dppe)2]
þ

(281b) complexes is observed when trans-[ReCl(CNR1)(dppe)2] complexes are treated with CNR2

ligands either in the presence of Tl[BF4] or Tl[PF6] or in boiling solvents such as CH2Cl2 or THF.
In the latter case the presence of a thallium salt is not required and this approach can also be used
for the synthesis of symmetrical complexes starting directly from the dinitrogen complex (272).938

The disubstituted derivatives (281b) undergo at least one reversible one-electron oxidation as
assessed by cyclic voltammetry.

The above examples demonstrate the enormous synthetic potential of the electron-rich complex
fragment {Re(dppe)2}

þ which allows well-defined ligand substitutions in the axial positions and a
variety of reactions at the coordinated ligands. This has also been observed for other ligands
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including cyanamide,939,940 cyanoguanidine and its derivatives.941 Special attention has also been
drawn to the coordination chemistry of cyano ligands bonded to the {Re(dppe}2}

þ center which
are activated and give access to an number of protonation and alkylation reactions.876,877,942–946

The course of the reactions can be controlled by the substrate as well as by co-ligands which
influence the electronic situation at the reactive site. This opens the door to a new exciting area of
organometallic chemistry.

Whereas the rhenium coordination chemistry with dppe is dominated by the formation of bis-
complexes which normally contain the chelating bis(phosphine) ligands in one plane, the forma-
tion of tris-chelates has been observed for the methyl derivative bis(dimethylphosphino)ethane
(dmpe) and, surprisingly, for dppm. The [Re(dmpe)3]

þ cation is formed in good yields when either
[ReO2(py)4][CF3SO3] or [ReOCl2(OEt)(PPh3)2] is treated with excess of dmpe.947 The phosphine
itself acts as reducing agent and the cationic complex can be isolated with bulky anions. The
redox behavior of [Re(dmpe)3]

þ in DMF is described in terms of three interrelated one-electron
oxidations and the chemistry from decomposition of the electrogenerated rhenium(III) species.881

The formation of the tris-chelate [Re(dppm)3]
þ is remarkable with regard to the steric requirements

of the ligand. The compound is formed as yellow iodide salt from the reaction of [ReO2(PPh3)2I]
with a large excess of the phosphine in refluxing methanol in 30% yield. The coordination geometry
is a strongly distorted octahedron with cis-P–Re–P angles between 69� and 107�.948

(ii) Nitrogen donor ligands

The ability of polypyridyl ligands to accept electron density from electron-rich rhenium centers
and, thus, to contribute to the stabilization of rhenium complexes with the metal in low oxidation
states has already been discussed for rhenium(II) compounds. Only small modifications to the
polypyridyl ligand or the metal center can create dramatic differences in the properties of the
resulting complexes. Generally, the starting materials which have been introduced as precursors
for rhenium(II) polypyridyl complexes in Section 5.3.2.6.2, are also appropriate for the synthesis
of related rhenium(I) compounds.

[ReCl3(PPh3)(benzil)] reacts with bipy and related ligands or terpy to form a number of rhe-
nium(III) and rhenium(II) compounds which are useful precursors for the synthesis of lower-valent
rhenium complexes.846 Thus, reduction of [Re(bipy)3][PF6]2 with zinc amalgam results in the
rhenium(I) compound [Re(bipy)3][PF6] in excellent yields. The corresponding terpyridyl bis-chelate
[Re(terpy)2][PF6] has been prepared in a similar manner.846 The electrochemistry of the products
provides a convenient measure of the chemical reactivity associated with the redox processes. Thus,
the one-electron oxidation of [Re(bipy)3]

þ is reversible at �0.33V, whereas the ReII/ReIII redox
couple is irreversible and occurs at relatively low potentials (þ0.61V) which is consistent with the
instability of [Re(bipy)3]

3þ in solution.889However, in the presence of a small coordinating molecule
such as CNBut, oxidation to the rhenium(III) state is readily available by the formation of seven-
coordinate complexes of the composition [Re(bipy)3(L)].

846

The rhenium(II) complex [Re(terpy)(PPh3)2Cl]
þ, which can be prepared from the rhenium(V)

benzoylhydrazido species [Re{NNC(Ph)O}Cl2(PPh3)2], is a useful precursor for the synthesis of
rhenium(I) complexes containing the terpy ligand.891Reaction in the presence of cyclohexenone yields
the green rhenium(I) compound [Re(terpy)Cl(PPh3)(cyclohexenone)] (282) in good yields. The com-
pound undergoes a number of ligand exchange reactions during which preferably the alkene or the
chloro ligands are replaced and products of the composition [Re(terpy)(PPh3)(cyclohexenone)(L)]

þ

with L=CNBut, NCCH3, 4-t-butylpyridine or HN¼CMe2, [Re(terpy)(bipy)(PPh3)]
þ,

[Re(terpy)(PMe3)2(cyclohexenone)]
þ, or [Re(terpy)(cyclohexenone){P(OCH2)3CCH3}2]

þ have been
isolated and spectroscopically characterized.891

Whereas no formation of dinitrogen complexes has been found during the reaction of
[Re{NNC(Ph)O}Cl2(PPh3)2] with terpy in the examples mentioned above, the coordination of
N2 has been found in the products of similar reactions with bipy and related ligands. This is not
unexpected in the light of the early work of Chatt,949,950 and the successful application in the
synthesis of the rhenium(I) dinitrogen complex [Re(N2)Cl(dppe)2], the chemistry of which has
been described in the previous section. Rhenium(I) amine complexes can be obtained in a similar
way. Treatment of [Re{NNC(Ph)O}Cl2(PPh3)2] with ethylenediamine (en) or 2-aminomethylpyr-
idine (ampy) gives the cationic species [Re(N2)(PPh3)(N

\N)]þ which can be isolated as their
triflate salts. Related reactions give access to the structurally characterized complex
[Re(N2)(PPh3)(PF3)(dien)]

þ (283) which readily replaces the N2 ligand by acetone to give the
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yellow derivative [Re(OCMe2)(PPh3)(PF3)(dien]
þ. A number of related dinitrogen complexes with

mixed amine/phosphine or amine/phosphite coordination sphere have also been prepared in a
similar fashion which includes the reduction of the rhenium(V) precursor and subsequent ligand
exchange reactions.890 The synthetic route also allows approach to chiral rhenium(I) amine
compounds as has been demonstrated for [Re(N2)(PPh3)(ampy)(But-bipy)][CF3COO] (284) and
related complexes.951
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The stability of the polypyridyl rhenium(I) compounds mentioned above stimulated applica-
tions of this coordination chemistry. Thus, new heterotopic bis(calix[4]arene)rhenium(I) bipyridyl
receptor molecules have been prepared and shown to bind a variety of anions at the upper rim
and alkali metal cations at the lower rim.952,953 A cyclodextrin dimer, which was obtained by
connecting two permethylated �-cyclodextrins with a bipy ligand, was used for the preparation of
a luminescent rhenium(I) complex. The system is discussed as a model compound to study the
energy transfer between active metal centers and a bound ditopic substrate.954 The fluorescence
behavior of rhenium(I) complexes containing functionalized bipy ligands has been applied for the
recognition of glucose.955

The extraordinary electronic flexibility of the mixed-ligand set {HB(pz)3}
�/bipy which allows

the stabilization of rhenium complexes in four oxidations states has already been mentioned in the
previous sections. This flexibility is attributed to the ability of the nitrogen heterocyclic ligands to
act as both weak �-donors and �-acceptors depending on the demand of the metal. The structure
of the black rhenium(II) complex is given in formula (267). Further reduction results in rhe-
nium(I) compounds and the replacement of the chloro ligand and gives access to a whole series of
rhenium(I) compounds with coordinated alkenes.849 Related complexes with the {HB(pz)3}

�

ligand stabilizing rhenium(I) centers are subject of a number of organometallic studies.85,957–959

(iii) Miscellaneous

A number of rhenium(I) compounds with sulfur-containing ligands have been prepared. They are
stable when the ligands are able to reduce the electron density of the d 6 metal center or acceptor
co-ligands are present. The latter case can be discussed for the thiocarbonyl complex mer-
[Re(CS)(PMe2Ph)3(Et2dtc)] which results from the reaction of [ReCl3(PMe2Ph)3] with sodium
diethyldithiocarbamate in methanol.858 The thiocarbonyl ligand is formed by decomposition of
diethyldithiocarbamate.

Treatment of dinitrogen mixed-ligand complexes of the type [Re(N2)(PMe2Ph)3(Et2dtc)] with
methylisocyanide results in replacement of the dinitrogen ligands and the formation of the
products [Re(CNMe)(Et2dtc)(PMe2Ph)2] and [Re(CNMe)2(Et2dtc)(PMe2Ph)2] depending on the
conditions applied.960 A similar reaction with [Re(N2)(PMe2Ph)3(S2PPh2)] (S2PPh2

�= diphenyl-
dithiophosphinate) affords the mixed-ligand species [Re(N2)(S2PPh2)(CNMe)(PMe2Ph)3],
[Re(N2)(S2PPh2)(CNMe)2(PMe2Ph)2], or [Re(S2PPh2)(CNMe)(PMe2Ph)3]. The rhenium atom in
the yellow compound [Re(N2)(S2PPh2)(CNMe)(PMe2Ph)3] (285) is six-coordinate and has a
pseudo-octahedral coordination sphere. The diphenyldithiophosphinato ligand is only monoden-
tate.960

Pseudo-allyl compounds are formed from reactions of [Re(CO)2(PPh3)2(OCHNC6H4-4-Me)]
with excess of PhNCO or PhNCS. Whereas carbamate compounds are formed in the former case,
a mixture of monothio- and dithiocarbamate compounds is obtained with the sulfur analogue.
The formation of the latter complex proceeds via the intermediate formation of the first. The
related compounds show similar structural features with distorted octahedral rhenium atoms and
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trans-arrangement of the phosphine ligands (286).961 When the reaction of [Re(CO)2-
(PPh3)2(OCHNC6H4-4-Me)] with PhNCS is performed in benzene and the product exposed to
EtOH, formal insertion of the heterocumulene molecule into the Re—N bond is observed.
A second product of this procedure is the thiazedine rhenium(I) derivative
[Re(CO)2(PPh3)2{PhN¼C(OEt)S}] (287).962 Electrochemical studies on pseudoallyl complexes
of rhenium(I) show the ReI/ReII redox couples to occur at potentials between þ0.60V and
þ0.90V and competing chemical reactions of the oxidized species.963
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Reduction of [ReOCl3(PPh3)2] with sodium dithionite in the presence of a bidentate
isocyanide ligand and the isolation of a cationic tris-chelate of the composition
[Re{CNC3H6OC2H4OC3H6NC}3]

þ has been reported. The product was isolated as its [BPh4]
�

salt and characterized based on elemental analysis and spectroscopic data.824

5.3.2.7.3 Rhenium(I) tricarbonyl complexes

Although carbonyl complexes are considered as ‘‘organometallic’’ and are therefore not the
subject of this review, a brief summary of rhenium(I) tricarbonyl chemistry is given. This is
mainly justified by the progress in the exploration of ‘‘aqueous carbonyl chemistry’’ during the
last decade and the fact that carbonyl compounds of technetium (and rhenium) have been
involved in nuclear-medical research.964,965 The focus is on synthetic aspects and other interesting
facets of rhenium(I) tricarbonyl chemistry such as luminescence, the photosensitizing properties of
many complexes and their roles as building blocks in supramolecular frameworks will not be
regarded.

The traditional syntheses of metal carbonyls by autoclave reactions is time-consuming and
causes numerous problems in terms of radiation protection when radioactive materials (such as
186,188Re or 99,99mTc) are used. However, a protocol which produces rhenium(I) tricarbonyl
compounds in a one-pot synthesis using carbon monoxide at normal pressure as established by
Alberto and co-workers252 is a breakthrough which opens up to the aqueous coordination
chemistry of the fac-{Re(CO)3}

þ core.
The fac-[Re(CO)3X3]

2� dianions (X=Cl, Br) (288) are formed by the reduction of [ReO4]
� with

the tetrahydrofuran adduct of BH3 in the presence of [NEt4]X while CO gas is bubbled through
the solution (Scheme 21). The three carbonyl ligands are in facial positions and due to their strong
trans-influence they labilize the halide ligands strongly and these are readily replaced by solvent
molecules to give species fac-[Re(CO)3(solv)3]

þ. This has been demonstrated by spectroscopic
experiments and by the stepwise deprotonation of the complex fac-[Re(CO)3(OH2)3]

þ by means of
titration with OH�.252,967 The intermediate hydroxo complex subsequently dimerizes or oligo-
merizes. Two of the species, which have been formed at higher pH, have been characterized
crystallographically, the dimeric anion [(CO)3Re(�-OH)3Re(CO)3]

� and the trimeric complex
[Re3(�

2-OH)3(�
3-OH)(CO)9]

� which forms an incomplete cube with three {Re(CO)3}
þ cores

alternating with four HO� groups.252
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The tricarbonyl rhenium(I) core is extremely inert and does not take part in ligand exchange
reactions under mild conditions, but cleavage of a Re—C bond can be observed when fac-
[Re(CO)3Br3]

2� (288a) is treated with elemental Br2 which results in oxidation and the formation
of the rhenium(III) anion cis-[Re(CO)2Br4]

�.968

Ligand exchange experiments have been performed with a large number of ligands and special
attention has been directed to ligands and ligand systems which mimic biological binding sites
and, thus, contain oxygen, nitrogen or sufur donor atoms (Scheme 22). A detailed study with the
heterocyclic ligand imidazol (Im), which is present in the side-chain of the amino acid histidine,
showed that all three possible ligand exchange products, [Re(CO)3Br2(Im)]�, [Re(CO)3Br(Im)2],
and [Re(CO)3(Im)3]

þ can be isolated when appropriate reaction conditions are used. A surprising
feature is, that the third imidazole ligand only coordinates when all bromide ions have been
removed from the solution. This result has been confirmed by a solution NMR study which
supports that the re-coordination of Br� to the species [Re(CO)3(Im)2(solv)]

þ and the formation
of the neutral complex [Re(CO)3(Im)2Br] (289) is favored over the coordination of a third
nitrogen donor.964 Histidine (Hhist) forms a neutral rhenium(I) tricarbonyl complex of the
composition [Re(CO)3(hist)] (290) contributing all three potential donor functions for facial
coordination to the {Re(CO)3}

þ core. This facial coordination, of course, can not be achieved
with histidine when it is integrated in a peptide sequence or in a native protein, but its extra-
ordinary stability guides the way to a formation of stable bioconjugates by facially coordinating
ligand systems. Other examples are the neutral complexes with N-(2-thioethyl)picolylamine and
derivatives thereof (291),969 chelates with Kläui-type ligands such as the yellow crystalline com-
plex [Re(CO)3{cpCo{P(OR)O}3}] (R=Me, Et) (292),970 or [Re(CO)3 {py2(O)OH}] which is
formed from the hydrolysis of di(2-pyridyl)ketone in the presence of [Re(CO)3(OH2)3]

þ in a
MeOH/H2O mixture.971,972 A manifold of compounds have been prepared with cyclic thioether
ligands which ranges from common monomeric cations such as [Re(CO)3(9S3)]

þ (9S3= 1,4,7-
trithiacyclononane) (293) to dimeric units where large thiacrowns coordinate to two tricarbonyl-
metallates as has been confirmed by the crystal structure of technetium analogues.973 Thiolato
ligands often act as �2-bridging ligands giving access to a number of binuclear complexes,629

while ligands with thiocarbamoylbenzamidinato (170) or benzoylthiourea groups (134) act as
chelating ligands. Dialkylthiocarbamoylbenzamidines deprotonate during the reaction with
[Re(CO)3Br3]

2� and monomeric anions of the composition [Re(CO)3(L)Br]
� or neutral dimers

of the composition [Re2(CO)6(L)2] with the sulfur atoms of the organic ligands connecting two
metal centers with four-membered {Re2S2} rings are formed. Contrasting the complexing beha-
vior with rhenium(V) and rhenium(III) centers, HDEBT does not deprotonate upon reaction with
[Re(CO)3Br3]

2� even with addition of triethylamine, but coordinates bidentately to give
[Re(CO)3Br(HDEPT)] (294) in form of air-stable yellow crystals.974 The bromo ligand is situated
trans to carbonyl. Similar complexes with Cl� ligands trans to CO are formed with 2-(diphenyl-
phosphino)benzaldehyde (P\O) (295) or its Schiff base 2-(diphenylphosphino)benzylideneaniline
(P\N).975 Thiosemicarbazone ligands are coordinated to rhenium(I) tricarbonyl centers in two
different ways. Whereas ferrocenylaldehyde thiosemicarbazone acts as bidentate, neutral ligand
and forms a complex of the composition [Re(CO)3Br(HL)] (296) in reactions starting from
[Re(CO)3Br3]

2� or [Re(CO)5Br], deprotonation is achieved upon addition of sodium methanolate
to afford doubly sulfur-bridged dimers of the composition [{Re(CO)3(L)}2].

629,976 Tridentate
coordination, however, is observed when acetylpyridinethiosemicarbazone is used and the result-
ing neutral complex [Re(CO)3(L)] contains deprotonated ligand in a facial arrangement.629

The examples discussed above are only representatives of many rhenium(I) tricarbonyl com-
plexes and hopefully demonstrate the versatility and stability of the {Re(CO)3}

þ core. This has
significant implications for applications in nuclear medical research and this topic is discussed
further in Section 5.3.3.

5.3.2.8 Oxidation state 0

Rhenium(0) compounds are rare and frequently lie in the realm of the organometallic chemistry.
A simple example is decacarbonyldirhenium(0) in which two staggered, square-pyramidal
{Re(CO)5} fragments are held together by a single rhenium–rhenium bond. Substitution of
carbonyl ligands is possible by tertiary phosphines and arsines, silanes and isocyanides, and
binuclear Re–Re, Mn–Re, and Co–Re complexes have been studied.977–984 Successive replacement
of CO ligands can readily be observed by vibrational spectroscopy. This has been demonstrated
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for [Re2(CO)10�n(CNR)n] (n= 1–4; R=Me, But, benzyl) and results in gradual shift of the 	(CO)

modes to lower wave numbers which is in agreement with the stronger �-donor and poorer
�-acceptor capacities of isocyanides compared to CO.985

Cleavage of the Re—Re bond in [Re2(CO)10] by photolysis results in the formation of the
short-lived paramagnetic species {Re(CO)5}. This radical exhibits an optical absorption band in
the visible region with a maximum at 535 nm and readily reacts with organic substrates.986,987 A
series of rhenium(0) radicals were spin-trapped by 9,10-phenanthroquinone (C14H8O2) (297) and
its derivatives. Paramagnetic species of the compositions [Re(CO)4(O2C14H8�nXn)],
[Re(CO)3(O2C14H8�nXn)(PPh3)], and [Re(CO)2(O2C14H8�nXn)(PPh3)2] (n= 1, X=H, OMe-3,
Cl-3, Br-3, Pri-3, CN-3, NO2-2; n= 4, X4=Me4-1,3,6,8) were studied by EPR spectroscopy.988

The rhenium hyperfine coupling constants of the [Re(CO)4(O2C14H7X)] radicals correlate well
with the Hammett �p parameters of the substituents.
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achieved by a synthesis starting from the organometallic precursor [Re(CO)3(�
5-CPh3)] (298)

which can be prepared by thermal decarbonylation of [Re(CO)4(�
3-CPh3)].

989–991 [Re(CO)4(�
3-

CPh3)] reacts with tri(cyclohexyl)phosphine (Pcyc3) and other bulky tertiary phosphines to give
deep-blue solutions. In each case the presence of radicals was detected by EPR spectroscopy. Deep
blue crystals of mer-[Re(CO)3(Pcyc3)2] (299) precipitate from such solutions and the structure of
the product has been determined by X-ray crystallography. The structure of the rhenium(0)
complex is a distorted square pyramidal. The monomeric compound reacts with CO to give the
dimeric complex [Re2(CO)8(Pcyc3)2]. Reaction with tin hydrides affords the neutral hydride
[Re(CO)3(Pcyc3)2H].991

5.3.2.9 Nitrosyl, Thionitrosyl, and Related Complexes

Nitrosyl ligands have relatively poor �-donor capabilities, but are excellent �-acceptors. There are
synthetic routes to nitrosyl complexes using NO gas, [NO][BF4] or [NO][PF6], hydroxyamine
hydrochloride, HNO3, NaNO2, or N-nitrosoamides.

Thionitrosyl compounds are less common, but the few structurally characterized representa-
tives suggest a close similarity to the chemistry of nitrosyl complexes.

5.3.2.9.1 Halide and pseudohalide ligands

Paramagnetic rhenium anions of the composition [Re(NO)X5]
2� have been known for 30 years.992,993

These compounds are excellent precursors for the synthesis of other rhenium nitrosyl complexes and
some attempts have been made to improve the yields of the original procedures. Analytically pure
[NEt4]2[Re(NO)Br5] can be obtained from a reaction of [NEt4][ReO4] with NO gas in the presence of
[NEt4]Br, HBr and H3PO2 as reducing agent as an apple-green solid with a yield of 90%.994 The 	(NO)

vibration has been detected at 1,732 cm�1. The formal oxidation states of the products depend on the
nature of the incoming ligands. Thus, reduction occurs with phosphines and other reducing ligands.
Surprisingly, the dihydrogen compound [Re(NO)(�2-H2)Br2(PPr

i
3)2] is produced when

[Re(NO)Br5]
2� reacts with tri(isopropyl)phosphine in ethanol despite the formation of

[Re(NO)Br3(PPh3)2] in an analogous reaction with triphenylphosphine.994

Reductive nitrosylation of perrhenate has also been reported for the reaction with hydroxya-
mine hydrochloride in aqueous solution. The primary product is believed to be the hydroxo
complex [Re(NO)(OH)4]

� which has been isolated as the green [AsPh4]
þ salt. The product is

paramagnetic and shows an axially symmetric EPR spectrum with an unusual coupling pattern.995

[Re(NO)(OH)4]
� and its derivatives with polypyridyl ligands disproportionate when heated in HX

(X=Cl, Br) producing [Re(NO)X5]
� and [Re(NO)2X4]

�. The same reaction in HI, however,
exclusively yields the rhenium(IV) complex [ReI6]

2�. C4v symmetry is suggested for the mono-
nitrosyl complexes based on infrared data.995 This has been confirmed by the X-ray crystal
structure of [AsPh4]2[Re(NO)(CN)4(OH2)] showing a distorted octahedral geometry for the com-
plex anion with a Re–NO distance of 1.73 Å.996 A trans-influence of comparable magnitude to
that of the oxo ligand is proposed for the linear NOþ ligand based on the experimentally
determined bond lengths.

The generation of pentacoordinate dinitrosylrhenium compounds is reported from the reduc-
tion of [ReO4]

� with hydroxylamine hydrochloride and NCS� in alkaline solutions and subse-
quent treatment with NO2

� in acidic solutions.997 The products are paramagnetic and EPR-active
which suggests the oxidation states ‘‘þ2’’ or ‘‘0’’.

A hypothetic NO/NO coupling reaction has been regarded by extended Hückel calculation for
the cis-dinitrosylrhenium complex [Re(NO)2Cl4]

�. The results show that couplings between the
neighboring NO ligands are disfavored in general, but might occur via N–N coupling.998 This
situation contrasts that in the analogous thionitrosyl compound in which two thionitrosyl ligands
have been coupled to form a five-membered metallacycle.

5.3.2.9.2 Phosphorus donor ligands

The treatment of [ReOCl3(PPh3)2] with NO gas is a complex reaction and yields a number of
paramagnetic rhenium(II) nitrosyl complexes depending on the conditions. This has been checked
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by EPR spectroscopy. When the reaction is performed in CH2Cl2, the sparingly soluble starting
material dissolves forming a brown solution which turns green when it is exposed to air. Subse-
quently the complexes [Re(NO)Cl2(PPh3)(OPPh3)(OReO3)], [Re(NO)Cl2(OPPh3)2(OReO3)], and
[Re(NO)Cl2(OPPh3)3][ReO4] have all been isolated and characterized by their crystal structures.999

Other products such as [Re(NO)Cl3(PPh3)(OPPh3)], [Re(NO)Cl2(PPh3)(OPPh3)]Cl, and
[Re(NO)Cl3(PPh3)2] have also been isolated as side-products of this reaction. The formation of
perrhenate-containing products can be avoided when the reaction is performed under an inert
atmosphere, but also in these cases phosphine oxide ligands are found in the products as has been
shown by the full characterization of the complexes: [Re(NO)Cl3(PPh3)(OPPh3)] and [Re(NO)-
Cl3(OPPh3)2].

1000,1001 Cationic species have not been isolated during the latter reactions despite the
fact that [Re(NO)Cl2(OPPh3)3]

þ is the final product of reductive nitrosylation by NO gas in air
and can be isolated as green crystals in 30% yield.999 A Q-band-EPR study shows a slightly
rhombic spectrum which confirms the deviations of the molecular geometry from the ideal axial
symmetry as has been found in the solid state structure.1002

Similar conditions for the nitrosylation of oxorhenium(V) compounds have also been applied
to prepare the analogous bromo complexes [Re(NO)Br3(PPh3)2] and [Re(NO)Br3(OPPh3)2] which
have been obtained from benzene solutions and fully characterized by spectroscopic data and
their crystal structures.1003 The same reaction in CH2Cl2 is reported to lead to dinitrosyl com-
plexes.1004 Nitrosyl halides such as [NO]Cl or the [NO]Br are less appropriate for the nitrosylation
of oxorhenium compounds. Whereas the chloride reacts with [ReOCl3(PPh3)2] to give the rhe-
nium(IV) complex trans-[ReCl4(PPh3)2],

769 the less stable nitrosyl bromide, which is said to be
formed by the reaction of [ReOBr3(PPh3)2] with NO, causes decomposition of triphenylphosphine
and the formation of a nitrosyl/aryl complex of the composition [Re(NO)Br3(Ph)(PPh3)].

1005

Reactions of the rhenium(II) mixed phosphine/phosphine oxide complex [Re(NO)Cl3-
(PPh3)(OPPh3)] allows access to further nitrosylrhenium derivatives such as [Re(NO)Cl3(PPh3)2],
[Re(NO)(CO)Cl2(PPh3)2], or [Re(NO)H2(PPh3)3], when the starting material is treated with PPh3,
CO gas, or NaBH4 in the presence of PPh3.

1006 Related trimethylphosphine and trialkylphosphite
complexes have been subject of extensive studies and show remarkable structures and reactiv-
ities.993,1007–1011 The reaction of [Re(NO)(CO)Cl2(PR3)2] (PR3=PEt3 or P(OMe)3] with excess
Ag[F3CCO2] in boiling acetonitrile leads to an isomeric mixture of cationic [Re(NO)-
(CO)Cl(NCCH3)2(PR3)][F3CCO2] complexes which can be used as precursors for further ligand
exchange reactions. When the same reaction is performed in toluene using one or two equivalents
of Ag[F3CCO2], mono- and disubstituted complexes of the composition [Re(NO)(CO)Cl(F3C-
CO2)(PR3)2] and [Re(NO)(CO)(F3CCO2)(PR3)2] are obtained. The replacement of the triflate
ligands in the latter compounds proceeds very slowly and with retention of the molecular
geometry. The resulting ionic compounds [Re(NO)(CO)(NCCH3)2(PR3)2]

2þ (300) contain the
PR3 ligands in trans-positions to each other with a cis-arrangement of the acetonitrile ligands,
as shown by the X-ray crystal structure of [Re(NO)(CO)(NCCH3)2{POMe)3}2][F3CCO2]2.

1011

The trimethylphosphine derivative [Re(NO)Cl2(NCCH3)(PMe3)2] has an extraordinary solid
state structure with a dense net of intermolecular hydrogen bonds which is responsible for the
unusual number of 44 independent molecules in the monoclinic unit cell. Methyl groups serve
exclusively as hydrogen donor groups, leading to hydrogen bonds of the type C—H���O and
C—H���Cl.1012

The paramagnetic rhenium(II) complex [Re(NO)Br5]
2� has been used to prepare a series of

mononitrosyl hydride and dihydrogen rhenium complexes including [Re(NO)Br2(�
2-H2)(PR3)2]

and [Re(NO)(BH4)(H)(PR3)2] (R=Pri, cyclohexyl).994 The BH4
� ligand in the latter complex is

replaced by H2 or another NO ligand yielding tetrahydrido or dinitrosyl species. The dinitrosyl
species react with Lewis acids such as BF3 which is abstracted from BF4

� anions giving access to
acid–base adducts of the composition [Re(NO)(NOBF3)(H)(PR3)2] (301). Many other examples
of dinitrosylrhenium complexes are derived from cationic [Re(NO)2(PR3)2]

þ fragments (R=Pri,
cyclohexyl) which can be prepared from [Re(NO)2(H)(PR3)2] and [Ph3C][B{C6H3-(CF3)2-3,5}4]
in benzene in excellent yields.1013 The isolated complexes of the general composition
[Re(NO)2(PR3)2(L)] (L=CO, C6H5CHO, [ONRe(NO)(PR3)2(H)]) also include examples of
dimeric species which contain bridging nitrosyl ligands. One of the NO ligands in the latter is
slightly bent with Re–N–O angles between 150� and 160�. Dimeric compounds of composition
[Re2(H)(�,�2-NO)(NO)3(PR4)]

þ are formed by abstraction of the hydride in the dinitrosyl com-
plexes [Re(NO)2(H)(PR3)2] (R=Pri or cyclohexyl). The metal centers are connected via a bridging
nitrosyl ligand (302).1014 The products not only react with classical two-electron donor ligands
such as NCCH3, CO, C6H5CHO, and THF, but also with H2 and HSiEt3. In the last two cases
rupture of the hydrogen–hydrogen or hydrogen–silicon bonds is achieved.1014
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Nitrosylrhenium complexes with the chelating ligand dppe have been obtained by the reaction
of [ReOBr3(dppe)] with NO,1015 or by treatment of the rhenium(I) dinitrogen complex
[Re(N2)Cl(dppe)2] with [NO][BF4] or NO gas.1016 The latter reaction involves a facile oxidation
of NO to form nitrate as has been shown by the crystal structure of the product [Re(NO)Cl-
(dppe)2][NO3]2. The complex contains a linear NOþ ligand. A very similar reaction, that of
[Re(N2)Cl(dppe)2] in THF with NO and Tl[BF4] under irradiation with UV light, yields a yellow
solid which has been assigned to the structure trans-[Re(NO)2(dppe)2][BF4] on the basis of
elemental analysis and spectroscopic data.1017 The compound readily reacts with acids HX
(X=BF4, Cl, HSO4) to afford trans-[Re(NO)F(dppe)2], trans-[Re(NO)Cl(dppe)2], and trans-
[Re(NO)(HSO4)(dppe)2], respectively.

5.3.2.9.3 Sulfur, nitrogen, and oxygen donor ligands

Reactions of the rhenium(II) nitrosyl precursor [Re(NO)Cl2(OMe)(PPh3)2] with a range of
thiophenols under basic conditions gives three different types of products depending on the steric
requirements of the thiols. Thiophenols with methyl and isopropyl substituents in their 2-position
yield monomolecular rhenium(III) complexes of the composition [Re(NO)(SR)4] (303),1018,1019

whereas sterically less demanding ligands without substituents in 2-position give dimeric com-
pounds with �2-coordinated thiolates of the composition [Re2(NO)2(SR)7] (304). A rhenium(I)
complex has been isolated during a similar reaction with 2-triphenylsilylthiophenol.293

The rhenium(I) anion [Re(NO)(CN)4(OH2)]
2� substitutes the aqua ligand upon reactions with

nucleophiles such as SCN�, N3
�, and tu.1020 A kinetic study of the ligand substitutions reveals

that both the aqua and the hydroxo ligands in the corresponding complex [Re(NO)(CN)3(OH)]3�

are substituted with respective rate constants of 3.6� 10�3 M�1s�1 and 1.6� 10�3 M�1s�1 at 40 �C
in the case of SCN�. The X-ray structure of the product of the ligand exchange with thiourea,
[AsPh4]2[Re(NO)(CN)4(tu)] has been determined showing a cis-arrangement of the thiourea ligand
with respect to the NO group.

Nitrosyl complexes with amine ligands are formed by reactions of [Re(NO)-
(CO)(CNCH3)Cl(PR3)][F3CCO2] (PR3=PEt3, P(OMe)3) with bipy which yield stable [Re(NO)-
(CO)Cl(PR3)(bipy)] type complexes. The IR spectra of the products support the assumption that
different isomers co-crystallize.1011 The neutral precursors [Re(NO)(CO)(CF3CO2)2-({P(OMe)3}2]
undergo Arbuzov-type phosphite dealkylation in the presence of bipy producing a dinuclear
complex in which the two rhenium fragments are linked by two phosphonite moieties, forming
a planar six-membered ring (305).1011 Reduction of [Re(NO)(CO)Cl2{P(OPri)3}2] with LiCMe3
results in an unstable compound with two trans trimethylphosphite ligands which reacts with
trans-azobenzene to give [Re(NO)Cl{P(OPri)3}2(PhN¼NC6H4)] containing orthometallated azo-
benzene.1010 Another approach to rhenium nitrosyls with bipy ligands involves the reduction of
perrhenate with hydroxyamine hydrochloride in alkaline solutions in the presence of bipy.995

The complex [Re(NO)(CO)(NCO)(tacn)][BF4] has been synthesized from [Re(NO)(CO)2-
(tacn)][BF4] in methanol with a number of nucleophiles such as N2H4, H2NNHMe, H2NNMe2,
H2NOH, or N3

�. A general mechanism for these reactions has been proposed involving a
nucleophilic attack at a coordinated carbonyl to give carbazoyl intermediates.1021 [Re(NO)-
(CO)(NCO)(tacn)][BF4] undergoes a series of reactions at the coordinated isocyanate ligands,
e.g., concentrated HBr forms [Re(NO)(CO)(tacn)(NH3)]Br2, whereas reactions with formic acid
or trifluoromethane sulfonic acid gives complexes of the type [Re(NO)(CO)(tacn)(HCO2)]

þ and
[Re(NO)(CO)(tacn)(CF3SO3)]

þ. In the presence of iodide anions, [Re(NO)(CO)(NCO)(tacn)][BF4]
undergoes addition reactions in methanol or ethanol to form complexes containing coordinated
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methyl- or ethylcarbamato ligands, [Re(NO)(CO){NHCO(OR)}(tacn)]I. [Re(NO)CO)-
(tacn)(NH3)]Br2 can be oxidized electrochemically or chemically with Br2 to give [Re(NO)(CO)-
(tacn)(NH3)]Br3.

1021

A series of nitrosylrhenium phthalocyaninates has been prepared by reactions of
[Re(PPh3)2(pc)] (pc2�= phthalocyaninato dianion) with NO2

�. Green–blue [Re(NO)(NO2-O)-
(pc)] has been obtained with bis(triphenylphosphine)iminium nitrite, while during a similar
reaction with [NBu4][NO2] the red dinitrosyl compound [NBu4][Re(NO)2(pc)] was isolated.1022

[NBu4][Re(NO)2(pc)] and PPh3 yield at 300 �C the blue–green compound [Re(NO)(OPPh3)(pc)],
that can be oxidized with I2 to give [Re(NO)(OPPh3)(pc)]I3. The nitrosyl ligands are almost
linearly bound and 	(NO) vibrations between 1,571cm�1 and 1,724 cm�1 have been detected.1022

Acetylacetonato complexes of various composition have been reported as the products of
reactions between acetylacetone (Hacac) and rhenium nitrosyl precursors. Compositions of
[Re(NO)Cl(acac)2(H2O)] and [Re(NO)(acac)3(Hacac)(H2O)2] have been assigned to the prod-
ucts.1023

5.3.2.9.4 Thionitrosyl complexes

Compared with the large number of nitrosyl complexes, only a few examples of thionitrosyl
complexes have been studied. Although NS does not exist, a number of synthetic approaches to
thionitrosyl complexes have been reported: the reaction of nitrido complexes with S2Cl2 or
TMSNCS, treatment of chloro or oxo complexes with trithiazyl chloride or S(NTMS)2, or the
use of heterocyclic nitrogen–sulfur rings. Pre-formed thionitrosyl cations in [NS][SbF6] or
[NS)[AsF6] have been used to prepare the cationic complex [Re(NS)(CO)5]

2þ in liquid SO2.
1024

Reactions of (chlorothio)nitrene complexes [ReCl3(NSCl)2(POCl3)] or [ReCl4(NSCl)2]
� with

reducing agents such as PPh3, SbPh3, diphenylalkyne, or TMSBr give the complex [ReCl4(N2S2)]
�

(306) which has been studied crystallographically.1025–1027 In this reaction a reductive dehalogena-
tion is likely to occur prior to the formation of a new sulfur–sulfur bond. Thus, the intermediate
formation of two cis thionitrosyl ligands is favored, followed by a thionitrosyl/thionitrosyl
coupling. A theoretical consideration based on extended Hückel theory calculations supports
this assumption.998 The mixed chloro/fluoro derivative [PPh4][Re(N2S2)Cl2F2] can be obtained by
the reaction of [PPh4][Re(NSCl)Cl4] with sodium fluoride in acetonitrile.1028 Black, moisture-
sensitive crystals of [Re(NSCl)2Cl3(NCCH3)] are obtained from the dimeric [{Re(NSCl)2Cl3}2]
and acetonitrile in CH2Cl2. The complex is monomeric and contains almost linear ReNS groups
with bond lengths that correspond to double bonds.1029

The thionitrosyl/halothionitrene mixed-ligand complexes [Re(NS)(NSX)X4]
2� (X=Cl, Br)

(307) are obtained by nucleophilic ring cleavage of the {ReN2S2} rings in [Re(N2S2)X4]
� com-

plexes with [PPh4]X in CH2Cl2.
1030 [AsPh4]2[Re(NS)(NSCl)Cl4] can also be obtained by the

reaction of [Re(NSCl)Cl4(OPCl3)] with S(NTMS)2 and subsequent addition of [AsPh4]Cl, or by
treatment of [ReNCl4] with N4S4 and [AsPh4]Cl.

1031 The pyridine derivative
[Re(NS)(NSCl)Cl2(py)2] (308) was obtained by the reaction of pyridine with either
[Re(NSCl)2Cl3(OPCl3)] or [{Re(NSCl)2Cl3}2(�-N2S2)] in CH2Cl2. The distorted octahedral coord-
ination of the rhenium atoms has the pyridine and the chloro ligands in cis-geometry (308). The
Re—N bond length to the thionitrosyl ligand is markedly shorter (1.77 Å) than that to the
chlorothionitrene ligand (1.89 Å).1032 The related bromo complex can be prepared from the chloro
compound by halide exchange using TMSBr.1030 A reaction of [Re(NSCl)2Cl4]

� with an excess of
N(TMS)3 gives the dimeric complex anion [(SN)ReCl3)(�-N)(�-NSN)ReCl3(THF)]2�. The
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rhenium atoms are connected by an asymmetric nitrido bridge (ReN bond lengths of 1.883 Å and
2.244 Å) as well as by a (NSN)4� bridge to form a planar {Re2N(NSN)} six-membered hetero-
cycle. Both rhenium atoms are coordinated by three chlorine atoms, one by a thionitrosyl ligand,
the other by a THF molecule.691
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Thionitrosyl complexes with phosphine co-ligands have been prepared by reactions of rhe-
nium(V) nitrido complexes such as [ReNCl2(PMePh2)3] with (NSCl)3 which yields a mixture of
the rhenium(I) and rhenium(II) complexes [Re(NS)Cl2(PMePh2)3] and [Re(NS)Cl3(PMePh2)2]
which have been studied structurally as their PMe2Ph analogues.1033,1034 Products of the same
composition have been isolated from a reaction of the rhenium(V) mixed-ligand complex
[ReN(Cl)(PMe2Ph)2{N(SPPh2)2}] with disulfur dichloride which occurs with complete re-arrangement
of the coordination sphere of the metal.666 The rhenium(V) bis-chelate [ReN{N(SPPh2)2}2] has
been isolated as a second product.

Oxidation of [Re(NS)Cl2(PMePh2)3] with Br2 results in an exchange of the halide ligands and
the isolation of the green thionitrosyl rhenium(II) species [Re(NS)Br3(PMePh2)2]. An EPR
spectroscopic study of the paramagnetic rhenium(II) compounds [Re(NS)X3(PMePh2)2] proves
that the MO of the unpaired electron has 5dxy character for both complexes and suggests a
stronger extend of covalency of the Re-(equatorial) ligand bonds for the bromo compound.1033

An unusual formation of a thionitrosyl ligand has been observed during the reaction of
[ReNCl2(PMe2Ph)3] with TMSNCS in CH2Cl2 which does not only cause a Cl/NCS ligand
exchange, but also an attack on the nitrido ligand giving [Re(NS)(NCS)2(PMe2Ph)3].

640

5.3.2.10 Hydrazido and Related Complexes

5.3.2.10.1 General considerations

Organohydrazine derivatives play an important role in the coordination chemistry of rhenium
since they represent important intermediates in the preparation of nitrido, imido, or dinitrogen
complexes as has been described in the previous sections. They are defined as complexes which
possess metal–nitrogen–nitrogen bonds, which would (strictly applied) also include dinitrogen
complexes, and indeed this class has attracted considerable attention in the exploration of
biological nitrogen fixation.

The description of the bonding situation for hydrazido and related ligands is complicated and
has been done in different ways which do not always reflect the measured bond lengths and angles
in the molecules satisfactory. More problems arise with uncertainties with the location of hydro-
gen atoms (or the unambiguous evidence of their absence) and the correct assignment of the
oxidation state of the metal.

A very helpful attempt to classify organohydrazido and related complexes of Group 7 elements
by analysis of their X-ray crystal structure data has been undertaken in a review which also covers
the structural chemistry of this type of complexes up to the year 1996.1035 The convention applied
in this article will also be used here to classify hydrazido and related complexes.

Since organohydrazines are reducing, all of the electrons forming the metal–nitrogen bond are
considered to be derived from the organohydrazine. In addition the nitrogen is more electro-
negative than the metal, and consequently the bonding electrons should be assigned to nitrogen
for the charge assignment of the ligand. From this considerations eight structural types for ‘‘end-
on bonded’’ hydrazide ligands have been derived, the monoanionic, linear four-electron donor
(309a) (diazenido); the monoanionic, bent two-electron donor (309b) (diazenido); the monoanio-
nic, bent two-electron donor (309c); the neutral, bent two-electron donor (309d) (diazene); the
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neutral, bent two-electron donor (309e) (hydrazine); the neutral (zwitterionic), linear four-electron
donor (309f) (isodiazene), the neutral (zwitterionic), bent two-electron donor (309g), and the
monocationic, bent two-electron donor (309h). This assignment avoids the formulation of tri-
negative azenido ligands which can be found in some original papers, but do not in all cases
describe satisfactory the bonding situation inside the ligand and the magnetic behavior of the
complexes. A mixture of structural types is often found in chelating diazenido ligands in a sense
that they show double bond character for the Re—N and the N—N bonds of (309a) and the bent
coordination of (309b). Rhenium complexes with only one hydrazide in most cases adopt the
diazenido form (309a), whereas the two-electron donor forms often are accompanied by four-
electron donor forms.
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5.3.2.10.2 Complexes with a single hydrazide ligand

A general approach to rhenium hydrazido complexes is the reaction of oxo or chloro compounds
with organohydrazines as has been demonstrated in an early report with the synthesis of
[Re{NNC(Ph)O}Cl2(PPh3)2] (310),

949 the molecular structure of which was solved in 1988.1036

A detailed study on [Re(NNR)Cl2(PPh3)2] complexes with R=COPh or phthalazine shows that
the course of subsequent reactions is governed both by the nature of the donor group R
responsible for chelate closure and by the type of donor ligand introduced. No simple substitution
chemistry has been observed for R= phthalazine. The benzoyl compound
[Re{NNC(Ph)O}Cl2(PPh3)2], however, is reactive and forms secondary products with common
donor ligands such as NCCH3, NH3, or pyridine, or complexes with different types of hydrazide
ligands which will be discussed more in detail in the following section. Thus,
[Re{NNC(Ph)O}Cl2(PPh3)2] can be regarded as a key compound in the chemistry of hydrazido
complexes and has been used as precursor for many ligand exchange reactions and for the
preparation of dinitrogen complexes of rhenium(I) (see Section 5.3.2.7). Reactions of
[Re{NNC(Ph)O}Cl2(PPh3)2] with sulfur-donor ligands result in chelate ring opening and the
formation of monodentate diazenido ligands of type (309a)).253 Mononuclear products of the
composition [Re{NNC(Ph)O}{SC2H4XC2H4XC2H4S}(PPh3)] and related compounds are formed
with a variety of ligands of the general composition HSC2H4XC2H4XC2H4SH (X= S,
NR).1037,1038 The oxidation of thiolato groups by air to form sulfinates has been observed during
the reaction of [Re(NNCC6H4-Cl-2)Cl2(PPh3)(NH3)] with N,N 0-dimethyl-N,N 0-bis(thioethyl)
ethylenediamine and the red, air-stable product [Re(NNCC6H4-Cl-2)(PPh3){O2SC2H4N-
(Me)C2H4N(Me)C2H4SO2}] (311) has been obtained in moderate yields after chromatographic
separation of the product mixture. A possible intermediate of this type of oxidation has been
characterized with the X-ray crystal structure of [Re{NNC(OMe)O}Cl2(PPh3)(O2)] containing a
�2-bonded dioxygen ligand.1039 The dinuclear, triply thiolato bridged diazenido compound
[Re2(NNPh)2(SPh)7]

� (312) is formed during the reaction of [Re(NNPh)2Cl(PPh3)2] with thiophe-
nol in quantitative yields.1040,1041

Complexes with chelating phoshines such as dppe, dmpe, or dppm have been prepared from
reactions of [ReCl4(P

\P)] with phenylhydrazine,1042 or by ligand exchange procedures starting
from [Re(NNCC6H4-X-4)2Cl(PPh3)2] (X=Cl, Me).1043 The latter reactions allow the isolation of
species of the compositions [Re(NNCR)Cl(P\P)2]

þ and [Re(NNR)2(P
\P)2]

þ containing one or
two diazenido ligands with a bonding characteristic lying between the types (309a) and (309b).
Binuclear heterometallic complexes with a rhenium diazenido unit have been obtained by treat-
ment of [Re(NNC6H4-Me-4)Cl(CO)(dppm-P1,P2)(dppm-P1)][PF6] with trans-[PtH(Cl)(PPh3)2].

1044

Related compounds are also formed with copper and rhodium complexes and other bridging
bis(phosphines).
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Reaction of [Re{NNC(C6H4-R-4)O}Cl2(PPh3)2] complexes (R=H, Me, NO2) with N,N-
and certain N-substituted hydrazines gives the ammine complexes
[Re{NNC(C6H4R4)O}(NH3)Cl2(PPh3)2]. An intermolecular homolytic cleavage of the N—N
bond is assumed to be involved in the mechanism of the NH3 formation.176 Cleavage of a
nitrogen–nitrogen bond has also been observed during reactions of [ReOCl3(PPh3)2] with 1,1-
diphenylhydrazine hydrochloride or Me2C¼NNHCOPh and both reactions give nitrido com-
pounds. The product of the former reaction, [ReNCl2(NNPh2)(PPh3)] (313) contains a co-ligated
diazene ligand in cis-position to the nitride.176

Dark-orange crystals of [Re{NNC(Ph)O}Cl(PPh3)2(maltol)] have been isolated from a reaction
of [Re{NNC(Ph)O}Cl2(PPh3)2] with excess maltol in ethanol upon addition of triethylamine.737

The octahedral complex contains the chelating maltol ligand in one plane with a monodentate
diazenido and a chloro ligand. Opening of the chelate ring in [Re{NNC(Ph)O}Cl2(PPh3)2] has
also been observed during its reaction with TMSCH2NC or substituted 2-aminothiazoles. Only
one isocyanide ligand is present in the coordination sphere of the resulting complex
[Re{NNC(O)Ph}Cl2(PPh3)2(TMSCH2NC)].1045 Mono- or disubstitution is observed with the
chelating substituted 2-aminothiazoles which allow couplings to amino acids.888

A paramagnetic diazenido complex has been obtained from the oxidation of
[Re(NNPh)2Cl(PPh3)2] with elemental bromine. The resulting green solid has been identified as
[Re(NNPh)Br3(PPh3)2] with the two triphenylphosphine ligands in trans positions.1046 The com-
plex reacts with dithiocarbamates or isocyanides, undergoing bromide or phosphine replacement,
to give [Re(NNPh)Br(S2CNR2)(PPh3)2] or [Re(NNPh)Br2(PPh3P)(CNR)2].

A mixed imide/hydrazide complex of the composition [Re(NH)(NHNH2)Cl2(PPh3)2] (314) is
formed upon extended heating of [ReOCl3(PPh3)2] and thiosemicarbazides H2NNHC(S)NHR
(R=Me, Ph) in refluxing ethanol. It represents one of the intermediates in the reaction which
finally yields the nitrido compound [ReNCl2(PPh3)2]. Another intermediate,
[ReCl2{NNC(S)NHR}(PPh3)2], contains an S,N-chelated thiosemicarbazido ligand.1047

Depending on the experimental conditions and the nature of the hydrazine, reactions of the
phosphonite rhenium(III) complex [ReCl3{PPh(OEt)2}3] and H2NNHR (R=H, Me, But) afford
bis(dinitrogen), dinitrogen, and methyldiazenido [Re(NNMe)Cl(H2NNHMe){PPh(OEt2)}3]

þ

derivatives. In contrast, reactions with arylhydrazines H2NNHAr (Ar=Ph, C6H4Me-4) give
the aryldiazenido cations [Re(NNAr)Cl(H2NNHAr){PPh(OEt)2}3]

þ and [Re(NNAr)-Cl-
{PPh(OEt)2}4]

þ, and the bis(diaryldiazenido) compounds [Re(NNAr)2-{PPh(OEt)2}3]
þ.901 Reac-

tion of the methylhydrazine complex [Re(NNMe)Cl(H2NNHMe)-{PPh(OEt)2}3][BPh4] with
lead(IV) acetate at �30 �C results in selective oxidation of the hydrazine, affording the corres-
ponding methyldiazene derivative [Re(NNMe)Cl(HNNMe){PPh(OEt)2}3][BPh4]. In contrast,
treatment of the related arylhydrazine derivatives gives bis(aryldiazenido) complexes. Protonation
reactions of the diazenides with HCl only proceeds with bis(aryldiazenido) complexes affording
the octahedral compounds [Re(NNAr)Cl(HNNAr){PPh(OEt)2}3][BPh4] and [Re(NNAr)Cl(NN-
HAr){PPh(OEt)2}3][BPh4].

901

Insertion of mono- or bis(aryldiazonium) cations into the Re—H bonds of the hydride com-
plexes [ReH(CO)5�n(PR3)n] (PR3=P(OEt)3, PPh(OEt)2, PPh2(OEt); n= 1–4) results in the for-
mation of cationic aryldiazene complexes of the compositions [Re(HNNAr)(CO)5�n(PR3)n]

þ or
[{Re(CO)5�n(PR3)n}2(�-HNNArNNH)]2þ.1048 Bifunctional diazene/diazonium derivatives which
can be prepared in this way are excellent building blocks for heterobinuclear and heterotrinuclear
compounds with bis(aryldiazene) bridging ligands as has been demonstrated for Re–Ru, Re–Os,
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Re–Mn, and Re–Ru–Mn combinations. Related compounds such as the diazene/diazenido species
[Re(CO)3{PPh2(OEt)}2(�-HNArArNNFe(CO)2{P(OPh)3}]

2þ have been isolated during this type
of reactions.1048

Complexes with chelating diazenido ligands have been obtained from reactions of common
rhenium starting materials such as [ReOCl3(PPh3)2], [ReCl3(NCCH3)(PPh3)2], [ReNCl2(PPh3)2],
or perrhenate with 2-hydrazinopyridine (H2NNHpy) or 2-hydrazino-4-(trifluoromethyl)pyrimi-
dine (H2NNHC4H2N2CF3). The resulting complexes [Re(NNpy)Cl2(PPh3)2] (315) and
[Re(NNC4H2N2CF3)Cl2(PPh3)2] possess octahedral geometry with an almost planar chelating
ligand indicating a delocalized �-system.1049,1050
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Neutral complexes of the type [Re{�2-NNC(SMe)S}(PPh3)(O
\N\S)] (316) (O\N\S= tridentate,

dianionic Schiff base ligand such as S-methyl �-N-((2-hydroxyphenyl)ethylidene)dithiocarbazate
or S-methyl �-N-((2-hydroxyphenyl)methylidene)dithiocarbazate) have been prepared via ligand
exchange reactions starting from [ReOCl4]

� or [ReOCl3(PPh3)2]. The coordination sphere of the
metal contains a chelated hydrazido group, a facially coordinated Schiff base, and PPh3. Similar
reactions starting from perrhenate in acidic ethanolic solution in the presence of
H2NNHC(SMe)S and PPh3 result in the formation of the complex [Re(�2-
NNC(SMe)S)Cl2(PPh3)2] (317) whereas the rhenium(V) nitrido complex is formed when
N-methyl-substituted dithiocarbazic acid is applied. A similar compound, the black [ReO(NHNC-
(SMe)S)(Et2dtc)], has been prepared from the dimeric, oxo-bridged rhenium(V) complex
[Re2O3(Et2dtc)4] and H2NNHC(S)SMe in good yields.616

A facile approach to mono-diazenido complexes is the direct synthesis from perrhenate with an
excess of phenylhydrazines in the presence of PPh3. When this reaction is performed in acetoni-
trile, complexes of the type [Re(NNC6H4-R-4)Cl2(NCCH3)(PPh3)2] (318) (R=Cl, OMe, CO2Me)
are formed in high yield and purity.865,1051 This approach is particularly attractive for potential
nuclear-medical applications since the substituent R can be varied over a wide range and allows
the introduction of reactive sites for the coupling of biomolecules as has been demonstrated by
the isolation and structural characterization of an ester-substituted derivative.1051
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5.3.2.10.3 Complexes with two and more hydrazide ligands

Complexes with two hydrazide ligands such as [Re(NNPh)(NNHPh)X2(PPh3)2] (X=Cl, Br)
can be prepared by protonation of [Re(NNPh)Cl(PPh3)2] with HCl and subsequent halide
exchange with HBr to obtain the bromo analogue. The structural analysis of
[Re(NNPh)(NNHPh)Br2(PPh3)2] clearly shows one almost linear diazenido ligand (corresponding
to (309a)) and one bent hydrazide ligand (probably corresponding to type (309g)).1052 Similar,
unequal bonding modes of two hydrazide ligands which can be assigned to mixtures of the ligand
types (309a), (309c), and (309f) have been found in the complexes [Re(NNHCOPh)(NHNH-
COPh)Cl2(PPh3)2],

1053,1054 [Re(NNHCOPh)(NHNHCO2-Me)Cl2(PPh3)2],
1036 or [Re(NNPh)-

(NNHPh)(SC5H4N-2-TMS)(PPh3)2][BPh4].
1055
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Reaction of [Re(NNC6H4-X-4)2Cl(PPh3)2] (X=Cl, Me) with excess dppe in methanol/toluene
gives the orange–brown cations [Re(NNC6H4-X-4)2(dppe)2]

þ in good yields. An analogous cation
with the less bulky bis(phosphine) dmpe has only been obtained with X=Cl, whereas with
X=Me the monosubstitution product [Re(NNC6H4-Me-4)Cl(dppe)2]

þ is formed.1043 The
Re–N–N angles are dependent on the steric requirements of the phosphine ligands.

A series of isodiazene complexes has been derived from 1-amino-2,2,6,6-tetramethylpiperidine
(H2NNC9H18).

1056 Interaction of this ligand with [ReO3(OTMS)] in a mixture of TMSCl and
Et3N gives yellow crystals of [Re(NNC9H18)Cl2(OTMS)] which can be treated with HCl to afford
[Re(NNC9H18)Cl3] (319). The nucleophilicity of the diazene nitrogen atoms is low and, thus
protonation occurs at the OTMS group. The chloro ligands in [Re(NNC9H18)Cl3] are labile
and can be replaced by a reaction with Ag[F3CSO3] in acetonitrile. The product of this reaction,
[{Re(�-O)(NNC8H19)2(NCCH3)}2][F3CSO3]2 (320), which has been isolated as orange–red crys-
tals in moderate yields, contains linear isodiazene ligands. The transannular O���O distance in the
central {Re2O2} ring is short at 2.40 Å. The diamagnetism of the complex, which should contain
rhenium in the formal oxidation state ‘‘þ4’’, suggests spin-coupling across the Re(O)2Re bridge
since the Re—Re distance of 3.45 Å is too long to assign a metal–metal bond. A third isodiazene
complex, the dimeric [{ReO(NNC8H19)2}2] (321) with a rhenium–rhenium single bond has been
isolated from reactions of [Re(NNC9H18)Cl3] with LiNNC9H18 in low yields. The geometry
around each rhenium atom can be described as distorted tetrahedral and is ‘‘ethane-like’’ with
almost eclipsed conformation of the ligands.1056
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Reduction of [Re(NNPh)2Br2(PPh3)2]Br, which can be prepared by bromination of
[Re(NNPh)2Cl(PPh3)2], gives the paramagnetic diazenido complex [Re(NNPh)2Br2(PPh3)] in
which one of the diazenide ligands has a linear Re�N�N bond and the other a bent one. Both
are in trans-positions to bromo ligands and show a considerable trans-influence.1057 The mono-
diazenido complex [Re(NNPh)2Br3(PPh3)2] is produced on standing of [Re(NNPh)2Br2(PPh3)2]Br
in THF. The green crystals are obtained in 85% yield following this route, but are also produced
during recrystallization of [Re(NNPh)2Br2(PPh3)2]Br from acetone as a side-product of the
synthesis of the red acetone solvate [Re(NNPh)2Br2(PPh3)2]�Me2CO. [Re(NNPh)2Br2(PPh3)2]Br,
[Re(NNPh)2Br2(PPh3)2], and [Re(NNPh)Br3(PPh3)2] react with isocyanides to give mixed
diazenido/isocyanide complexes of various composition.1057

Phosphite/diazenido complexes can be prepared from [ReCl3{P(OR)3}3] complexes which are
formed from [ReOCl3(AsPh3)2] and phosphites as oily intermediates. They readily react with
hydrazines to give dinitrogen or diazenido complexes depending on the phosphites and hydrazines
used. Whereas reactions with t-butylhydrazine give cationic dinitrogen complexes of the composi-
tion [Re(N2)2(PR3)4]

þ (PR3=P(OEt)3, P(OMe)3, PPh(OEt)2), reactions with phenylhydrazine
yield [Re(NNPh)Cl{P(OEt)3}4]

þ or [Re(NNPh(H2NNHPh){P(OMe)3}4]
2þ depending on the

alkyl substitution of the phosphite. Treatment of [ReCl3{P(OMe)3}3] with methylhydrazine
gives a mixture of the dinitrogen complex [Re(N2)2{P(OMe)3}4]

þ and the methyldiazenido deri-
vative [Re(NNMe)(H2NNHMe)Cl{P(OMe)3}3]

þ, which can be separated by fractional crystal-
lization of their [BPh4]

� salts.902

Chelating diazene coordination has been observed for hydralazine, thiobenzoylhydrazine,
2-hydrazinopyridine, and 2-hydrazinopyrimidines. A cationic tris-chelate of the composition
[Re(HNNN2C8H5)3]

þ has been reported as the product of the reduction of perrhenate with excess
of hydralazine in methanol. It can be isolated as a green solid by precipitation with Na[BPh4].

1058

A series of compounds has been isolated with thiobenzoylhydrazine. The reaction with perrhenate
in acidic solution yields after recrystallization from DMF the neutral tris-chelate
[Re(NHNC(S)Ph)3]�DMF, which is also formed from [ReOCl3(PPh3)2] in neutral ethanol/benzene
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mixtures. Acidification with HCl, however, gives [Re(NHNC(S)Ph){NHNHC(S)Ph}2]Cl in which
two different bonding modes for the hydrazide are established which can be assigned to the cases
(309d) and (309h).243More complexes with chelating thiobenzoylhydrazides have been prepared from
[ReO2I(PPh3)2] and [Re2O3(Et2dtc)4].

617 The products are [Re{HNNC(S)Ph}{HNNHC(S)Ph}2]I,
[ReO{HNC(S)Ph}{HNNHC(S)Ph}], and [Re{HNNC(S)Ph}2(Et2dtc)]. The related compound
[Re{NNC(S)OMe}(Et2dtc)2] is obtained from O-methylthiocarbazate and [Re2O3(Et2dtc)4], and a
series of complexes containing diazenido-hydrazino ligands together with benzoyldiazenido ligands
has been prepared from [Re{NNC(Ph)O}Cl2(PPh3)2] and the functionalized hydrazines H2NNHR
(R=C(S)Ph, CS(O)Me, C(O)SMe, C(S)SMe).617 The chelating hydrazides show various structural
types in which they act as two-electron donors, while mixed diazenido (309a) and hydrazine coordin-
ation (309e) has been detected for the mono-dentate ligands.

The coordination of 2-pyridinohydrazine and related compounds has attracted considerable
attention since they represent a promising class of ligands for the coupling of peptides or other
biologically interesting molecules to the metals. The reduction of [ReO4]

� by 2-pyridinohydrazine
in acidic methanolic solution yields the mixed diazenido/diazene complex
[Re(NNC5H4NH)(HNNC5H4N)Cl3] (322) in excellent yields. The neutral complex contains a
bidentate organodiazene ligand and a monodentate pyridinium-diazenido ligand.1059 The reaction
of the red–purple [Re(NNC5H4NH)(HNNC5H4N)Cl3] with triphenylphosphine and a proton
scavenger in methanol gives the red–brown, neutral complex [Re(NNC5H4N)-
(HNNC5H4N)Cl2(PPh3)] (323).1060 Two chloro ligands can be replaced when the more
basic PMe2Ph is used and the cationic complex [Re(NNC5H4N)-(HNNC5H4N)Cl(PMe2Ph)2]Cl
precipitates as a red solid from reaction mixtures of [Re(NNC5H4NH)(HNNC5H4N)Cl3]
and dimethylphenylphosphine.1049 A similar coordination behavior has been established for
2-pyrimidinohydrazines. They also show the coordination types (309a) and (309d) at the
same metal center.1050 An exceptional compound has been isolated as a side-product of
the synthesis of [Re(�1-NNC4H3N2H)(�2-HNNC4H3N2)Cl3]. The black tetrameric compound
[{Re(NNC4H3N2)(HNNC4H3N2)(OMe)24}] is formed during slow diffusion of methanol into a
DMF solution of the chloro complex and has been structurally characterized. The structure
consists of isolated tetranuclear units, constructed from [Re(NNC4H3N2)(HNNC4H3N2)(OMe)2]
units linked through the �-nitrogen of the chelating organodiazene ligand into a box-like
aggregate (324).1061
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The {Re(NNC5H4N)(HNNC5H4N)} core has been used for the synthesis of mixed ligand
compounds containing phosphine and phosphinophenolato ligands,458 pyridine-2-thiol, or pyr-
imidine-2-thiol. [Re(NNC5H4NH)(HNNC5H4N)Cl3] serves as model for the binding of rhe-
nium(V) oxo species to hydrazinonicotinamide conjugated chemotactic peptides. The use of
pyrimidinethiol co-ligands results in favorable pharmacokinetics and the thiolate derivatives
provide models for possible modes of interaction of metal–hydrazine cores with co-ligands in
the radiopharmaceutical agents.1062

5.3.2.11 Hydrido complexes

Although some hydride complexes have been included in the chemistry of rhenium already
described the main discussion of their chemistry is referred to this point due to the ambiguities
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that exist between classical and nonclassical hydrido complexes. There are relatively few neutron
diffraction studies and X-ray diffraction or solution NMR are not unequivocal.

Perhaps the best known hydrido complex of rhenium is the hydrido anion [ReH9]
2� which was

the first polyhydride to be prepared. Its structure was determined early on,1063,1064 and all the
main structural features have since been confirmed by neutron diffraction.1065 The results confirm
the geometry of the complex anion [ReH9]

2� as a tricapped square antiprism and all proposed
structures with a lower hydrogen content and statistically occupied hydrogen positions can be
ruled out. The [ReH9]

2� building block is also found in the ternary hydride [Rb3ReH10], which is
better formulated as [Rb3H][ReH9] again with tricapped square antiprismatic geometry around
Re.1066 Low-valent rhenium hydrides [Mg3H][ReH6] and K3[ReH6] have been prepared by high
pressure syntheses from rhenium, hydrogen and elemental magnesium or potassium.1067,1068

5.3.2.11.1 Phosphorus and arsenic donor ligands

Complexes of the types [ReH7(PR3)2] and [ReH5(PR3)3] (PR3= tertiary phosphine or phosphite)
have been subject of many studies. They have been identified as classical hydrido species by
neutron diffraction.1069,1070 This shows a tricapped trigonal prismatic geometry for [ReH7(PR3)2]
complexes (PR3=PPh3, PPri3, PMe2Ph, PMe3, P(cyclohexyl)3) with the phosphine ligands in
opposing axial and equatorial positions (325),1071–1075 and a dodecahedral core for the
[ReH5(PR3)3] complexes with the three phosphine and one hydrido ligands having five neighbors
(326).1070,1071,1076,1077 Information about the bonding mode of the hydrogen atoms is derived
from NMR data on the basis of 1H-NMR longitudinal relaxation times (T1) which are normally
useful to evaluate the bonding mode of coordinated hydrogen atoms.1077,1078 Another criterion
for the bonding mode of hydrides is provided by the electrochemical behavior of the complexes as
has been demonstrated for [ReH7(PPh3)2].

1079 Reduction of ReCl5 with sodium metal in the
presence of PMePh2 results in the formation of [ReCl(�2-H2)(PMePh2)4] or [ReH3(PMePh2)4]
depending on the reaction conditions.807 Whereas 1H-NMR studies strongly suggest dihydrogen
coordination in the former complex, an X-ray crystal structure of [ReH3(PMePh2)4] indicates long
H�H distances suggesting a ‘‘classical’’ polyhydride. Shorter H�H distances of 1.36 Å (derived
from neutron diffraction data) have been found in [ReH7{P(C6H4-Me-4)3}2],

1072 which suggest
the formulation [ReH5(H2){P(C6H4-Me-4)3}2] despite a T1 relaxation time value of 66ms which
falls into the range found for ‘‘classical’’ hydrides.1080 Theoretical studies on [MH7L2] species
(M=Re, Tc) using ab initio techniques including relativistic effective core potentials of rhenium
and technetium result in a somewhat higher stability for hydrido-bonded forms.1081 A dependence
of the structural type on electronic ligand effects is suggested by a systematic NMR study on a
series of [ReH7{P(C6H4-X-4)3}2] complexes (R=Me, H, F, CF3, OMe), where a dependence of
the T1 NMR parameter on the Hammet �p constants of the substituents was found.

287 The results
also fit with the known H�H distances from diffraction studies and allow the description of the
bonding situation in some derivatives as ‘‘stretched H2’’ coordination.

Protonation of [ReH5(PPh3)3] with HBF4 in CH2Cl2 gives yellow [ReH6(PPh3)3][BF4], whereas
treatment with [C7H7][PF6] in the presence of various ligands leads to the formation of the
compounds [ReH4(PPh3)2(L)][PF6] (L=NCCH3, CNBut, or CNC6H3-Me2-2,6).

287 Deprotona-
tion of the latter compounds with NEt3 gives access to the neutral trihydrides [ReH3(PPh3)3(L)].
Protonation of the complex [ReH3(PPh3)3(NCCH3)] with HBF4 in acetonitrile reforms
[ReH4(PPh3)3(NCCH3)]

þ, whereas with the hydride abstracting agent [C7H7][PF6] in acetonitrile
the dihydride [ReH2(PPh3)3(NCCH3)2][PF6] is produced. Addition of a second equivalent of
[C7H7][PF6] in NCCH3 gives [ReH(PPh3)3(NCCH3)3][PF6]2.

287 The anionic polyhydride
[ReH6(PMe2Ph)2]

� undergoes facile one-electron oxidation when treated with either the ferro-
cenium ion or [Fe(bipy)3]

3þ. The products are [ReH7(PMe2Ph)2] and the dimer
[Re2H8(PMe2Ph)4].

1083

Deprotonation of [ReH7(PR3)2] complexes (PR3=PPh3, PMe2Ph, PMePh2) and
[ReH5(PMe2Ph)3] with KH in THF results in anionic polyhydrides. A structural analysis of
K[ReH6(PPh3)2(THF)2] shows a dimeric, hydrogen-bonded compound.1084 Similar complexes
such as [ReH6(PR3)2]

2� (R=Me, Ph, Pri), have been isolated with crown ether coordinated
potassium cations as monomeric units.1085

Protonation of [ReH3(PMe2Ph)4] with HBF4 in diethylether gives the [ReH4(PMe2Ph)4]
þ

cation. The X-ray crystal structure shows an arrangement of the phosphines which is intermediate
between tetrahedral and planar, and lack of exchange with D2 or ligands such as PhC�CPh, CO,
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or NCCH3, is consistent with a ‘‘classical’’ hydrido complex.1086 Triethylamine does not depro-
tonate [ReH4(PMe2Ph)4]

þ since it is a weaker base. A quantitative determination of the thermo-
dynamic and kinetic acidity of the tetrahydrido cation has been carried out in acetonitrile
solutions giving a pKa value of 25.5(1). The rate constant for the removal of a proton from
[ReH4(PMe2Ph)4]

þ with dibutylamine in acetonitrile at 82 �C is 6� 10�4 M�1s�1.1087

Reduction of ReCl5 in neat trimethylphosphine gives [ReH(PMe3)5] in moderate yields.1088,1089

An improved synthesis giving yields of about 60% uses sodium metal as additional reducing
agent. [ReH3(PMe3)4] was isolated with lower yields during the same reaction.914 Treatment of
[ReH(PMe3)5] with CO2 at 70 �C gives white crystals of [Re(CO)(PMe3)4(O2CH)] containing a
monodentate formato ligand, whilst the reaction with carbon monoxide gives cis-
[ReH(CO)(PMe3)4]. This product undergoes a further reaction with CO2 to yield [Re(CO)-
(PMe3)4(O2CH)].914

The trihydrido complex [ReH3(CO)(PMe2Ph)3] is formed by treatment of [ReCl3(CO)-
(PMe2Ph)3] with LiAlH4 in boiling diethylether. Protonation of the product with HBF4 in
CDCl3 at �78 �C results in an equilibrium mixture of [ReH4(CO)(PMe2Ph)3]

þ and its ‘‘nonclassi-
cal’’ tautomer [ReH2(H2)(CO)(PMe2PhP)3]

þ. NMR studies suggest site exchange of dihydrogen
and hydride and the interconversion of the two isomers that lead to an unusual temperature
dependence of the T1 values. An isotope effect has been derived for the interconversion and
deuteration shifts the equilibrium towards the dihydrogen form.1090,1091 Dihydrogen coordination
is also suggested for [ReX(H2)(PMe2Ph)4] complexes from their NMR spectra and the X-ray
structure of the bromo derivative showing the dihydrogen ligand trans to Br�.1092

Complexes of the general structure [Re(L)5H2]
þ adopt either a rhenium(III) dihydrido structure

or a rhenium(I) dihydrogen structure dependent on the ligands L. More basic ligands such as
PMe3 favor the dihydride tautomer, while �-acid ligands such as CO or CNBut favor the
dihydrogen structure. In mixed-ligand phosphine/isocyanide complexes, at least three CNR
ligands must be present for the formation of the dihydrogen structure.909 The Lewis-acidic
fragment {Re(CNBut)3{P(cyclohexyl)3}2}

þ fragment strongly binds dihydrogen in preference to
Cl�, which has been attributed to the weak Re—Cl bond in the neutral rhenium(I) complex.909

In analogy to the synthesis of [ReH7(PPh3)2] from [ReOCl3(PPh3)2] and LiAlH4,
1093 the

corresponding triphenylarsine complex can be prepared from [ReOCl3(AsPh3)2].
1094

[ReH7(AsPh3)2] is a ‘‘classical’’ hydride and possesses remarkable stability. It does not undergo
substitution with phosphines or nitrogen donor ligands, nor does it react with chelating disilyl
ligands. With triphenylsilane and triphenylstannane, however, hexahydrido complexes of the
composition [ReH6(EPh3)(AsPh3)2] (E= Si, Sn) are formed. The arsine complex [ReH2Cl-
(AsMePh2)4] was prepared analogous to the phosphine analogue from ReCl5, AsMePh2, and
sodium amalgam in THF. The arsine derivative, however, is unstable and decomposes in solution.
From NMR data a ‘‘classical’’ hydrido structure was suggested with a H�H distance of 1.6 Å
which is longer than that derived for the analogous phosphine complex (1.39 Å).1095

Reactions of [ReH7(PPh3)2] with potentially bidentate phosphines such as dppe and dppm,1096

or their mixed phosphine/arsine or arsine analogues 1-(diphenylphosphino)-2-(diphenylarsino)
ethane (arphos) or bis(diphenylarsino)ethane (DPAE) give the products [ReH5(PPh3)2(X

\Y)]
(X\Y=monodentately bonded bis(phosphine/arsine)). The reaction with arphos gives an approxi-
mate 50:50 mixture of the P- and As-bound isomers. The As-coordinated compound (327)
crystallizes as large blocks and can be mechanically separated from its P-bonded isomer.1097
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[ReH7(P
\P)] complexes (P\P= chelating bis(phosphines)) cannot adopt the structure (325). A

neutron diffraction study on [ReH7(dppe)] shows that the phosphorus atoms occupy two eclipsed
prism positions in a tricapped trigonal prism (328). No intramolecular H���H separations less than
1.77 Å are observed confirming the ‘‘hydrido character’’ of the hydrogen atoms in this com-
pound.1098 Similar bonding situations have also been reported for other representatives including
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1,10-bis(diphenylphosphino)ferrocene, 1,4-bis(diphenylphosphino)butane, (4S,5S)-4,5-bis{(di-
phenylphosphino)methyl}2,2-dimethyl-1,3-dioxolane or the mixed phosphine/arsine
Ph2AsCH2CH2PPh2.

1099,1100 Treatment of oxorhenium(V) complexes of the composition
[ReOCl3(P

\P)] (P\P= bis(phosphine)) with Na[BH4] give complexes of the composition
[ReH7(P

\P)], which has also been observed when a P\P possesses an inflexible skeleton such as
cis-1,2-bis(diphenylphosphino)ethene (dppeN).1101 The reaction of [ReH7(dppeN-P1,P2)] with
triphenylphosphine gives a mixture of the pentahydride [ReH5(dppeN-P1,P2)(PPh3)] and the
trihydride [ReH3(dppeN-P1,P2)(PPh3)2]. A similar reaction of [ReH7(dppeN-P1,P2)] with the
potentially chelating phosphine dppm in refluxing toluene leads to the formation of
[ReH5(dppeN-P1,P2)(dppm-P1)], whereas the trihydrido compound [ReH3(dppeN-P1,P2)(dppm-
P1,P2)] can be isolated from the same reaction mixtures after prolonged heating. The complex has
a fluxional structure as has been shown by NMR spectroscopy. Protonation of [ReH7(dppeN-
P1,P2)] yields [ReH6(�

2-H2)(dppeN-P1,P2)] which, on warming to ambient temperatures, is cleanly
converted to a dirhenium multihydride species.1101 The NMR behavior of the asymmetric
[ReH3(dppeN-P1,P2)(dppm-P1,P2)] is similar to that of the bis-dppe compound [ReH3(dppe-
P1,P2)2].

1102 The latter complex reacts with the hydride abstracting agent [C7H7][PF6] in presence
of acetonitrile, CNBut or CNC6H3-Me2-2,6 to produce cationic complexes of the type
[ReH2(dppe)2(L)][PF6].

287

Reduction of ReCl5 by sodium in the presence of bis(phosphines) such as dppe or dppeN gives
products of the composition [ReCl(�2-H2)(P

\P)2], whereas a mixture of [ReH3(PMe2Ph)4] and
[ReH4(PMe2Ph)4]

þ is formed in the presence of dimethylphenylphosphine. The bonding modes of
the hydrogen atoms are derived from the NMR spectra of the compounds.1103,1104

Tridentate phosphine derivatives such as PhP(CH2CH2PPh2)2 or MeC(CH2PPh2)3 react with
[ReCl3(PMe2Ph)3] or [ReCl3(NCCH3)(PPh3)2] to give [ReCl3(triphos-P

1,P2,P3)] complexes which
than react with Na[BH4] to give [ReH5(triphos-P

1,P2,P3)]. The products undergo the usual
reactions of [ReH5(PR3)3] derivatives, i.e., protonation by HBF4 to give [ReH6(triphos)]

þ cations
or reductive H2 elimination with monodentate ligands such as PPh3 or CO to afford products of
the formula [ReH3(triphos)(L)].

1105–1108 Treatment of [ReH5(triphos)] with HBF4 in NCR
(R=Me, Et) gives [ReH(NCR)3(triphos)]

2þ. The trihydrido complexes [ReH3(triphos)(L)]
(L=PPh3, AsPh3, dppe-P, �1-arphos) can be protonated by HBF4 �Et2O to produce
[ReH4(triphos)(L)]

þ which are in turn are readily deprotonated by NEt3. In absence of the ligand
L, solutions of [ReH5(triphos)] evolve H2 and the dinuclear dark-red complex [Re2H4(triphos)2]
which can readily be oxidized to give [Re2H4(triphos)2]

þ (329).1107 Similar results have been
obtained with the tridentate phosphine PhP{CH2CH2CH2P(cyclohexyl)2}2 (Cyttp). The complex
[ReH5(Cyttp)], which has the usual triangulated dodecahedral structure with ‘‘classical’’ hydrido
ligands, is protonated to give [ReH4(�

2-H2)(Cyttp)]
þ containing one ‘‘nonclassical’’ dihydrogen

ligand with a short H�H distance of 1.08 Å.1109,1110 The cationic compound is resistant to H2 loss
and unaffected by CO or CNBut at room temperature. In contrast, [ReH5(Cyttp)] reacts with a
number of reagents as is expected for a ‘‘classical’’ hydride.1109 Hydrido complexes of the
composition [ReH3(tetraphos-P4)] are produced with various tetradentate phosphine ligands
and the structure of the unusual compound [Re(tetraphos)(H2BEt2)] has been solved. The
{H2BEt2}

� unit is bound to rhenium via two bridging hydrides (330).1111 Similar coordination
has been established for [ReH4(PMePh2)2(H2AlMe2)].

1112 Rhenium(III) complexes with the tetra-
dentate ligand HN(CH2CH2PPh2)3 react with LiAlH4 to give [ReH3(L)] which can be protonated
to the tetrahydrido species [ReH4(L)]

þ. The BPh4
� salt of the latter complex has been studied by

X-ray crystallography confirming the coordination number eight and a distorted dodecahedral
geometry for the complex cation.1113
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A number of mixed hydrido/nitrosyl complexes and their reactions have been studied. Typical
compounds are [ReH2(NO)(PPh3)3] which reacts with perchloric acid in the presence of CO with
the loss of only one hydride ligand and carbonyl and alkoxy products have been isolated.1114–1117

Complexes containing ‘‘classical’’ and ‘‘nonclassical’’ hydrido ligands have been prepared from
[NEt4][Re(NO)Br5]: [Re(NO)Br2(�

2-H2)(PR3)2] and [Re(NO)H(BH4)(PR3)2] (R=Pri, cyclohexyl).
The compounds show an interesting coordination chemistry which includes ligand exchange
reactions and the formation of dinitrosyl species.994,1014

The coordination chemistry of the hydrido/phosphine rhenium complexes can be extended to
phosphonite and phosphite complexes. This has been demonstrated for monodentate ligands such
as P(OEt)3, P(OCH2)3CEt and PPh(OR)2 (R=Me, Et, Pri),288,779,809,1118 or the chelating phos-
phinite ligand Ph2OCH2CH2OPPh2.

1119,1120

5.3.2.11.2 Nitrogen donor ligands

Mixed-ligand hydrido complexes of the composition [ReH5(PPh3)2(L)] (L= pyridine and related
donor ligands) have been known for a long time and can be synthesized from [ReH7(PPh3)2] with
the appropriate ligand.1121 The colors of the crystalline solids are strongly dependent on the
electronic properties of the ligand L and these vary from bright yellow (4-methylpyridine) to deep-
purple (4-carbomethoxypyridine). The structures of the eight-coordinate complexes are fluxional.
Two coalescence events have been observed during NMR studies and pseudorotation and turn-
stile mechanisms have been proposed for the two processes.1122 The hydride fluxionality can be
controlled by interactions in the second coordination sphere of the complexes such as hydrogen
bonding. This has been demonstrated in extensive NMR studies on [ReH5(PPh3)2(L)] complexes
where L is imidazole or substituted pyridines,1123–1125 and results in a remarkable solvatochro-
mism.1076,1126–1128 Reactions of [ReH5(PPh3)3] with typical charge-transfer acceptors such as
4-chloroanil or tetrachloro-4-hydroquinone gave charge-transfer complexes which allowed the
characterization of outer-sphere interactions and indicate strong complexation with tetrachloro-
4-hydroquinone.1129

Reactions between [ReH7(PPh3)2] and a series of benzylic imines, PhCHNR (R=Me, Ph,
CH2Ph), afford a new type of rhenium hydrido complex with orthometallated ligands,
[ReH4{�

2-(1,2-C6H4)CHNR}(PPh3)2].
1130 The crystal structure of one representative, [ReH4{�

2-
(1,2-C6H4)CHNPh}(PPh3)2] (331) indicates that the imine ligand binds to rhenium through the
nitrogen and an ortho-carbon atom of the phenyl ring establishing a five-membered chelate ring.
The overall structure of the eight-coordinate complex can be described as a distorted dodecahe-
dron about the central rhenium atom. The hydrogen binding in the molecule can be regarded as
‘‘classical’’ hydrido ligands as has been derived from NMR studies. Acidolysis of [ReH4{�

2-(1,2-
C6H4)CHNR}(PPh3)2] in acetonitrile results in loss of the orthometallated imine ligand and the
reduction of the imine functional group to a secondary ammonium cation. One hydride ligand is
transferred to the imine carbon atom and H2 evolution occurs. The rhenium containing product is
[ReH(NCCH3)4(PPh3)2]

2þ.1130 Similar products of the composition [ReH(NCR)3(PPh3)2(L)]
2þ

(R=Me, Et; L=NCR, py, NH2C6H11, NH2Bu
t, PPh3) have been isolated as products of reac-

tions of [ReH5(PPh3)2(L)] with HBF4.
1131

Mixed-ligand species containing phosphine and heterocyclic bidentate amines such as bipy or
phen of remarkable stability are formed from reactions of [ReH7(PPh3)2] and an excess of the
ligands. The initially formed seven-coordinate trihydrido complexes [ReH3(PPh3)2(N

\N)] can be
protonated by HBF4 to give [ReH4(PPh3)2(N

\N)][BF4], while reactions with [C7H7][PF6] in
acetonitrile afford the dihydrides [ReH2(PPh3)2(N

\N)(NCCH3)][PF6].
1132 Unusual nine-coordin-

ate rhenium hydrides result from reactions of [ReOCl2{HB(pz)3}] or [ReOCl3{H2C(pz)2}] with
LiAlH4 in THF ({HB(pz)3}

�= hydrotris(pyrazolyl)borate; {H2C(pz)2} bis(pyrazolyl)methane).
‘‘Classical’’ hydride coordination is suggested for [ReH6{HB(pz)3}] and [ReH7{H2C(pz)2}] despite
the fact that the high coordination number requires relatively short H�H contacts. The yellow
mixed-ligand tetrahydride [ReH4(PPh3){HB(pz)3}] is derived from reaction of
[ReCl2(PPh3){HB(pz)2}] with LiAlH4 in THF.1133 Rare examples of oxo/hydrido complexes
have been isolated by treatment of rhenium(V) oxo-alkoxide complexes containing {HB(pz)3}

�

or the more bulky {HB(pz-Me2-3,5)3}
� with BH3�THF. Thus, the complexes [ReO(H){HB(pz-

Me2-3,5)3}Cl] and [ReO(H)2{HB(pz-Me2-3,5)3}] are formed from [ReO(OMe)2{HB(pz-Me2-
3,5)3}] as blue solids in excellent yields.1134 The analogous compound [ReO(H){HB(pz)3}Cl] can
be prepared in a similar way. The chloro ligands are readily exchanged by triflate using a
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metathesis reaction with Ag(F3CSO3) giving complexes of the composition
[ReO(H)(N\N\N)(F3CSO3)] (332). The use of modified poly(pyrazolyl)borates gives access to a
whole family of rhenium hydrido complexes with mixed phosphorus/nitrogen coordination.
Treatment of [ReOCl3(PPh3)2] with Na[H2B(pz)2] or Na[H2B(pz-Me2-3,5)2] in alcohols ROH
(R=Me, Et) at room temperature gives yellow products of the compositions [ReH2{�

3-(OR)-
(�-OR)B(pz)2}(PPh3)2] and [ReH4{�

3-(H)(�-OR)B(pz-Me2-3,5)2}(PPh3)] (R=Me, Et). The same
type of reaction with Na[Ph2B(pz)2] in MeOH gives [ReO(OMe){�2-Ph2B(OMe)(pz)}]. The pre-
sence of B—H bonds is essential for the formation of hydrido complexes, whose oxidation states
depend on the number of B—H bonds which are activated.1135

Protonation of the red rhenium(III) complex [Re{(C6F5NCH2CH2)3N}(PMe3)] containing the
trianionic ligand {(C6F5NCH2CH2)3N}3� (115) leads to a green solid which has been character-
ized as [Re{(C6F5NCH2CH2)3N}(H)(PMe3)]

þ. The structural assignment as an authentic hydrido
phosphine complex was based on NMR data. Protonation of other phosphine complexes, how-
ever, results in compounds of the composition [Re{(C6F5NCH2CH2)3N}(�2-HPRnH3�n)]

þ show-
ing NMR spectra with relatively large P�H couplings of about 60Hz.432

The cationic organoimido/hydrido complexes [ReH2(NR)(Cyttp)]þ (333) (R=Ph, C6H4-Me-4,
cyclohexyl); Cyttp=PhP{CH2CH2CH2P(cyclohexyl)2}2) can be prepared from the oxo/hydrido
complex [ReH2(O)(Cyttp)][F3CSO3]

1136 and a primary amine. Unlike their oxo/hydrido analo-
gues, the imido complexes do not react with CO under mild conditions. Hydrogen cleavage and
the formation of [ReCl3(Cyttp)], however, was observed during the reaction with anhydrous HCl,
whereas reactions with Na[BH4] afford the pentahydrido complex [ReH5(Cyttp)].
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cyc = cyclohexyl

5.3.2.11.3 Sulfur donor ligands and miscellaneous

The hydrido complexes [ReH7(PPh3)2] and [ReH5(PPh3)3] have been used as precursors for
reactions with sterically hindered monodentate thiols, but no mixed hydrido/thiolato products
have been formed,294,829 despite the isolation of the cation [ReH4(PPh3)4]

þ as counterion in the
synthesis of [ReO(SC6H2Pr

i-2,4,6)4] in such reactions. The cationic complex [ReH4(PPh3)4]
þ is

conveniently obtained as [BF4]
� salt from the reaction of [ReH7(PPh3)2] with PPh3 and

[PPh3H][BF4].
830 A tetrahydrido/thiolato complex is formed when [ReOCl3(PPh3)3] is treated

with 2-triphenylsilylbenzenethiol in MeOH in the presence of Na[BH4]. The blue product has
been characterized as [ReH4(PPh3)3{SC6H4(SiPh2)-2}] with the phosphorus and sulfur atoms in a
tetrahedral array and the hydrido ligand in capping sites on the tetrahedral faces.295

When acetonitrile solutions of [NEt4][ReS4] react with excess of PMe3 under an atmosphere of
H2S, beige crystals of [ReH(SH)2(PMe3)4] are obtained in good yields. The compound has a
pentagonal bipyramidal structure with two PMe3 ligands in axial positions (334). The compound
reacts with dmpe with exchange of two phosphine ligands and the formation a tan complex
[ReH(SH)2(dmpe)(PMe3)2].

1138

Reactions of [ReH7(PPh3)2] with 2-hydroxypyridine (HOpy), 2-mercaptopyridine (HSpy), or
2-hydroxy-6-methylpyridine (HOpyMe) in acetone afford the diamagnetic seven-coordinate com-
plexes [ReH(L)2(PPh3)2] (L= Spy-, Opy-, OpyMe-) which can be oxidized by [(�5-C5H5)2Fe][PF6]
to give paramagnetic products of the composition [ReH(L)2(PPh3)3][PF6]. Protonation of
[ReH(L)2(PPh3)2] complexes by treatment with HPF6 gives the dihydrido species
[ReH2(L)2(PPh3)2][PF6], which are stable for the hydroxypyridine species whereas
[ReH2(Spy)2(PPh3)2]

þ readily converts to [ReH(Spy)2(PPh3)2]
þ with loss of H2. Two similar

geometric isomers have been isolated and structurally characterized for [ReH2(Opy-
Me)2(PPh3)2][PF6].

1139,1140 This isomerism has been found in the solid state and in solution,
where the trans isomer converts slowly to cis. In contrast to the situation with hydroxy- and
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mercaptopyridines, thermal reactions of [ReH7(PPh3)2] with hydroxyquinoline (Hoxine) or
mercaptoquinoline (HSqu) only introduce one chelating ligand and the products [ReH4(oxine)-
(PPh3)2] and [ReH4(Squ)(PPh3)2] are formed in good yields. They possess fluxional structures in
solution at room temperature. The crystal structure of [ReH4(oxine)(PPh3)2] confirms a dodeca-
hedral geometry in the solid state (335).863 The mercaptoquinoline derivative exhibits remarkable
reactivity. Reactions with terminal alkynes in the presence of electrophiles provide a facile
approach to alkylidene complexes and a series of subsequent organometallic reactions.1141

When [ReH4(Squ)(PPh3)2] is treated with an electrophile such as Hþ or Ph3C
þ in the absence

of alkyne, the dirhenium(V) complex [Re2H6(�-S-Squ)2(PPh3)4][PF6]2 is formed. The dirhenium
cation contains two eight coordinate metal centers linked through a almost symmetrical
{Re2(�-S)2} unit.1141 Deprotonation of the compound can be carried out in two steps to give
the diamagnetic compounds [Re2H5(�S-Spy)2(PPh3)4]

þ and [Re2H4(�S-Spy)2(PPh3)4].
1142

The hydride complex [ReH5(PMe2Ph)3] reacts with HSpy in the presence of HBF4 to give the
cationic complexes [ReH(Spy)(PMe2Ph)4][BF4] and [ReHF(Spy)2(PMe2Ph)2][BF4].

1143 Treatment
of [ReOCl3(dppe)] with NaBH4 in the presence of HSpy results in the formation of the tetra-
hydrido mixed-ligand complex [ReH4(Spy)(dppe)],

1143 whereas reactions of [ReH7(dppe)] with
HSqu and related ligands afford monohydrido species of the composition [ReH(Squ)2(dppe)].

1144

Rhenium hydrido complexes with silyl ligands have been isolated from reactions of various
hydrido starting materials with silanes as has been demonstrated for reactions of [ReH3(CO)-
(PMe2Ph)3] with HSiPh3. The resulting seven-coordinate complex [ReH2(CO)(SiPh3)(PMe2Ph)3]
contain only one triphenylsilyl ligand.1145 The product has been the subject of ab initio MO
calculations to understand the bonding mode of the hydride and these suggest weak Si���H
interactions.1146 An isostructural complex has also been reported containing {Ph3Sn} instead of
{Ph3Si}.

1145 More examples of rhenium hydrides with silyl ligands have been reported: these
include [ReH6(SiPh3)(P

\P)],1099 and penta- and hexahydrides of the compositions
[ReH5(PR3)(SiR3)2] or [ReH6(PR3)2(SiPh3)].

1147–1149 The chelating disilyl ligands 1,2-bis(dimethyl-
silyl)benzene (H2dmsb) and 1,2-bis(dimethylsilyl)ethane (H2dmse) react with [ReH7(PPh3)2] to
give the chelating bis(silyl) polyhydride complexes [ReH5(dmsb)(PPh3)2] and
[ReH5(dmse)(PPh3)2].

1150 The X-ray structure of [ReH5(dmsb)(PPh3)2] (336) suggests a dodecahe-
dral ligand arrangement typical for eight-coordinate compounds and the presence of a ‘‘stretched’’
�2-H2 ligand has been proposed.
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The reaction of [ReH5(PMe2Ph)3] with B20H16 yields a 21-vertex metallaborane of the compo-
sition [H(PMe2Ph)3ReB20H15Ph(PMe2Ph)] which consists of a closo 12-vertex unit and a nido
11-vertex unit fused with a common triangular face, with the {(PMe2Ph)3HRe} unit capping exo
to the nido unit with three Re—H—B bonds.1151

5.3.2.11.4 Bi- and multinuclear hydrides

The dimeric octahydrido complexes [Re2(�-H)4H4(PR3)4] (PR3=PPh3, PEtPh2, PEt2Ph, and
others) (337) are key compounds in the chemistry of hydrido bridged complexes.1152,1153 The
triphenylphosphine complex is readily prepared by the reaction of [Re2Cl6(PPh3)2] with Na[BPh4]
in the presence of PPh3 or alternatively by the heating of [ReH7(PPh3)2].

1093 Treatment of
[Re2Cl4(PEt3)4] with H2 under a pressure of 120 atm and at a temperature of 60 �C gives a mixture
of dimeric compounds which contains the monohydrido bridged complex [Re2HCl6(PEt3)2] as the
main product.1154 [Re2(�-H)4H4(PR3)4] complexes are electrochemically oxidized at potentials
between �0.15V and �0.40V to produce the corresponding paramagnetic ESR-active monocations.
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The oxidation has been accomplished chemically in the case of the PPh3 complex using
[Ph3C][PF6] or [C7H7][PF6] as oxidants. When the reaction is performed in nitriles, hydride
abstraction occurs in preference to oxidation and diamagnetic compounds of the composition
[Re2(�-H)4H3(PPh3)4(NCR)]þ are formed. Both products are useful precursors for the synthesis
of other polyhydride complexes of rhenium.1155 [Re2(�-H)4H4(PPh3)4][PF6] reacts rapidly
with t-butylisocyanide with formation of the dirhenium pentahydride [Re2(�-H)3-
H2(PPh3)4(CNBut)2][PF6] having a {�-uH}3 bridge.

1156 Another route to triply hydrogen-bridged
compounds starts from the [ReH9]

2� anion. [NEt4]2[ReH9] reacts with CH3C(CH2PPh2)3 to
produce [NEt4][Re2(�-uH)3H6{CH3C(CH2PPh2)3}] (338) containing 10-coordinate rhenium
including an Re—Re bond.1157 A previous report, which assigned the product to have the
structure of [Re2(�-H)3H4{CH3C(CH2PPh2)3}],

1158 has been corrected by the authors.
For the synthesis of mixed phosphine/phosphine or phosphine/arsine complexes of the types

[Re2H8(PR2Ph)2(EPh3)2] and [Re2H8(PRPh2)(EPh3)] (R=Me, Et; E=P, As, Sb), a number of
routes have been established which all involve the treatment of dimeric rhenium precursors such
as [Re2Cl8]

2�, [Re2Cl6(PR2Ph)2] or [Re2Cl5(PRPh2)3] with Na[BH4] in the presence of EPh3 in
ethanol.1159 Most of the procedures give mixtures and the reaction conditions and the basicity of
the ligands must be controlled carefully to get pure products.

Unsymmetrical polyhydrides of the composition [(L)3HRe(�-H)3ReH2(L)2] (L=PMe3) have been
isolated from reaction mixtures of [Re2H8(PMe3)4] and PMe3 in methanol, but the final product is
[Re2H5(PMe3)6]

þ.1160 A similar type of structure has been found in the solid state for [Re2H6(SbPh3)5]
which is formed from [NBu4][Re2Cl8], excess of SbPh3 and Na[BH4] in ethanol,1160 or the PMe2Ph
derivative [Re2H6(PMe2Ph)5].

1161 Anionic polyhydride dimers of the composition [(PMe2Ph)2H2Re(�-
H)3ReH2(PMe2Ph)2]

� have been isolated from the reaction of [(PMe2Ph)2H2Re(�-H)4-
ReH2(PMe2Ph)2] with KH in the presence of a crown ether which coordinates the potassium ion to
form the counterion for the hydrido anion. The reaction proceeds with release of H2.

1162

Dimeric rhenium hydrides which contain additional chelating phosphines such as bis(dimethyl-
phosphino)methane (DMPM), dppm, or dppe in their bridging units have been prepared from
reactions of multiply bonded starting materials such as [Re2Cl4(�-dppm)2], [Re2Cl4(�-DMPM)3]
or related complexes under various conditions and products of the compositions [Re2H6(�-H)2(�-
dppm)2],

1163 [Re2H4(�-H)(�-DMPM)3] (339),1164 or [Re2H2(�-H)3(�-dppe)(dppe)2]
þ have been

isolated and structurally characterized.1165 The degree of rhenium–rhenium bonding is dependent
on the number of the bridging hydrogen atoms and short Re�Re contacts in the range of
2.5–2.6 Å have been observed for compounds with three or four bridging hydrogen atoms, whereas
a long bond of about 2.93 Å has been observed for the {(�-H)2} bridge and no direct Re�Re
bonding has been derived for [Re2H4(�-H)(�-DMPM)3] (Re�Re distance of 3.5 Å) containing
only one bridging hydride. [Re2H4(�-H)(�-DMPM)3] reacts with CO or isocyanides to give
[Re2H3(L)3(�-dppm)3]

þ and [Re2H(L)4(�-DMPM)3]
þ cations in which the electronic unsaturation

of the central unit is eliminated in two two-electron reduction steps.1166
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Many compounds with related structures have been reported containing additional carbonyl
ligands. Here a few examples with low (less than three CO ligands per rhenium atom) numbers of
CO ligands are listed: [Re3(CO)6(�2-PPh2)3(�3-H)2],

1167 [Re4(CO)8(�2-PPh2)4(�4-PPh)(�2-H)2],
1168

[Re3(CO)6(�3-I)(�2-I)2(�3-H)(�2-PPh2)2],
1169 [Re2(CO)2(�2-H)(�2-Cl)Cl2(�2-dppm)2],

1170 [Re3(CO)6
(�3-Cl)(�3-H)(�2-PPh2)3],

1171 [Re3(CO)6(�2-PPh2)4(�4-PPh)(�2-H)(�2-Br)],
1171 [Re3(CO)6(�3-H)2{�2-

P(C6H4-F-4)2}3],
1172 [Re3(CO)5(PPh3)(�2-PPh2)3(�3-H)(�3-I)],

1173 [Re4(CO)8(�2-H)(�2-PPh2)3(�4-
PPh)2],

117 [Re4(CO)8(�2-H)(�2-I)(�2-O)(�2-PPh2)3(�4-PPh)],
1175 [Re3(CO)6(�3-H)(�3-I)(�2-PPh2)3]

(X= I, Br),1176,1177 [Re4(CO)8(�2-H)(�2-I)(�2-PPh2)(�4-PPh)],1178 [Re2(CO)6(�3-H)2{�2-P(cyclo-
hexyl)2}3],

1179 [Re2(CO)6(�3-H){�2-P(cyclohexyl)2}3],
1179 and [Re3(CO)6(�3-H)(�3-P)(�2-

PMePh)3].
1179 A mixed hydrido/hydrogensulfido bridge between two rheniums is known

[Re2Br4(�-H) (�-SH)(�-dppm)2],
1180 and a rare �4-coordination of a fullerene has been found in the

hydrido-bridged dirhenium complex [Re2H8(PMe3)4(�
2,�2

0
-C60)].

1181
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There are also numerous examples of hydrogens bridging between rhenium and other metals
such as aluminum,1182 tin,1183 gold,1184–1186 silver,1187 zirconium,1188 rhodium,1189–1191 ruthe-
nium,1192–1196 iridium,1197–1199 osmium,1199 platinum,1200 chromium,1201 molybdenum,1201 tung-
sten,1201 lanthanides,1202,1203 and actinides.1204

5.3.3 RHENIUM COMPOUNDS AND NUCLEAR MEDICINE

The ‘‘nuclear medicinal chemistry’’ of technetium, the lighter homologue of rhenium, has been
studied for some decades, and the metastable nuclear isomer, 
-emitting 99mTc, has been estab-
lished as the ‘‘work horse’’ of diagnostic nuclear medicine. Thus, a considerable knowledge about
the formation of technetium complexes in aqueous solutions has been accumulated. A compre-
hensive summary of the present status and perspectives of technetium radiopharmaceuticals is
given in the preceding Chapter of this Volume. Most of the Tc complexes described there are also
available with rhenium and, therefore, will not be treated separately here. The successful and
widespread application of 99mTc (more than 80% of the diagnostic studies in routine nuclear
medicine are done with this nuclide) and the chemical similarities between the two elements
focused attention to the radioactive rhenium isotopes, 186Re and 188Re, which possess physical
properties that make them attractive candidates for therapeutic applications. Both isotopes are
��-emitters (186Re: ��max= 2.1MeV, t1/2= 17h, E
= 155 keV; 188Re: ��max= 1.07MeV, t1/2= 3.8 d,
E
= 137keV). The accompanying emission of 
-radiation can be used for scintigraphic imaging but
also makes patient isolation necessary. The different half-lifes and ��-energies allow individual
therapeutic demands such as the pharmacokinetics of the tracer molecule, the linear energy
transfer of the nuclides or the biodistribution and clearance of the radiolabeled drug to be met. The
principles of the application of radioactive materials for therapy are summarized in an excellent
review.19

Special attention has been paid to 188Re, since this isotope can readily be obtained from isotope
generators which are based on the decay of 188W (physical t1/2= 69.4 d) in a matrix from which
the daughter nuclide 188Re can readily be separated. This permits continuous availability of the
radioisotope at the clinic and allows the preparation of Re-radiopharmaceuticals in a ‘‘kit
procedure’’ as has been established for technetium radiopharmaceuticals. 188W/188Re generators
commonly contain 188WO4

2� on a stationary phase such as alumina, zirconium oxide, gels, or ion
exchange resins, where it disintegrates and forms perrhenate or perrhenic acid which can be eluted
with saline. This requires, that all radiopharmaceutical preparations start from perrhenate and
reduction/complexation procedures should proceed in one-pot reactions giving the complex of the
radioisotope in almost quantitative yields.

The general pathways for the preparation of rhenium radiopharmaceuticals follow those of the
preparations of 99mTc diagnostic radiopharmaceuticals and can broadly be classified as follows:
(i) The synthesis of complexes with the desired biological properties which are mainly controlled
by charge, size and lipophilicity of the molecule, (ii) The development of rhenium complexes
which resemble the shape and polarity of receptor-binding organic molecules, (iii) the direct
labeling of peptides or proteins using their intrinsic donor functions, or (iv) the labeling of
bioactive molecules by conjugation with an appropriate highly stable rhenium complex. All
these routes require detailed knowledge about the coordination chemistry of rhenium and many
of the chemical studies described in the previous Sections have been done primarily to obtain
rhenium complexes with optimal molecular properties for medical applications.

A different route of radiolabeling with rhenium compounds has been suggested by the use of
liposomes which contain radioactive rhenium compounds in the bilayer.20

5.3.3.1 Small Molecules

A huge number of rhenium complexes, mainly structural analogues of 99mTc radiopharmaceu-
ticals have been studied for their potential as therapeutic agents. These include inter alia com-
plexes with phosphines,1206 DMSA,1207,1208 dithiocarbamates,662 aminothiolates, and
amidothiolates.1209 But most of these complexes did not satisfy the stronger requirements for a
therapeutic radiopharmaceutical to discriminate strongly between target and nontarget tissues. A
successful example is 186Re-HEDP (HEDP= hydroxyethylidenediphosphonate) which has been
developed in parallel to the 99mTc-HEDP diagnostic agent and can be used to palliate pain due to
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bone metastases.1210,1211 It is prepared by reduction of perrhenate with SnCl2 in the presence of
excess of the ligand. The oxidation state of the metal is assumed to be ‘‘þ4’’, although HPLC
studies show the presence of an equilibrium between several rhenium-containing species.1212,1213

This mixture is believed on the basis of EXAFS studies to contain oligomeric and polymeric
species in which phosphonato oxygens are coordinated to rhenium.746 The high affinity of the
uncomplexed oxygens of diphosphonate for Ca2þ binds the radioactive metal complex to exposed
Ca2þ ions in hydroxyapatite on bone surfaces. The use of tin compounds as reducing agent is
essential since SnIV is believed to be involved in the coordination of the complexes. Similar results
have been obtained for analogous species with methylendiphosphonates.1214

A challenging approach to new radiopharmaceuticals is to mimic receptor binding organic
molecules with rhenium complexes. To achieve this, the coordination sphere of the metal must
match not only the general shape of the receptor ligands but also their size, polarity and
lipophilicity. Finally the resulting complexes must also possess a reasonable stability in vivo
which has been achieved by the use of tetradentate chelating ligands with sulfur and nitrogen
donor atoms.588,1215 Thus, the rhenium(V) oxo complex (340) mimics a large number of the
molecular parameters of estradiol (341) and is more stable than similar complexes using a
bis(bidentate) ligand approach exemplified by the progesterone-mimicking complex
(159a).563,564,1216,1217
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5.3.3.2 Direct Peptide and Protein Labeling and Bioconjugates

There are only a few reports of well-characterized rhenium complexes of amino acids. Oxo
complexes with histidine and methionine have been prepared by ligand exchange reactions
starting from [ReOCl3(PPh3)2] and the X-ray crystal structures of [ReO(His-N,N,O)(His-N,N)]þ

and other derivatives have been determined.1218 The formation of stable complexes of rhenium
and technetium with a peptide has been demonstrated by the synthesis and application of the
technetium(V) oxo complex [TcO(MAG3)]

2� containing the anion of mercaptoacetyltriglycine
(H5MAG3) (165) as renal imaging agent. The related rhenium complex as well as sulfonate and
phosphonate derivatives have been prepared and their biological behavior has been studied.590,591

Rhenium complexes with peptides which possess a high affinity for the somatostatin receptor
have been prepared showing binding affinities which are in some cases higher than those of the
free peptides.1219,1220 Similar results have been obtained for �-melanotropin analogs.1221

To obtain the high target/nontarget ratio for the biodistribution of a potential radiotherapeutic
agent which is required for clinical applications, coupling of the metal to a targeting biomolecule
such as a monoclonal antibody, a peptide, or another biologically active molecule is an appro-
priate strategy. The chelating site of the molecule must not influence the receptor binding site of
the molecule and an exactly balanced lipophilicity and polarity is required. A huge number of
chelators has been discussed in this context and attention has focused on the relatively inert
rhenium(V) oxo and imido cores and rhenium(I) tricarbonyl compounds.

Rhenium(V) oxo bioconjugates have been prepared with chelating N/S donor ligands such as
MAG3

5�,1222 amino/amido/thiolates,1223 mixed-ligand complexes of tridentate ligands with
monodentate thiolates,376,377,476,558,1224–1228 and dithiabis(phosphines).1229 Functionalized organo-
imides, which can be prepared by the reaction of oxorhenium complexes with amines or hydra-
zines, represent another approach to bioconjugated rhenium compounds.709–711 Typical examples
of rhenium conjugated steroids comprising different coupling modes are shown in structures
(342)–(344).

A particularly promising approach is provided by rhenium(I) tricarbonyl compounds, which
can readily be prepared from perrhenate and potassium boranocarbonate, K2[H3BCO2] in
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aqueous solutions. In situ ligand exchange reactions give access to a wide range of coordination
environments including bioconjugating ligands of various donor atom combinations,1230–1232 or
direct binding to peptides.965 More examples of this chemistry can be found in the previous
sections which describe the systematic chemistry of rhenium.

Compared to technetium radiopharmaceuticals the development on therapeutic agents based
on rhenium is at an early stage. Simple extrapolation of the chemistry of Tc to Re is not always
possible due to the differences in redox chemistry and new synthetic approaches are required.
Also the high potential radiotoxicity of ��-emitting nuclides such as 188Re requires higher
complex stabilities and more specific targeting than is the case for imaging agents. However,
the rapid developments made in rhenium chemistry outlined in the above review suggest that
these problems will be successfully addressed in the near future.
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98. Kiprof, P.; Herrmann, W. A.; Kühn, F. E.; Scherer, W.; Kleine, M.; Elison, M.; Rypdal, K.; Volden, H. V.;

Gundersen, S.; Haaland, A. Bull. Soc. Chim. Fr. 1993, 129, 655–662.
99. Johnson, J. W.; Brody, J. F.; Ansell, G. B.; Zentz, S. Acta Crystallogr. 1984, 40C, 2024–2026.
100. Johnson, J. W.; Brody, J. F.; Ansell, G. B.; Zentz, S. Inorg. Chem. 1984, 23, 2415–2418.
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243. Möhlenkamp, A.; Mattes, R. Z. Naturforsch. 1990, 45B, 1167–1176.
244. Bukharizoda, R. A.; Temurova, M. T.; Larin, G. M. Koord. Khim. 1991, 17, 1372–1374.
245. Matsubayashi, G.; Maikawa, T.; Nakano, M. J. Chem. Soc., Dalton Trans. 1993, 2995–2999.
246. Seisenbaeva, G. A.; Shevelkov, A. V.; Tegenfeld, J.; Kloo, L.; Drobot, D. V.; Kessler, V. G. J. Chem. Soc., Dalton

Trans. 2001, 2762–2768.
247. Neuhaus, A.; Veldkamp, A.; Frenking, G. Inorg. Chem. 1994, 33, 5278–5286.
248. Demachy, I.; Jean, Y. New J. Chem. 1996, 20, 53–63.
249. Newsham, M. D.; Giannelis, E. P.; Pinnavaia, T. J.; Nocera, D. G. J. Am. Chem. Soc. 1988, 110, 3885–3891.
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968. Abram, U.; Hübener, R.; Alberto, R.; Schibli, R. Z. Anorg. Allg. Chem. 1996, 622, 813–818.
969. Kramer, D. J.; Davison, A.; Davis, W. M.; Jones, A. G. Inorg. Chem. 2002, 41, 6181–6183.
970. Kramer, D. J.; Davison, A.; Jones, A. G. Inorg. Chim Acta 2001, 312, 215–220.
971. Bakir, M.; McKenzie, J. A. M. J. Chem. Soc., Dalton Trans. 1997, 3571–3578.
972. Grewe, J.; Hagenbach, A.; Stromburg, B.; Alberto, R.; Vazquez-Lopez, E.; Abram, U. Z. Anorg. Allg. Chem. 2003,

629, 303–311.
973. Schibli, R.; Alberto, R.; Abram, U.; Abram, S.; Egli, A.; Schubiger, P. A.; Kaden, T. A. Inorg. Chem. 1998, 37,

3509–3516.
974. Abram, U.; Abram, S.; Alberto, R.; Schibli, R. Inorg. Chim. Acta 1996, 248, 193–202.
975. Chen, X. Y.; Femia, F. J.; Babich, J. W.; Zubieta, J. Inorg. Chim. Acta 2001, 315, 147–152.
976. Carballo, R.; Casas, J. S.; Garcia-Martinez, E.; Pereiras-Gabian, G.; Sanchez, A.; Sordo, J.; Vazquez-Lopez, E.;

Garcia-Monteagudo, J. C.; Abram, U. J. Organomet. Chem. 2002, 656, 1–10.
977. Fawcett, J. P.; Poe, A. J.; Twigg, M. V. J. Organomet. Chem. 1973, 61, 315–321.
978. Cowie, M.; Bennett, M. J. Inorg. Chem. 1972, 16, 1556–1661.
979. Adams, R. D.; Chodosh, D. F. J. Organomet. Chem. 1975, 87, C48–C51.
980. Albers, O.; Coville, N. J. S. Afr. J. Chem. 1982, 35, 139–143.
981. Robinson, D. J.; Harris, G. W.; Boeyens, J. C. A.; Coville, N. J. J. Chem. Soc., Chem. Commun. 1984, 1307–1308.
982. Albers, M. O.; Boeyens, J. C. A.; Coville, N. J.; Harris, G. W. J. Organomet. Chem. 1984, 260, 99–104.
983. Harris, G. W.; Boeyens, J. C. A.; Coville, N. J. Organometallics 1985, 4, 914–922.
984. Harris, G. W.; Coville, N. J. Organometallic 1985, 4, 908–914.
985. Harvey, P. D.; Butler, I. S.; Harris, G. W.; Coville, N. J. Inorg. Chem. 1986, 25, 3608–3613.
986. Kreiter, C. G.; Franzreb, K. H.; Michels, W.; Schubert, U.; Ackermann, K. Z. Naturforsch. 1985, 40B, 1188–1198.
987. Meckstroth, W. K.; Walters, R. T.; Waltz, W. I.; Wojcicki, A.; Dorfman, L. M. J. Am. Chem. Soc. 1982, 104,

1842–1846.
988. Ho, T.-I.; Chang, C.-M.; Wang, S. R.; Cheng, C. P. J. Chem. Soc., Dalton Trans. 1988, 123–127.
989. Crocker, L. S.; Mattson, B. M.; Heinekey, D. M. Organometallics 1990, 9, 1011–1016.
990. Crocker, L. S.; Mattson, B. M.; Schulte, G. K.; Heinekey, D. M. Inorg. Chem. 1988, 27, 3722–3725.
991. Crocker, L. S.; Heinekey, D. M.; Schulte, G. K. J. Am. Chem. Soc. 1989, 111, 405–406.
992. Giusto, D.; Cova, G. Gazz. Chim. Ital. 1972, 102, 265–272.
993. Casey, J. A.; Murmann, R. K. J. Am. Chem. Soc. 1970, 92, 78–84.
994. Gusev, D.; Llamazares, A.; Artus, G.; Jacobsen, H.; Berke, H. Organometallics 1999, 18, 75–89.
995. Bhattacharyya, R.; Roy, P. S.; Dasmahapatra, A. K. J. Chem. Soc., Dalton Trans. 1988, 793–802.
996. Smith, J.; Purcell, W.; Lamprecht, G. J.; Leipoldt, J. G. Polyhedron 1995, 14, 1795–1797.
997. Bhattacharyya, R.; Roy, P. S. Inorg. Chim. Acta 1984, 87, 99–104.
998. Kersting, M.; Hoffmann, R. Inorg. Chem. 1990, 29, 279–284.
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1151. Kaur, P.; Perera, S. D.; Jelínek, T.; Stíbr, B.; Kennedy, J. D.; Clegg, W.; Thornton-Pett, M. Chem. Commun. 1997,

217–218.
1152. Cotton, F. A.; Luck, R. L. Inorg. Chem. 1989, 28, 4522–4527.
1153. Fanwick, P. E.; Root, D. R.; Walton, R. A. Inorg. Chem. 1989, 28, 3203–3209.
1154. Bucknor, S.; Cotton, F. A.; Falvello, L. R.; Reid, A. H. Jr.; Schmulbach, C. D. Inorg. Chem. 1987, 26, 2954–2959.
1155. Allison, J. D.; Walton, R. A. J. Am. Chem. Soc. 1984, 106, 163–168.
1156. Allison, J. D.; Cotton, F. A.; Powell, G. L.; Walton, R. A. Inorg. Chem. 1984, 23, 159–164.
1157. Abrahams, S. C.; Ginsberg, A. P.; Koetzle, T. F.; Marsh, P.; Sprinkle, C. R. Inorg. Chem. 1986, 25, 2500–2510.
1158. Ginsberg, A. P.; Abrahams, S. C.; Marsh, P.; Ataka, K.; Sprinkle, C. R. J. Chem. Soc., Chem. Commun. 1984,

1321–1323.
1159. Costello, M. T.; Moehring, G. A.; Walton, R. A. Inorg. Chem. 1990, 29, 1578–1581.
1160. Costello, M. T.; Fanwick, P. E.; Meyer, K. E.; Walton, R. A. Inorg. Chem. 1990, 29, 4437–4441.
1161. Green, M. A.; Huffman, J. C.; Caulton, K. G. J. Am. Chem. Soc. 1981, 103, 695–696.
1162. Hinman, J. G.; Abdur-Rashid, K.; Lough, A. J.; Morris, R. H. Inorg. Chem. 2001, 40, 2480–2481.
1163. Fanwick, P. E.; Root, D. R.; Walton, R. A. Inorg. Chem. 1989, 28, 395–397.
1164. Meyer, K. E.; Fanwick, P. E.; Walton, R. A. J. Am. Chem. Soc. 1990, 112, 8586–8587.
1165. Meyer, K. E.; Root, D. R.; Fanwick, P. E.; Walton, R. A. Inorg. Chem. 1992, 31, 3067–3076.
1166. Meyer, K. E.; Fanwick, P. E.; Walton, R. A. Inorg. Chem. 1992, 31, 4486–4491.
1167. Haupt, H. J.; Flörke, U.; Balsaa, P. Acta Crystallogr. 1988, 44C, 61–63.
1168. Klouras, N.; Flörke, U.; Haupt, H. J.; Woyciechowski, M. Acta Crystallogr. 1990, 46C, 2096–2100.
1169. Flörke, U.; Haupt, H. J. Z. Kristallogr. 1990, 193, 309–312.
1170. Chen, S. J.; Dunbar, K. R. Inorg. Chem. 1990, 29, 529–534.
1171. Haupt, H. J.; Woyciechowski, M.; Flörke, U. Z. Anorg. Allg. Chem. 1991, 592, 153–170.
1172. Haupt, H. J.; Wittbecker, R.; Flörke, U. J. Organomet. Chem. 1996, 518, 213–219.
1173. Flörke, U.; Haupt, H. J. Z. Kristallogr. 1990, 191, 291–294.
1174. Flörke, U.; Haupt, H. J. Z. Kristallogr. 1990, 192, 278–281.
1175. Flörke, U.; Haupt, H. J. Z. Kristallogr. 1990, 191, 298–299.
1176. Flörke, U.; Haupt, H. J. Z. Kristallogr. 1990, 191, 296–297.
1177. Flörke, U.; Haupt, H. J. Z. Kristallogr. 1990, 191, 300–302.
1178. Flörke, U.; Haupt, H. J. Z. Kristallogr. 1990, 191, 303–305.
1179. Flörke, U.; Haupt, H. J.; Schnieder, H. Acta Crystallogr. 1991, 47C, 2531–2535.
1180. Shih, K. Y.; Fanwick, P. E.; Walton, R. A. Inorg. Chem. 1991, 39, 3971–3973.
1181. Chernega, A. N.; Green, M. L. H.; Haggitt, J.; Stephens, A. H. H. J. Chem. Soc., Dalton Trans. 1998, 755–767.
1182. Barron, A. R.; Lyons, D.; Wilkinson, G.; Motevalli, M.; Howes, A. J.; Hursthouse, M. B. J. Chem. Soc., Dalton

Trans. 1986, 279–285.
1183. Westerberg, D. E.; Sutherland, B. R.; Huffman, J. C.; Caulton, K. G. J. Am. Chem. Soc. 1988, 110, 1642–1643.
1184. Moehring, G. A.; Fanwick, P. E.; Walton, R. A. Inorg. Chem. 1987, 26, 1861–1866.
1185. Moehring, G. A.; Walton, R. A. J. Chem. Soc., Dalton Trans. 1988, 1701–1703.

Rhenium 401



1186. Sutherland, B. R.; Ho, D. M.; Huffman, J. C.; Caulton, F. G. Angew. Chem. 1987, 99, 147–149.
1187. Connelly, N. G.; Howard, J. A. K.; Spencer, J. L.; Woodley, P. K. J. Chem. Soc., Dalton Trans. 1984, 2003–2009.
1188. Bruno, J. W.; Huffman, J. C.; Green, M. A.; Caulton, K. G. J. Am. Chem. Soc. 1984, 106, 8310–8312.
1189. He, Zhongli; Neibecker, D.; Lugan, N.; Mathieu, R. Organometallics 1992, 11, 817–821.
1190. Fontaine, X. L. R.; Layzell, T. P.; Shaw, B. L. J. Chem. Soc., Dalton Trans. 1994, 379–383.
1191. Baker, R. T.; Glassman, T. E.; Ovenall, D. W.; Calabrese, J. C. Isr. J. Chem. 1991, 31, 33–53.
1192. Moldes, I.; Mathieu, R. J. Organomet. Chem. 1994, 480, 185–189.
1193. Moldes, I.; Nefedov, S.; Lugan, N.; Mathieu, R. J. Organomet. Chem. 1995, 490, 11–19.
1194. He, Z.; Nefedov, S.; Lugan, N.; Neibecker, D.; Mathieu, R. Organometallics 1993, 12, 3837–3845.
1195. Cazanoue, M.; He, Z.; Neibecker, D.; Mathieu, R. J. Chem. Soc., Chem. Commun. 1991, 307–309.
1196. He, Z.; Neibecker, D.; Mathieu, J. Organomet. Chem. 1993, 460, 213–217.
1197. Michos, D.; Luo, X. L.; Crabtree, R. H. Inorg. Chem. 1993, 32, 2118–2122.
1198. Moldes, I.; Delavaux-Nicot, B.; Lugan, N.; Mathieu, R. Inorg. Chem. 1994, 33, 3510–3514.
1199. Carr, S. W.; Fowles, E. H.; Fontaine, X. L. R.; Shaw, B. L. J. Chem. Soc., Dalton Trans. 1990, 573–579.
1200. Batsanov, A. D.; Howard, J. A. K.; Love, J. B.; Spencer, J. L. Organometallics 1995, 14, 5657–5664.
1201. Freeman, J. W.; Arif, A. M.; Ernst, R. D. Inorg. Chim. Acta 1995, 240, 33–40.
1202. Alvarez, D. Jr.; Caulton, K. G.; Evans, W. J.; Ziller, J. W. Inorg. Chem. 1992, 31, 5500–5508.
1203. Alvarez, D. Jr.; Caulton, K. G.; Evans, W. J.; Ziller, J. W. J. Am. Chem. Soc. 1990, 112, 5674–5676.
1204. Cendrowski-Guillaume, S. M.; Ephritikhine, M. J. Chem. Soc., Dalton Trans. 1996, 1487–1491.
1205. Haefeli, U.; Tiefenauer, L. X.; Schubiger, P. A.; Weder, H. G. Nucl. Med. Biol. 1991, 18, 449–454.
1206. Deutsch, E.; Libson, K.; Vanderheyden, J. L.; Ketring, A. R.; Maxon, H. R. Nucl. Med. Biol. 1986, 13, 465–477.
1207. Singh, J.; Reghebi, K.; Lazarus, C. R.; Clarke, S. E. M.; Callahan, A. P.; Knapp, F. F. Jr.; Blower, P. J. Nucl. Med.

Commun. 1993, 14, 197–203.
1208. Garcia-Salinas, L.; Ferro-Flores, G.; Arteaga-Murphy, C.; Pedraza-Lopez, M.; Hernandez-Gutierrez, S.; Azorin-

Nieto, J. Appl. Rad. Isot. 2001, 54, 413–418.
1209. Mahmood, A.; Friebe, M.; Bolzati, C.; Jones, A. G.; Davison, A. PCT Int. Appl. 2001, .
1210. Mathieu, L.; Chevalier, P.; Galy, G.; Berger, M. Int. J. Appl. Radiat. Isot. 1979, 30, 725–727.
1211. Panek-Finda, H. PCT Int. Appl. 1992, WO9200758.
1212. Pinkerton, T. C.; Heineman, W. R.; Deutsch, E. Anal. Chem. 1980, 52, 1106–1110.
1213. 1230 Arano, Y.; Ono, M.; Wakisaka, K.; Uenzono, T.; Akisawa, H.; Motonari, Y.; Makata, Y.; Konishi, J.;

Yokoyama, A. Radioisotopes 1995, 44, 514–522.
1214. Hashimoto, K.; Bagiawati, S.; Izumo, M.; Kobayashi, K. Appl. Radiat. Isot. 1996, 47, 195–199.
1215. Skaddan, M. B.; Katzenellenbogen, J. A. Bioconjugate Chem. 1999, 10, 119–129.
1216. DiZio, J. P.; Fiaschi, R.; Davison, A.; Jones, A. G.; Katzenellenbogen, J. A. Bioconjugate Chem. 1991, 2, 353–366.
1217. DiZio, J. P.; Anderson, C. J.; Davison, A.; Ehrhardt, G. J.; Carllson, K. E.; Welch, M. J.; Katzenellenbogen, J. A.

J. Nucl. Med. 1992, 33, 558–569.
1218. Tessier, C.; Beauchamp, A. L.; Rochon, F. D. J. Inorg. Biochem. 2001, 85, 77–78.
1219. Pearson, D. A.; Lister-James, J.; McBride, W. J.; Wilson, D. M.; Martel, L. J.; Civitello, E. R.; Taylor, J. E.; Moyer,

B. R.; Brian, R.; Dean, R. T. J. Med. Chem. 1996, 39, 1361–1371.
1220. Arteaga de Murphy, C.; Pedraza-Lopez, M.; Ferro-Flores, G.; Murphy-Stack, E.; Chavez-Mercado, L.; Asencio,

J. A.; Garcia-Salinas, L.; Hernandez-Gutierrez, S. Nucl. Med. Biol. 2001, 28, 319–326.
1221. Giblin, M. F.; Jurisson, S. S.; Quinn, T. P. Bioconjugate Chem. 1997, 8, 347–353.
1222. Kniess, T.; Noll, S.; Noll, B.; Spies, H.; Johannsen, B. J. Radioanal. Nucl. Chem. 1999, 240, 657–660.
1223. Mach, R. H.; Wheeler, K. T.; Blair, S.; Yang, B.; Day, C. S.; Blair, J. B.; Choi, S.-R.; Kung, H. F. J. Labelled

Compd Radiopharm. 2001, 44, 899–908.
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5.4.8 ABBREVIATIONS 527
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5.4.1 GENERAL SURVEY

5.4.1.1 Introduction

The aim of this chapter is to document progress in the coordination chemistry of iron since the
preparation of the two chapters on this element in Comprehensive Coordination Chemistry (CCC,
1987).1,2 This area has flourished greatly in the nearly two decades since this first edition was
published in 1987, and it is impossible to provide comprehensive coverage in the space available.
Indeed we include probably considerably less than 20% of relevant publications. We have covered
as wide a range of complexes as possible, documenting the intervening period (from early 1985 for
iron(II), from the start of 1984 for iron(III)) fairly evenly, though with some emphasis on papers
published in 2000, 2001, and early 2002, to provide points of entry to as many aspects as possible
while at the same time providing generously referenced, if extremely concise, treatment of the
most important and active areas. We have also included some aspects which were not mentioned
in the first edition but are now of topical interest.
Section 5.4.1 has been kept brief, containing only the most important general matters and certain

topics that cover a wide range of ligand types. Thereafter the bulk of this chapter (Sections 5.4.2 –
5.4.7) is arranged according to ligand type, in turn arranged according to Periodic Table arrange-
ment of ligand donor atoms. For the many cases where complexes contain more than one type of
ligand we have either documented the complex(es) under the heading appropriate to the more
important ligand, or mentioned the complex under both (occasionally three) headings. Contrary to
the general practice elsewhere in these volumes the principle division in Sections 5.4.2 onward is
according to ligand type, with division by oxidation state secondary to this. This reversal of practice
has been dictated by the great importance of mixed valence species in such areas as bioinorganic
redox systems, magnetic materials, pigments, and fundamental studies of intramolecular electron
transfer, and indeed of redox processes in general. Abbreviations for ligands that make only one
appearance are generally defined at the point they appear in the text, whereas ligand abbreviations
that appear in more than one place are listed and defined at the end of this chapter.
There have been two books devoted to the chemistry of iron,3,4 and many reviews devoted

to various aspects of its coordination chemistry, including structures5 and photochemistry
(iron(III)).6 Iron complexes appear in a multi-author volume on the history of coordination
chemistry,7 but there is disappointingly little about iron—just a brief mention of hexacyanoferrates
in connection with pigments—in an otherwise excellent overview of the history of chemistry.8

5.4.1.2 The Element

Pure iron is a fairly soft silver/white ductile and malleable moderately dense (7.87 g cm�3) metal
melting at 1,535 �C. It exists in three allotropic forms: body-centered cubic (alpha), face-centered
cubic (gamma), and a high temperature body-centered cubic (delta). The average value for the
lattice constant at 20 �C is 2.86638(19)Å. The physical properties of iron markedly depend on the
presence of low levels of carbon or silicon. The magnetic properties are sensitive to the presence of
low levels of these elements, and at room temperature pure iron is ferromagnetic, but above the
Curie point (768 �C), it is paramagnetic.
There are four naturally occurring isotopes of iron (54Fe 5.82%, 56Fe 91.66%, 57Fe 2.19%, 58Fe

0.33%), and nine others are known. The most abundant isotope (56Fe) is the most stable nuclear
configuration of all the elements in terms of nuclear binding energy per nucleon. This stability, in
terms of nuclear equilibrium established in the last moments of supernova events, explains the
widespread occurrence of iron in the cosmos. The isotope 57Fe has practical applications, most
notably in Mössbauer spectroscopy, which has been widely exploited to characterize iron coordin-
ation complexes.
Iron dissolves in dilute mineral acids with evolution of hydrogen and formation of iron(II)

salts. However, concentrated nitric acid and other powerful oxidants passivate the metal. Iron
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filings or turnings are still used commercially to reduce aromatic nitro compounds, for example
nitroarenes to the corresponding amines. In one variation of this process a morphological variant
of Fe3O4 is produced which is used as a pigment.
Iron has a rich surface coordination chemistry that forms the basis of its important catalytic

properties. There are many catalytic applications in which metallic iron or its oxides play a vital
part, and the best known are associated with the synthesis of ammonia from hydrogen and nitrogen at
high pressure (Haber–Bosch Process), and in hydrocarbon synthesis from CO/CO2/hydrogen mixtures
(Fischer–Tropsch synthesis). The surface species present in the former includes hydrides and nitrides as
well as NH, NH2, and coordinated NH3 itself. Many intermediates have been proposed for hydro-
genation of carbon oxides during Fischer–Tropsch synthesis that include growing hydrocarbon chains.
Iron oxides also have catalytic activity in mild hydrogenation reactions; for instance magnetite

has long been used to bring water–gas (a mixture of hydrogen and carbon monoxide) to
equilibrium with excess steam. The surface species present are less well defined than for the
above reactions and those forming methanol on copper. These iron oxide species, like the iron–
carbon, –nitride, and –hydride species mentioned above, may be considered at the very extreme
of, or indeed beyond, coordination chemistry, but there is no hard and fast dividing line along the
path linking these units to classical coordination complexes.

5.4.1.3 Oxidation States

Although the vast majority of coordination complexes of iron contain the metal in oxidation state
two or three the lower oxidation states of one and zero are not uncommon, especially in areas
bordering on organometallic chemistry. Oxidation state four is of relevance to bioinorganic
electron transfer systems, while oxidation state six is represented by the ferrate(VI) anion, well
known but rather little studied. Other oxidation states, from �1 to þ8, have been at least
mentioned in the past two decades. The more unusual oxidation states are briefly reviewed
here, in ascending order.
The stabilities of iron(�I) in water and in liquid ammonia have been assessed based on an

electrostatic model. The respective�Gf
�(Fe�) values areþ505 kJmol�1 andþ439 kJmol�1, which are

very similar to the values calculated for nitrogen, �Gf
�(N�)=þ506kJmol�1 and þ451 kJmol�1.9

The iron(0) complex [Fe(CN)4]
4� has been isolated in a reasonably pure state, from the reduction

of FeBr2, FeBr3, or Fe(NCS)2 by caesium metal in liquid ammonia in the presence of an excess of
CsCN.10 Iron(0) complexes may also be represented by the diazabutadiene complex [Fe(dab)2],

11

iron(I) complexes by the dibenzotetramethyltetraaza[14]annulene complex mentioned in Section
5.4.3.7.1.12 (Et4N)3[S2Mo(�-S)2Fe(�-S)2MoS2] may be regarded as a bis-[MoS4

2�] complex of
iron(I).13 The polyether–diimine macrocycle (1) forms a catenate [Fe(cat)]2þ which is also readily
reducible to [Fe(cat)]þ and to [Fe(cat)]0; the formally FeI species is remarkably stable.14 Further
examples of complexes in the actual or formal oxidation states 0 or þ1 may be found under the
diimine heading (Section 5.4.3.5.6).
There is often ambiguity in assigning oxidation states for complexes of ligands with strong

�-interactions. Thus the substitution-inertness of the 1-, 2-, and 3-electron reduction products of
[Fe(diimine)3]

2þ, diimine= bipy, phen, or bipym, and their spectroscopic properties, argue for
their representation as iron(II) complexes containing one, two, or three anion radical ligands
rather than as complexes of iron(I), iron(0), and iron(�I).15 Similar comments apply to the
[Fe(bmpphen)2]

þ and [Fe(bmpphen)2]
0 species from electroreduction of [Fe(bmpphen)2]

2þ,
bmpphen= 2,9-bis(2-methoxyphenyl)-1,10-phenanthroline, (2).16 In similar vein, it is now appar-
ent that for the iron complex produced in the long-established ‘‘Brown Ring Test’’ the formula-
tion FeIII�NO� is to be preferred to FeI�NOþ (see Section 5.4.3.8). Conversely chloroiron
corrolates, and their imidazole derivatives, are formally iron(IV), but in fact are better regarded,
in the light of NMR and ESR evidence, as iron(III) derivatives of corrolate �-cation radicals.17

There have been claims for soluble hydroxo-FeIV species, from ferrate decomposition, in
strongly alkaline solution,18 and for a transient FeIVO2þ intermediate in the oxidation of
Fe2þaq by O3.

19 Iron(IV) is stabilized by an amido-tetraazamacrocycle in the complex (3)
(cf. amide ligands stabilizing CuIII, NiIII),20 by the triamidoamine ligand and cyanide in [Fe{(But-
Me2SiNCH2CH2)3N}(CN)], in which the iron(IV) is tetrahedrally coordinated,

21 and by (4) in
[Fe(4)Cl], in which the iron(IV) is trigonal bipyramidally coordinated (PS3Cl-donor set).

22

There have been many bioinorganic redox systems where ferryl, FeIV¼O2þ, intermediates are
believed to be involved, as, for just one example, in metmyoglobin catalysis of the decomposition

406 Iron



of hydrogen peroxide.23,24 Electrochemical oxidation of [Fe(tpp)F2]
� generates an iron(IV) spe-

cies,25 while evidence for an iron(V)–porphyrin species was obtained in the course of an investiga-
tion of electrocatalytic hydroxylation. This iron(V) species contains an octafluoroporphyrin ligand
and is believed to have either two F� or an F� and an O2� coordinated to the metal.26 Electronic
spectra and reactivity of iron(IV) porphyrins have been reviewed,27 as have resonance Raman
spectra of iron(IV) and iron(V) porphyrin derivatives.28 A tetra-negative S,N,N,S-donor ligand
stabilizes iron(IV)29 and iron(V) (see Sections 5.4.4.2 and 5.4.6.4).30 Intermediates containing
FeV¼O units are believed to be involved in Gif-type oxidations (O2 or H2O2 oxidation of
hydrocarbons in the presence of iron complexes, e.g., picolinates).31 Iron(VI) may be represented
here by the kinetics of ferrate(VI) oxidation of seleno-DL-methionine, which complement an
earlier study of ferrate(VI) oxidation of methionine.32 Determination of the structure of
Na4FeO4

33 has permitted completion of the series of Fe—O bond distances in FeO4
n� anions.

These are 1.889Å, 1.807Å, 1.720Å, and 1.647Å for FeIIIO4
5�, FeIVO4

4�, FeVO4
3�, and

FeVIO4
2�. At the oxidation state extreme it has been claimed that FeVIII is produced on

disproportionation of ferrate, FeVIO4
2�, if various possible reductants and catalysts are excluded.34
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Whereas in many metalloprotein redox systems the oxidation states þ2, þ3, and þ4 are
involved, horseradish peroxidase catalysis appears to involve five oxidation states. The interest
to coordination chemists of this study goes well beyond bioinorganic systems, for here, as in
several cases reported earlier, the X-rays used to obtain the high-resolution structures induced
chemical changes during structure determination. The X-rays liberate electrons, which may
change the oxidation state of the metal.35
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There are many important mixed valence and fractional formal oxidation state compounds (e.g.,
Fe3O4) and complexes of iron. Mixed valence trinuclear �-oxo-carboxylato-complexes are dealt
with in Section 5.4.5.4.2, polynuclear complexes held together by sulfide bridges in Section 5.4.5.9.2.

5.4.1.4 Spin States; Spin Cross-over

This section provides a general introduction, with a few complexes cited in illustration. Many
further examples will be mentioned at appropriate points in Sections 5.4.2 onward. For iron(II) the
two spin states are high-spin (5T2; S= 2) and low-spin (1A1; S= 0). For iron(III) the common spin
states are high-spin (6A1; S= 5/2 ) and low-spin (

2T2; S= 1/2). However, the intermediate spin state of
3/2 is now known for a number of iron(III) complexes, while in a few cases the mixed spin state
S= 3/2, 5/2 has been observed (see porphyrin complexes, Section 5.4.3.7.2). Section 5.4.5.4.3 details
S values for several polynuclear complexes.
Spin cross-over complexes exist both for iron(II) and for iron(III). The spin cross-over phe-

nomenon is of considerable intrinsic interest and also potentially of great practical importance.
The marked magnetic and optical36,37 changes attendant on the low-spin/high-spin changeover
make spin cross-over compounds strong candidates for controlling molecular switching;38 and
thermal hysteresis confers memory possibilities. Applications in temperature sensors, optical
switching, information storage and retrieval, and memory devices39 will be optimized by the use
of polymeric species, where interactions and cooperativity magnify the desired effects.40 Density
functional calculations have been carried out for the high-spin and the low-spin forms of nine
iron(II) complexes, including the familiar [Fe(phen)2(NCS)2] and several bis-ligand complexes of
terdentate ligands such as tris(2-pyridylmethyl)amine and tris(1-pyrazolyl)methane.41

There has been a detailed overview of the properties—crystal structures, magnetic properties,
Mössbauer and vibrational spectroscopy—of iron(II) spin cross-over complexes,42 a shorter gen-
eral review of these complexes,43 and a review covering the design and synthesis of such com-
plexes.44 Spin cross-over between the various states is determined by temperature and pressure
and by ligand field strengths, which can be tuned by ligand variation, using either electronic or
steric substituent effects. A review of structural changes accompanying spin-state transitions
summarizes information on a range of Fe2þ and Fe3þ complexes, after detailing the specific
and important case of [Fe(2-pic)3]Cl2�MeOH (2-pic= 2-picolylamine= 2-(aminomethyl)pyri-
dine).45 Spin cross-over kinetics for FeII complexes have been reviewed,46 and enthalpies, entro-
pies, and rate constants for a range of FeII and FeIII spin cross-over complexes documented.47

Thermodynamic and kinetic parameters, iron–ligand bond distance and volume changes, and
calorimetric (including DSC) data relating to the low-spin/high-spin transition in solution and in
the solid state obtained prior to 1991 have been fully documented and discussed.48 A selection of
thermodynamic and kinetic parameters relating to selected spin cross-over complexes, of 2-(2-
pyridyl)imidazole (pyim) and n-(2-pyridylmethyl)picolinamidine (ppa),49 tetrakis(2-pyridylmethyl)-
trans-1,2-cyclohexanediamine (tpchxn),50 3-(1,10-phenanthrol-2-yl)-5-methyl-1,2,4-oxadiazole
(phenmethoxa),51 and 1,4,7-triazacyclononane (tacn),52 in various solvents, is given in Table 1
(a little further information on dynamics may be found in Section 5.4.4.1.2). Activation

Table 1 Thermodynamic and kinetic parameters for low-spin$ high-spin (1A1$ 5T2) cross-over in
solution.

�V� �V‡15 �V‡51 �H� �H‡15 �H‡51 �S� �S‡15 �S‡51

Fe(pyimH)3
2þ MeOH /

20% MeCN
þ5.3 0.0 �5.3 15.5 26.7 11.2 þ53 �23 �75

MeCN þ14.3 þ8.9 �5.4 32.3 46.6 14.3 þ102 þ41 �61
Me2CO þ10.3 þ4.9 �5.4 15.9 32.0 16.1 þ49 �7 �56

Fe(ppa)2
2þ Me2CO þ8.7 þ2.6 �6.1 20.3 33.7 13.4 þ52 �18 �70

Fe(tpchxn)2þ MeCN þ11.5 þ5.4 �6.1 24.2 26.0 1.8 þ75 �27 �102
Fe(phenmethoxa)2þ Me2CO þ12.3 þ3.9 �8.4 23.8 32.6 8.8 þ94
Fe(tacn)2

2þ D2O 23 þ67
CDC3N 21 þ66
(CD3)2CO 24 þ73
(CD3)2SO 22 þ68

Volumes are in cm3mol�1, enthalpies in kJmol�1, entropies in JK�1mol�1; sources and ligand abbreviations are given in the text.
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parameters may be primarily determined by the ease with which the coordinated ligands can
twist—the hexadentate ligands (5) cause considerable impediment to the movement required for
spin change, reflected in the determined activation parameters (�H‡, �S‡, and �V‡). The ease of
twisting may be determined by solvation effects as much as by intrinsic rigidity of the complex
itself.53 The effect of solvent of crystallization on the ease of spin-state transitions has been
explored, by high-resolution deuterium NMR spectroscopy, for polymeric [Fe(1,2,4-triazole)3]-
(ClO4)2�nD2O and its 4-amino derivative.54 An unusual application of isokinetic relationships has
been to spin cross-over systems, especially of FeII complexes.55

Activation volumes for spin cross-over are, apart from one designedly exceptional system,
between 0 and þ10 cm3 mol�1 for low spin! high spin and close to þ6 cm3 mol�1 for the reverse,
for a range of tris-diimine (e.g., 2-pyridylimidazole), bis-terimine, and hexadentate linked-bis-
terimine complexes. The derived volume profiles indicate that transition states are approximately
midway between initial and final states.50 X-Ray absorption spectroscopy (XANES) gives useful
information on structural changes associated with pressure-induced spin cross-over, as was
demonstrated for a selection of well-established ‘‘traditional cross-over’’ systems, such as
[Fe(phen)2(NCS)2], and several novel spin cross-over complexes. ‘‘Transition pressures’’ are
reported for all these systems, and discussed in terms of pressure effects both on structural
phase transitions and iron–ligand bond distances, and also on hydrogen-bonding networks.
Increasing the pressure on a high-spin sample of the hydrate or ethanol solvate of [Fe(pic)3]Cl2
involves both of these factors. Pressure effects sometimes show that a change in spin state is not a
single simple process. Thus increasing the pressure applied to high-spin [Fe(btrz)2(NCS)2], where
btrz= 4,40-bis-1,2,4-triazole (6), produces a second high-spin modification before the change to
the low-spin state.56 Further information on this and a number of other iron–triazole and iron–
tetrazole complexes exhibiting spin cross-over behavior is given in Section 5.4.3.6 below. The
cis-1,2-bis(diphenylphosphino)ethene complexes [Fe(Ph2PCH¼CHPPh2)2X2], X=Cl or Br,
undergo pressure-induced spin-state transitions at about 8 kbar and about 60 kbar, respectively.57

Several iron complexes are mentioned in a review of pressure effects on spin cross-over and
associated effects on electronic spectra.58

The synthesis of the NO3
� and PF6

� salts of the iron(III) complex of the terdentate phenolate
anion of the liquid crystal Schiff base (7) provides the first example of the coexistence of spin
transition and liquid crystal properties in a single compound. The ligand now needs to be tuned to
increase the spin cross-over transition temperature and decrease the transition temperature to the
liquid crystal state.59
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A different, indeed unique, type of spin cross-over behavior is claimed for the mixed valence
dithiooxalate salt Prn4N[Fe

IIFeIII(dto)3].
60 Here the spin change is associated with electron

transfer, with the bridging dithiooxalate favoring FeIII—S bonding at higher temperatures,
FeIII—O bonding at lower temperatures:61

ðdtoÞ2FeIIðS2C2O2ÞFe
IIIðdtoÞ2Ð

120K

110K
ðdtoÞ2FeIIIðS2C2O2ÞFe

IIðdtoÞ2 ð3Þ

It may be recalled that mononuclear [FeIII(dto)3] contains an FeS6 core, but dto is O,O
0-bonded

to FeIII in [FeIII{(dto)Ag}3].
62,63

5.4.1.5 Spectroscopy

Electronic and vibrational spectroscopy continues to be important in the characterization of iron
complexes of all descriptions. Charge-transfer spectra, particularly of solvatochromic ternary
diimine–cyanide complexes, can be useful indicators of solvation, while IR and Raman spectra
of certain mixed valence complexes have contributed to the investigation of intramolecular
electron transfer. Assignments of metal–ligand vibrations in the far IR for the complexes
[Fe(8)3]

2þ were established by means of 54Fe/56Fe isotopic substitution.64 A review of pressure
effects on electronic spectra of coordination complexes includes much information about
apparatus and methods and about theoretical aspects, though rather little about specific iron
complexes.58

Proton NMR spectroscopy is valuable in characterization, particularly in the case of low-spin
iron(II) complexes, but can be informative for a range of paramagnetic species, including
metalloproteins.65 Proton NMR has also proved valuable in determining kinetic parameters for
a variety of moderately fast reactions. There are extremely few data on 57Fe NMR of iron
complexes, which reflects the particularly unsuitable properties of this nucleus –S= 1/2, but it
has low sensitivity, low abundance, and long relaxation times.66,67 However data are available for,
e.g., cyanide, bipy, and protoporphyrin IX (ppixH2) derivatives,

68 with 57Fe NMR spectroscopy
used in probing iron–ligand interactions and estimating stability constants for adduct formation
for [Fe(ppix)(CO)].69

Iron complexes are particularly good candidates for examination by Mössbauer spectroscopy,70

including complexes of biological relevance.71 Mössbauer spectroscopy gives much valuable
information, though sometimes data are difficult to understand and interpret. However iron is
one of rather few elements for which there is (or even can be) a wealth of data. Mössbauer spectra
arise from re-absorption by 57Fe of gamma-rays derived from an excited state of 57Fe in a source
formed in the radioactive decay of 57Co, which has a half-life of 270 days. 57Fe is sufficiently
abundant for excellent spectra to be obtained routinely with natural iron containing compounds,
whilst materials enriched in 57Fe give very good spectra in less time. However, in some cases (e.g.,
where samples have low overall iron content) it may prove essential to use enriched iron.
A reference material, usually stainless steel or sodium nitroprusside, Na2[Fe(CN)5NO]�2H2O, is
assigned a value of zero and the shift of the sample measured relative to it. This chemical shift (�)
is affected by the electronic environment of the iron and is temperature dependant. It arises from
interaction of s-electrons at the nucleus and is a linear function of their density there. With high-
spin complexes � depends on oxidation state: from þ1.0mm s�1 to þ1.6mm s�1 for iron(II), and
from þ0.45mm s�1 to þ0.75mm s�1 for iron(III) complexes. Ligand type also influences the value
of �. Large chemical shifts are not observed with low-spin complexes; both iron(II) and iron(III)
low-spin complexes have � in the range 0.0mm s�1 to þ0.3mm s�1. The iron I= 1/2 to I= 3/2
nuclear transition is split by an electric quadrupole to give a two line Mössbauer spectrum (the
quadrupole splitting energy �Eq), and if the sample is also in a magnetic field a six line spectrum
results when the nuclear spin degeneracy is removed. An electric field gradient at the iron nucleus
can arise from asymmetric occupancy of d orbitals, or from asymmetry of the ligand field.
Accordingly high-spin iron(III) complexes with identical ligands have small �Eq values, but
similar iron(II) complexes have a two line Mössbauer spectrum. The symmetrical electronic
configuration and ligand environment of low-spin iron(II) complexes with identical ligands, for example
[Fe(CN)6]

4�, has a single line Mössbauer absorbance, while the asymmetric electronic configura-
tion of low-spin iron(III) complexes results in them having a spectrum similar to those of low-spin
iron(II). Many low-spin [FeX4Y2] and [FeX5Y] complexes with asymmetric ligand environments
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have had their two peak Mössbauer spectra recorded. Mössbauer spectroscopy using synchrotron
radiation operates in the time domain instead of the usual energy domain; this new approach has
been applied to the study of iron porphyrin complexes.72

Mössbauer spectroscopy, together with IR and Raman, NMR, and ESR, has proved especially
useful in probing kinetics of fast reactions, sometimes giving rate constants directly, sometimes,
in appropriate combinations of techniques, giving an indication of possible ranges or limits.
Examples of this type of application include very fast intramolecular electron transfer, as in mixed
valence Fe3O complexes (see Section 5.4.5.4.2), and spin state interconversion. Thus, for example,
spin state interconversion is fast on the Mössbauer timescale (k>�107 s�1) for iron(III) com-
plexes of dithiocarbamate, monothiocarbamate, and N4O2-donor Schiff bases, slow for most other
spin cross-over iron complexes. However interconversion of one N4O2 Schiff base complex has
been shown to be rapid on the Mössbauer timescale but slow on the ESR timescale (k � 1010 s�1)
(see N,O-Donors, Section 5.4.4.1.2).

5.4.1.6 Kinetics and Mechanisms

Kinetics and mechanisms of substitution and redox reactions of FeII and FeIII complexes have
been discussed in their overall inorganic context73,74 and were fully documented periodically up
until 1994.75–79 Reactions of aqua- and solvento-species have been reviewed in the general context
of solvent exchange and complex formation.80 It is now clear that the mechanisms of solvent
exchange and complex formation are, in the absence of unusual complications, Id at Fe

2þaq, Ia
at Fe3þ, and Id at FeOH

2þaq. Kinetic investigations, with the occasional mechanistic exception,
are outlined in Section 5.4.5.1. The importance of activation volumes in mechanistic diagnosis of
reaction mechanisms for inorganic complexes in recent years has been discussed.81–89 Kinetic and
structural trans-effects in octahedral complexes, including some iron(II) dioximate and porphyrin
complexes, have been documented descriptively in an extensive review.90

Low-spin t2g
6 iron(II) complexes, such as [Fe(CN)6]

4� and [Fe(diimine)3]
2þ, are useful substrates

in the study of electron transfer, in that substitution-inertness generally ensures that the reductant
does not dissociate for the duration of the electron transfer process. Similarly FeII(CN)5 is a useful
component for intramolecular electron transfer studies (see Section 5.4.2.2.5), indeed comparisons
of the oppositely charged FeII(CN)5

3� and RuII(NH3)5
3þ systems can help in sorting out electro-

strictive solvation effects, in reactivities and activation volumes. The study of very fast intramole-
cular electron transfer in mixed valence complexes has already been mentioned in connection with
probing by appropriate spectroscopic techniques. Such studies are complemented by, and should be
considered alongside, analogous studies on a variety of mixed valence bi-ferrocenium cations, such
as (9).74 The extent of valence localization in the mixed valence bis-fulvalenedi-iron(II) cation is
significantly pressure-dependent.91 These and other electron transfer reactions—inner-sphere, outer-
sphere, and intramolecular—are dealt with at appropriate points below.

(8)

N N

ORRO

R = dodecyl; octadecyl

Fe

Fe

(9)

5.4.1.7 Size and Solvation

A compilation of metal to donor atom distances in complexes, as determined by X-ray and
neutron diffraction techniques up to early 1988, provides a comprehensive summary of such data
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for iron complexes.92 The volumes of the iron(III) complex anions [FeCl4]
�, [FeF6]

3�, and
[Fe(CN)6]

3� have been estimated as 0.155 nm3, 0.155 nm3, and 0.265 nm3 from calculations
based on relations between lattice energies, thermochemical radii, and molecular volumes (and
an appropriate single ion assumption) carried out for appropriate salts of these complex anions.93

Thermochemical radii of these anions, and of [FeWSe2(CO)]
2þ, are included in a tabulation of

more than 400 self-consistent values for an enormous range of polyatomic ions.94

Partial molar volumes have been derived, by calculation and from experiment, for the
[Fe(phen)3]

2þ, [Fe(bipy)3]
2þ, [Fe(gmi)3]

2þ, [Fe(cmi)3]
2þ, [Fe(Me2bsb)3]

2þ, [Fe(CN)6]
3�, and

[Fe(edta)]� complex ions in aqueous solution.95 Preferential solvation of a variety of iron(II)
and iron(III) complexes in methanol–water mixtures has been assessed through transfer chemical
potentials derived from solubility measurements. A selection of trends, from strongly hydrophilic
tris-oxalatoferrate(III) to a complex of a very lipophilic Schiff base, is shown in Figure 1.96

Solvation is important in several areas of the coordination chemistry of iron. Its role in
affecting reactivity in various aspects of substitution and electron transfer reactions has been
much investigated in recent years, while ligand and complex solvation are of central importance
to pharmacological aspects of iron complexes. In the latter area it is necessary to achieve
appropriate solvation properties for, e.g., oral administration, absorption in the gastrointestinal
tract, and trans-membrane passage of chelator and of complex. In this area solvation is generally
assessed through partition (distribution) coefficients and hydrophobic/lipophilic balances
(HLB).97–100 Solvation of complexes may also be assessed through hydration enthalpies or, less
infrequently, partial molar volumes (cf. above); preferential (selective) solvation may be probed
through solubilities and thence transfer chemical potentials. These last feature in this review in

Fe(Me2bsb)3
2+

–20

20

–10

10

0

Fe(phen)3
2+

Fe(bipy)3
2+

Fe(dmpp)3

Fe(acac)3

Fe(hxsbh)2+

Fe(malt)3

Fe(gmi)3
2+

Fe(CN)6
3–

Fe(CN)5(NO)2–

Fe2+aq

kJ mol–1

δmµθ

Fe(ox)3
3–

vol % MeOH

50

Figure 1 Transfer chemical potentials for selected iron complexes from water into aqueous methanol (on
the molar scale, at 298K). Ligand abbreviations not appearing in the list at the end of this chapter are:
acac= acetylacetonate (2,4-pentanedionate); dmpp= 1,2-dimethyl-3-hydroxy-4-pyridinonate, the anion from

(24); malt=maltolate (2-methyl-3-hydroxy-4-pyranonate, the anion from (233)).
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relation to the analysis of reactivity trends in binary aqueous solvent mixtures into their initial
state and transition state contributions.101–104 Detailed discussion of reaction and activation
volumes for electron transfer reactions requires that such volumes be dissected into their intrinsic
and solvation components. Iron–cyanide and iron–diimine complexes provide useful vehicles for
this, since the crystallographic radii of the iron(II) and iron(III) forms of hexacyanoferrate and of
tris-diimine cations such as [Fe(bipy)3]

nþ and [Fe(phen)3]
nþ are in each case essentially equal.

There is thus a negligible contribution from such couples to intrinsic volume changes for redox
reactions. If the determined volume change for a redox reaction can be split with the aid of an
appropriate single ion assumption into its components for the two couples, then the contributions
from iron–cyanide or –diimine complexes can be ascribed to solvation changes. In this way the
values shown in Table 2 were derived; the great range of values for the series shown reflects the
great difference between the solvational requirements of strongly hydrophilic cyanide and those of
ligated bipy or phen, whose solvent-accessible peripheries are strongly hydrophobic.105,106 The
situation with regard to Fe3þaq/Fe2þaq is more complicated, due to the significant intrinsic
volume change in this case.107

Other aspects of solvation have included the use of surfactants (SDS, CTAB, Triton X-100),
sometimes in pyridine-containing solution, to solubilize and de-aggregate hemes, i.e., to ‘‘dis-
solve’’ them in water (see porphyrin complexes, Section 5.4.3.7.2). An example is provided by the
solubilization of an iron–copper diporphyrin to permit a study of its reactions with dioxygen and
with carbon monoxide in an aqueous environment.108 Iron complexes have provided the lipophilic
and hydrophilic components in the bifunctional phase transfer catalysts [Fe(diimine)2Cl2]Cl

109

and [Et3BzN][FeCl4],
110 respectively.

5.4.1.8 Stability Constants and Speciation

Table 3 lists stability constants for complex formation from Fe2þ and a range of common ligands,
all values being from one investigation.111 Further information on stabilities of iron complexes
may be found in several later sections, especially Sections 5.4.5.5 and 5.4.5.6 on hydroxypyri-
dinones and siderophores.

Table 2 Solvational (electrostrictive) volume changes (cm3 mol�1)
for the half-reactions shown.105,107 a

Diimine bipy phen

[Fe(H2O)6]
3þ/2þ þ4

[Fe(diimine)3]
3þ/2þ þ19.9 þ18.6

[Fe(diimine)2(CN)2]
þ/0 þ5.3 b

[Fe(diimine)(CN)4]
�/2� �13.8 �13.6

[Fe(CN)6]
3�/4� �26.8

a The value for Fe3þ/2þaq is þ4 cm3 mol�1. b No value reported – presumably
[Fe(phen)2(CN)2] is too sparingly soluble.

Table 3 Stability constants for formation of Fe2þ complexes, in
aqueous solution at 298K.111 a

log �1 log �2 log �3

Malonate 2.24
Oxalate 3.05 5.01
Glycinate 3.73 6.65 8.87
1,2-Ethanediamine 4.26 7.73 10.17
Iminodiacetate 5.45 9.82
Diethylenetriamine 5.66 9.61
Triethylenetetramine 7.12
Nitrilotriacetate 8.05 11.53
Ethane-1,2-diamine-N,N0-diacetate 8.63 10.67

a Experimental uncertainties in log � claimed to be 0.03 or smaller.
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Information about speciation, composition and precipitation for 20 iron(III)–ligand, 19 iron-
(II)–ligand, and 17 ternary iron(II)-carbonate–ligand aqueous systems, for ligands such as cya-
nide, oxalate, glycine, hydroxycarboxylates, and polyaminocarboxylates, has been computed and
is graphically presented alongside similar data for 44 other elements.112

In a review on the design of ligands for selective complexation of metal ions in aqueous
media113 and a book on the principles underlying stability constants and on the design of metal
complexes for various medical applications114 iron complexes and their solution chemistry take
their appropriate place.

5.4.1.9 Tripodal and Encapsulating Ligands

The requirements for stable, strongly coordinating and substitution-inert complexes of the Fe2þ

and Fe3þ cations have led to the design of a large number of complexes containing tripodal or
encapsulating polydentate ligands. Despite the variety of chelating moieties involved—especially
diimines (Section 5.4.3.5), catechols and hydroxamates (Section 5.4.5.6), and porphyrins115—
there are just a few commonly used approaches to designing and generating such ligands.116

Most tripodal ligands are based on a vertex of the type shown as (10), (11), or (12), or are tris-
n-substituted triazacycloalkanes or cyclic triazines. Many encapsulating ligands have two such
groups as caps, or two caps of type (13) or (14). There are also many examples scattered through
this chapter of tetradentate and pentadentate ligands, which may be regarded as dipodal,
generated by analogous synthetic approaches.

(10)

N

(11)

NN

N

(12)

B

X

O
O

O

(14)(13)

N
N N

5.4.1.10 Template and Supramolecular Chemistry

This section follows naturally from the preceding section in that the encapsulating ligands and
complexes mentioned there are often generated by template reactions. The use of octahedral
templates rather than the ubiquitous tetrahedral copper(I) for catenand assembly has very rarely
been exploited,117,118 but interest in moving from tetrahedral Cuþ to octahedral metal centers
such as Fe2þ as templates is increasing.119 Recently the reaction sequence for the construction of
benzylic imine catenates using octahedral metal centers, including Fe2þ, as templates has been
established.120 The polyether–diimine macrocycle (1) forms catenates [Fe(cat)]2þ, [Fe(cat)]þ, and
[Fe(cat)]0.14

There are two levels of self-assembly in the formation of tetra-, penta- and hexanuclear
products from polybipyridyls and iron(II) salts FeCl2, FeBr2 or FeSO4 – the products are
anion-dependent. The coordination of three bipy units, from different ligand molecules, to the
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Fe2þ centers produces a helical structure; interaction of these helical strands with anions results in
further molecular organization to form the final toroidal product. Parallels can be drawn between
these helical and toroidal structures and secondary and tertiary structure in biological systems.121

Thermodynamic and kinetic intermediates have been characterized in the self-assembly of a
di-iron triple stranded helicate with bis(2,20-bipyridyl) ligands.122

The formation of circular or linear forms seems to depend on balances between kinetic and
thermodynamic control; iron(II)–poly-2,20-diimine systems with their substitutionally inert metal
centers provide useful systems for disentangling thermodynamic and kinetic contributions. The
mechanism of formation of circular helicates is believed to entail a kinetically favored triple
helicate intermediate.123 Self-assembly of chiral dinuclear binaphthol-linked iron(III)–porphyrin
complexes into extended polynuclear species takes place through the intermediacy of �-oxo
dimers.124 ‘‘Predetermined’’ �-oxo-di-iron-dimers may be used in this type of synthesis.125

The first example of a helical complex with pre-determined chirality was the dinuclear complex
[Fe2(rdt)3], where rdtH2 is the fungal iron chelator rhodotorulic acid, (15), a dihydroxamate
siderophore.126 Several more helical and chiral Fe2þ and Fe3þ complexes are documented in the
diimine and in the hydroxamate and catechol sections. A doubly looped (‘‘bow tie’’) complex has
been constructed with the aid of a tris-terimine ligand (Section 5.4.3.5.7).

(15)

N

N

O

O

N
NHH
OH

OH
C

CH3

OC
O

H3C

H

H

Bis-pyridine compounds containing the conjugated spacers —CH¼CH—, —N¼N—,
—CH¼N—N¼CH—, or —CMe¼N—N¼CMe— linking the four-positions of the two pyr-
idine rings and having one pentacyanoferrate(II) group attached can be threaded through a
cyclodextrin; coordination of a second pentacyanoferrate(II) moiety to the other pyridine then
produces a rotaxane. Kinetic and mechanistic features of these systems have been described.127 A 1:1
intermediate has been characterized and monitored in the first example of rotaxane formation
using ferrocenyl-�-cyclodextrin stoppers.128 Substituent variation may control the production of
iron(II) vs. iron(III) in calixarene preparations.129

Iron figures prominently in a review116 and a book130 devoted to supramolecular chemistry,
especially in the sections dedicated to siderophores, and also appears in various guises in a book
on cyclodextrin chemistry.131

5.4.1.11 Applications and Relevance

5.4.1.11.1 Analysis

Iron complexes play two complementary roles in analysis. They feature prominently in the
detection and estimation of iron in various forms and guises, and they also feature as reagents
in the detection and estimation of a number of other elements. Both aspects are well illustrated in
Schilt’s classic text.132

In recent years there has been very much less activity in the development of ligands as reagents
for iron analysis, or for the preparation of complexes for the determination of other metals.
However, several pyridyl azines have been synthesized for analytical procedures133—e.g., the bis-
3-hydroxy derivative of 2-pyridinaldazine has been proposed as an analytical reagent for several
first-row transition metal 2þ cations, including Fe2þ.134 5,50-Dimethyl-1,2,3-cyclohexanetrione-
1,2-dioxime-3-thiosemicarbazone, dcdt (16), gives an intensely colored tris-ligand complex
[FeII(N,N0-dcdt)3] (violet, "550= 8,900; log �3= 14.2) suitable for spectrophotometric determina-
tion of iron in foods, wines, and minerals.135 Nonetheless the main activity has been in the
development and refinement of various instrumental techniques employing well-established reac-
tions and reagents. Thus, for example, there has been much activity in the development of flow
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injection analysis136 for iron, e.g., in blood,137 in serum,138 in saliva,139 and in cerebrospinal fluid.140

A flow injection spectrophotometric method using 5-bromosalicylfluorone, (17), and cetyltri-
methylammonium bromide has been developed for the simultaneous determination of iron and
aluminum.141 A greatly improved method for the analysis of iron in serum uses polyoxyethylene
sorbitan monolaurate (Tween-20) to mobilize the iron, which is determined spectrophotometri-
cally with 4,7-diphenyl-1,10-phenanthroline.142 Two standard addition kinetic methods for the
simultaneous determination of FeII and FeIII are based on [Fe(phen)3]

2þ formation before and
after FeIII reduction143 and on the vastly different rates of complex formation of FeII and FeIII

with gallic acid.144 Iron(III)–hexamine gel has been suggested as a new chelating ion exchange
material for analytical separations.145

H3C

H3C
NOH

NOH

N
N

SH

NH2

(16)

O

OH

Br

OH

OHO

HO

(17)

Despite the continuing development and refinement of instrumental techniques for the analysis
of total iron the estimation of iron(II) in geological and environmental samples still appears to be
best carried out by redox titration methods,146 which are of course dependent for their success on
the proper application of coordination chemistry.

5.4.1.11.2 Pigments and colorants

Several iron compounds and complexes have been, and are, in use as pigments and colorants.
Various oxides and hydroxides are used in paints and wood stains, and as food coloring additives;
several hexacyanoferrate derivatives have long been used as pigments or pigment components.
The chemistry of these groups is documented in Sections 5.4.2.1 and 5.4.5.1 below, but here we
can usefully mention a number of books which deal with colors of iron-containing species, one in
the context of iron chemistry,147 the others mainly in the overall context of inorganic and organic
pigments, colorants, and dyes. One has detailed information on iron complexes, including the
relation between color and spectroscopy,148 others, including a historical perspective,149 make
brief mention of iron-containing species.150–152 Iron oxide pigments make a brief appearance in a
useful short review on testing and evaluating the optical and color properties of pigments;153

several complexes and compounds of iron are mentioned in a detailed overview of inorganic
pigments.154

5.4.1.11.3 Nutrition, metabolism, and pharmacology

Iron is an essential element, for humans and for many forms of life, but even a modest excess can
be toxic as the human body does not have an effective iron excretion mechanism. It is therefore
necessary to maintain an appropriate level of iron in the body, to supply iron in absorbable form
if it is deficient (anemia) and to remove iron if present in excess. Inorganic coordination chemistry
plays an important role in dealing with these complementary conditions of deficiency and of
excess. The latter condition is much more common than often supposed, for there are a number
of conditions, such as hemochromatosis and thallasemia, where the build-up of iron in essential
organs is eventually lethal. Mild iron poisoning is not infrequent in children, while even iron
fortification of foodstuffs can have adverse effects.155 Mild iron poisoning can be treated with
bicarbonate or phosphate, which presumably complex and precipitate the iron.156

In relation to nutrition, the classic text by McCance and Widdowson has had one of its
periodic updates and expansions, into a main volume and a series of supplements—mineral
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nutrients such as iron are dealt with in the main volume.157 The topic is also dealt with briefly
elsewhere.158,159 Once ingested the iron, often in complexed form, plays many roles in metabo-
lism,160–163 especially in electron and oxygen transfer (and free radical chemistry164) but also in
regulatory processes165 and in combating infection.166 Molecular mechanisms of metabolism,
the transport of iron in cells,167,168 and the effects of biological ligands on the precipitation of
oxides and hydroxides of iron in human metabolism169,170 have been discussed. Various frag-
ments of iron complex chemistry appear in two long reviews on iron storage and transport171,172

and a multi-author book on iron transport.173 The coordination chemistry associated with the
acquisition and transport of iron by microorganisms, which involves siderophores such as
hexadentate tripodal tris-catecholates, e.g., (18) or (19), or tris-hydroxamates, e.g., (20) or
(21), has been reviewed.174

N

R

R R

R =

OHHO

HNOC

(18) (19)

R

R

R
R =

OHHO

HNOC

(20)

R

R

R

R = NHCOCH2CH2N(O-)COPh

(21)

R

R R

CONHCH2CH2CONHOHR =

A healthy human on a normal diet ingests sufficient iron; a slight deficiency or mild anemia can
be treated with iron supplements. Since simple Fe2þaq and Fe3þaq are poorly absorbed from the
gastrointestinal tract—they are too hydrophilic—supplements generally contain the element in the
form of a salt of an organic carboxylic acid, e.g., citrate, fumarate, gluconate, succinate, or
orotate (uracil-6-carboxylate).175 These anions can aid absorption in the gastrointestinal tract
through significant ion-pairing or complexation giving one or more species with at least some
lipophilic character. Phospholipid complexation and encapsulation of iron(II) sulfate is claimed to
improve iron availability.176 The use of iron supplements dates back to Ancient Egypt; they have
maintained their reputation as remedies and tonics ever since, as for example documented for the
time of Louis XV.177

For many years the only fully approved drug for reducing iron levels in the body has been
desferrioxamine, (22). This has several disadvantages, the main one being that oral administration
is not successful—desferrioxamine is metabolized readily, albeit to iron-binding products.178

Much effort has therefore been devoted to finding a substitute that can be administered orally.
General overviews179–185 include one dealing with the development of iron chelators for the
treatment of Cooley’s anemia. This reviews the design and testing of 41 compounds of varying
types (including edta analogues, pyridoxyl derivatives, macrocyclic ligands with various pendant
arms, hydroxamates, catechols), and compares their affinities for Fe3þ.186 A concise account of
iron chelators for thalassemia187 is complemented by a generously referenced review which ranges
from inorganic coordination chemistry to biology and medicine.188 The status of oral iron
chelators is reviewed periodically, as for instance in 1990189 and in 2001,190 and the prospects
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for removal of iron, and of aluminum, from the brain by hydroxypyridinones assessed recently
(2002).191

(22)
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The most promising chelators for treating iron overload are hydroxypyridinones.192 These are
the main candidates184 for oral administration to facilitate iron removal in the treatment of,
e.g., thalassemia, hemochromatosis, siderosis, or severe iron poisoning156 and, conversely, for
administration of iron193,194 in treating anemia181,195 and sickle cell disease.196 The most
investigated series of hydroxypyridinones comprises numerous 3-hydroxy-4-pyridinones and
their bidentate anions (23), with 1,2-dimethyl-3-hydroxy-4-pyridinone, (24), also known as
CP20, L1, and Deferipron, the most studied.197 1-Hydroxy-2-pyridinones, early candidates for
treatment of iron overload,198 have proved less promising than 3-hydroxy-4-pyridinones for the
control of iron levels, both in deficiency and in overload. 1,2-Dimethyl-3-hydroxy-4-pyridinone
was first assessed for the treatment of iron overload in rats—where it was found to be of
comparable effectiveness to desferrioxamine, but with the great advantage of oral efficacy199—
then humans,200 with the pharmacokinetics being established.201 Long term clinical trials have
assessed its value for the treatment of iron overload and of Cooley’s anemia202 and have
investigated side effects.203 It is now possible to document the progress, and disease complica-
tions where relevant, of patients treated with Deferipron for up to 25 years.204 Recent reviews of
its clinical effectiveness and status190,205,206 have been complemented by multi-center assess-
ments of its safety profile.207 Despite all this activity on Deferipron there is good evidence that
its mono-208 or diethyl analogues may well be preferable209—for one thing they do less harm to
certain enzymes. Carboxylate, sulfonate (e.g., the taurine/kojate ligand (25)),210 or imidazo-
late211 functionalized derivatives are potentially useful, the last particularly so since properties
of the ligand and its complexes can readily be tuned by pH variation. The incorporation of basic
groups such as NR2, piperidyl, or imidazolyl as substituents on the ring nitrogen makes the
hydroxypyridinones more appropriate for targeting lysosome iron.212 The generally higher
affinity of hexadentate ligands in comparison with tris-bidentate analogues has inspired a search
for effective iron chelators of this type, e.g., by linking three bidentate chelating groups through
units such as (26), (27), or (28) to form a tripodal ligand or using two such capping units to
form an encapsulating or cage ligand (cf. Section 5.4.1.9). The requirements for appropriate
solvation properties (cf. Section 5.4.1.7)—a balance between the opposing requirements of
reasonably high water solubility for oral administration and sufficient lipophilicity for crossing
membranes—and to avoid too much interference with the body’s normal iron metabolism213

always need to be borne in mind when developing new chelators. Suitable analytical methods,
such as HPLC, have been developed for the estimation of levels of hydroxypyridinone ligands
and complexes in human samples.214
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Turning to other types of potential iron chelators, tetracycline (29) and its derivatives form
moderately stable complexes with Fe3þ and with Fe2þ, tetracycline probably acting as an
O,O-donor ligand.216 Several tetracyclines can remove iron from FeIII2-transferrin;

217 conversely
FeCl3 has been shown to reduce the antibiotic activity of tetracyclines.

218 2,3-Dihydroxybenzoic
acid was tested in the 1970s for decreasing iron overload (it is very specific for Fe3þ, particularly
in relation to Mg2þ and Ca2þ),219 then abandoned, but interest has recently been reawakened in
connection with proposals for combination therapy; the administration of two iron chelators may
be more efficient than of just one.190 Bis-hydroxyphenyl-triazoles, e.g., (30), are a new class of
iron chelators (terdentate, O,N,O-),220 slightly more effective than desferrioxamine for removing
iron. Their stability and selectivity (log K1= 23.3 for Fe

3þ, 7.6 for Mg2þ, and only 5.5 for Ca2þ)
make them promising candidates for trials for iron overload treatment.221 Other proposed
chelators include N,N0-bis(2-hydroxybenzyl)ethanediamine-N,N’-diacetate (which, like desferriox-
amine, is hexadentate),222 curcumin (31),223 and several diimine derivatives of 2,20-bipyridyl, (32)
with R= e.g., —COMe, —CO(n-nonyl), —CO(C6H5X)

224 and (33) with R= e.g., phenyl, o-tolyl
or 2-pyridyl,225,226 and of 1,10-phenanthroline, (34) with R1= e.g., phenyl or —C6H4X and
R2=H or Bu and (35) with R= e.g., phenyl or —C6H3-3,4-Cl2. Of all these potential ligands
only one, (33) with R=CH2-2-C5H4N, shows effectiveness comparable with desferrioxamine and
the hydroxypyridinonates as an iron chelator and shows potential as an inhibitor of cell
growth.227 These diimines presumably target iron(II) rather than the more important (in this
context) iron(III).
The removal of iron from such species as transferrin or ferritin by hydroxypyridinones, side-

rophores, and other chelators is of considerable relevance to the control of iron levels in the body,
and indeed to iron metabolism in a range of life forms. Methods and mechanisms for such removal
are referenced in Sections 5.4.5.2, 5.4.5.5.2, 5.4.5.6.1, and 5.4.5.6.2 below. Interestingly cyanide, one
of the most powerful ligands for iron, appears to prefer to bind to iron–transferrin, at the C-terminal
FeIII, rather than to remove the iron. This adduct is believed to contain the iron in an octahedral
environment of three cyanide ligands (mer) and nitrogens from two tyrosine residues and a
histidine.228
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Iron compounds and complexes are returning to favor as contrast agents for use in magnetic
resonance imaging (MRI). Iron(III) chloride was the first inorganic contrast agent used in a human,
administered orally for gastrointestinal tract imaging. Salts such as iron(III) ammonium citrate (the
main ingredient in Geritol, an iron supplement for anemia) and iron(II) sulfate were subsequently
assessed as contrast agents.229,230 Iron(III)–ethylene-bis-(2-hydroxyphenylglycine) has been used for
hepatobiliary imaging,231,232 replacing gadolinium complexes in certain circumstances. Iron is much
less toxic than gadolinium, and although gadolinium complexes generally have considerably more
favorable relaxivities214,233 relaxation properties of ternary aqua-iron(III) complexes can be varied
considerably by varying the ligand. Thus the residence time for a water molecule on Fe3þ is 105 times
shorter in an iron(III)–aqua-porphyrin complex than in Fe3þaq. Ferritin has also been assessed as an
MRI contrast agent.234 However most recent authors refer to iron oxide nanoparticles, e.g., coated
with dextran,235 as contrast agents.236 Water-soluble complexes, perhaps of the hydroxamate type
considered earlier for imaging,237 will presumably be required for the current extension of MRI to
MRM, magnetic resonance microscopy.238 A polynuclear FeGd3 species, which is effectively
Fe(phen)3

2þ with a dota-Gd3þ substituent at the five-position, has been synthesized and assessed.239

Iron-52 has been considered for use in positron emission tomography.240 Iron porphyrins and
phthalocyanines241 have been assessed for use in photodynamic therapy. It has been suggested
that photolytic release of nitric oxide from Roussin’s salts (Section 5.4.5.9.2) or nitrosyl porphyrin
complexes may sensitize tissues to radiotherapy.242 The role of iron biominerals in medicine has
been discussed.243
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5.4.1.11.4 Geochemical and environmental aspects

As life evolved on Earth photosynthetic processes released molecular oxygen into the atmosphere
and made it increasingly oxidizing. Since iron(II) salts in aqueous solution are readily oxidized by
molecular oxygen, increased oxygen levels led to the formation of highly insoluble iron(III)
hydroxide species in lakes and oceans that in time became vast oxide ore deposits. The principles
underlying the chemistry of iron in natural waters have been presented in Stumm and Morgan’s
long-established text247 and in Pankow’s more recent book.248 Chester gives a more geologically
oriented treatment.249 Kinetic aspects have been the subject of detailed discussion, with iron one
of three elements singled out for major coverage,250 and the role of iron in the more specific
environment of estuaries mentioned.251 Complexes of iron make several brief appearances in
books on environmental chemistry in general,252,253 in groundwater in particular,254 and very
specifically in Botswana savanna.255 The first three references in the previous sentence are
concerned both with natural systems and with pollution. Today iron is not a significant
contaminant in the sea but it has come to prominence as a result of dumping ‘‘red mud’’
from the extraction of aluminum from bauxite—this waste material contains between 5 and
40% iron256—and acidic iron(II) sulfate from the traditional production of titanium dioxide. In
Western Europe several million tons of acidic iron(II) sulfate solution were discharged each year
into the sea directly or via rivers. As the FeII becomes oxidized it is precipitated as complex
hydroxo-iron(III) species that drift as a suspension before settling on solid objects. Cases of
contamination of shellfish and of the gills of fish have been reported, but there does not appear
to have been major ecological damage. Nevertheless, the disposal of iron(II) sulfate waste in this
way has been markedly reduced in recent years. However, it has been suggested257,258 that
FeSO4 be dosed into ocean at very low concentration to stimulate plankton growth, thus to
encourage them to absorb CO2, convert it into CaCO3, and so deposit excess of greenhouse gas
on the ocean floor. Early experiments to test this idea fell foul of the high affinity of Fe3þ for
hydroxide and oxide ligands, as the added Fe was deposited on the ocean floor before it could
have significant effect.
Alterobactin A, a hydroxycarboxylate–catechol siderophore from an oceanic bacterium, has an

extremely high affinity for iron(III) (see Table 12 below).259 Photolysis of iron(III) siderophore
(hydroxycarboxylate–hydroxamate) complexes in the surface ocean produces iron(II), increasing
iron availability for plankton.260 There is a copious literature on iron biominerals in the environ-
ment,243,261 on oxidation of iron(II) species262 and on the precipitation of iron(III) in environ-
mental systems,263,264 both in natural waters and in manmade systems such as mine drainage, to
which the references cited here provide points of entry. The effects of biological ligands on the
precipitation of oxides and hydroxides of iron in marine environments have been consid-
ered.169,170 Much more specific is a consideration of iron(III)–fulvic acid interactions.265–267

A review of model compounds for iron–oxygen aggregation and biomineralization links fairly
simple complexes to metalloproteins such as ferritin and hemerythrin; carboxylate bridges support
simple oxo bridges throughout the range.268

Iron(II) salts are generally believed toxic to plant life, as for example in the use of iron(II)
sulfate as a moss killer, but conversely iron complexes are used to make hydrangeas blue. Iron(II)
sulfate is used as a detoxicant in cases of mimosine (36) poisoning of sheep and cattle269—
alopecia may thus result from consuming a certain shrub in northern Australia,270,271 while the
use of mimosine as a defleecing agent272 may result in accidental poisoning. Iron toxicity in
asbestos chemistry and carcinogenicity has been reviewed.273 As in the preceding section, it
appears that iron occupies a middle position, between the comparably unfavorable consequences
of deficiency and of excess.

(36)

N

O

OH

NH3O2C
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5.4.2 GROUP 14 DONORS

5.4.2.1 Cyanide—Hexacyanoferrates

5.4.2.1.1 Mononuclear hexacyanoferrates

Solubility data (pKsp) for two dozen hexacyanoferrate(II) and hexacyanoferrate(III) salts, and
Pourbaix (pe/pH) diagrams for iron–cyanide–water, iron–sulfide–cyanide-(hydr)oxide, iron–
arsenate–cyanide-(hydr)oxide, and iron–copper–cyanide-sulfide-(hydr)oxide, are given in a review
ostensibly dedicated to hydrometallurgical extraction of gold and silver.274 The electrochemistry
of Prussian Blue and related complexes, in the form of thin films on electrodes, has been
reviewed.275

(i) Hexacyanoferrate(II)

Hexacyanoferrate(II) can act as the intercalating counterion in several layered double hydroxides,
including Mg(OH)2/Cr(OH)3, Mg(OH)2/Al(OH)3, and Cu(OH)2/Al(OH)3.

276,277 K4[Fe(CN)6] has
been used to photosensitize TiO2.

278

The acidity constants for H4[Fe(CN)6] are pK1= 2.54, pK2= 1.08, pK3= 2.65, pK4= 4.19.
279 Asso-

ciation constants have been published for alkali metal cations ion pairing with hexacyano-
ferrate(II).280

Substitution at hexacyanoferrates(II) is very difficult, though it can be catalyzed by metal ions
such as Hg2þ. Such catalysis can be augmented by surfactants such as sodium dodecyl sulfate
(SDS), and indeed SDS-catalysis of Hg2þ-catalyzed replacement of cyanides in [Fe(CN)6]

4� by
1,10-phenanthroline has been proposed as an analytical method for the determination of mercury.281

(ii) Hexacyanoferrates(III)

The structure of Bi[Fe(CN)6]�4H2O has been elucidated,282–284 and Ce[Fe(CN)6]�5H2O and
Gd[Fe(CN)6]�4H2O studied by X-ray crystallography and Mössbauer spectroscopy.285 See Sec-
tion 5.4.2.1.1 above for an estimate of the volume of [Fe(CN)6]

3�.

(iii) Hexacyanoferrate(II)/(III) electron exchange

The hexacyanoferrate(II)/(III) electron exchange reaction is strongly catalyzed by cations such as
Kþ. However if the Kþ is complexed by, e.g., 18-crown-6 or the cryptand [2.2.2] then the rate
constant kuc for the uncatalyzed reaction can be determined. Carbon-13 NMR spectroscopy has
established that kuc is 240 M

�1 s�1 (at 298K), with�Vuc
‡=�11.3 cm3 mol�1.286 Pressure effects on

the kinetics of the [Fe(CN)6]
3�/[Fe(CN)6]

4� electrode reaction have been studied.106 Factors
controlling electron diffusion in electroactive polymer films have been probed by studying the
dynamics of incorporated [Fe(CN)6]

3�/[Fe(CN)6]
4�.287

(iv) Kinetics of hexacyanoferrate reductions and oxidations

Rate constants for many [Fe(CN)6]
3� oxidations and [Fe(CN)6]

4� reductions have been collected
and tabulated.288

Kinetic and mechanistic studies of hexacyanoferrate(II) reductions include those of
hypochlorite,289 of peroxodisulfate (for which activation volumes were determined),290 and of
trans-[Co(salen)(H2O)2]

þ (salen=N,N0-ethylenebis(salicylideneaminate), (37)).291 Peroxonitrite
oxidation of hexacyanoferrate(II) is first-order in peroxonitrite, zeroth-order in hexacyanoferra-
te(II). The inference that the rate-limiting step in this reaction is decomposition of the oxidant is
supported by activation volume data – the value of �V‡ for oxidation of hexacyanoferrate(II),
þ11 cm3 mol�1, lies within the range established for peroxonitrite decomposition but is very
different from the value of �V‡, �7 cm3 mol�1, for bimolecular peroxonitrite oxidation of
[Ni(cyclam)]2þ.292 Activation volumes of between þ27 cm3 mol�1 and þ34 cm3 mol�1 for [Fe(CN)6]4�
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reduction of several cobalt(III) complexes [Co(NH3)5X]
nþ reflect hydrational changes around the

iron as the electron is transferred within the reacting ion pair.293

(37)

N N

OO

Studies of medium effects on hexacyanoferrate(II) reductions have included those of dioxy-
gen,294 iodate,295 peroxodisulfate,296–298 [Co(NH3)5(DMSO)]

3þ,299 and [Co(en)2Br2]
þ.300 Rate

constants for reaction with dioxygen depended strongly on the electron-donor properties of the
organic cosolvent. Rate constants for reduction of peroxodisulfate in several binary aqueous
media were analyzed into their ion association and subsequent electron transfer components. Rate
constants for reduction of [Co(en)2Br2]

þ in methanol–water and dioxan–water mixtures were
analyzed by a variety of correlatory equations (dielectric constant; Grunwald-Winstein; Swain;
Kamlet-Taft).
Kinetic studies of hexacyanoferrate(III) oxidations have included the much-studied reaction

with iodide301 and oxidation of the TlCl2
� anion,302 of hydrazine and hydrazinium,303 and of

phenylhydrazine and 4-bromophenylhydrazine.304 These last reactions proceed by outer-sphere
mechanisms, and conform to Marcus’s theory. Catalyzed [Fe(CN)6]

3� oxidations have included
chlororuthenium-catalyzed oxidation of cyclohexanol,305 ruthenium(III)-catalyzed oxidation of
2-aminoethanol and of 3-aminopropanol,306 ruthenium(VI)-catalyzed oxidation of lactate, tartrate,
and glycolate,307 and osmium(VIII)-catalyzed oxidation of benzyl alcohol and benzylamine.308

Studies of medium effects on hexacyanoferrate(III) oxidations have included those of iodide
and of sulfite,297,298,309,310 in aqueous salt solutions as well as in binary aqueous solvents.

5.4.2.1.2 Polynuclear and mixed valence complexes

(i) Polynuclear complexes

Complexes containing Fe—C—N—Fe or Fe—C—N—M1 units, indeed M2—C—N—M1 units in
general, have become of great interest in recent years in relation to their structures, to their
magnetic and magneto-optic properties, and to the study of intramolecular electron transfer.
Structures include a range of 1D, 2D, and 3D arrangements; metal–metal interactions also cover a
wide range, tunable by varying the metal and the other ligands present. Table 4 gives a selection
of species of established structure.
Two iron atoms are bridged by diphenylphosphinopropane, dppp, and by two —CN—Zn—

NC— units in [(C5H5)Fe(�-CN)2ZnI(THF)]2(�-dppp).
319 Fe—CN—Zn bridging is also found in

Zn[Fe(CN)5(NO)].
320

In [Fe(py)2M(CN)4], M=Ni, Pd, Pt, cyanide-bridging results in a 2D structure;321 in
[Fe(pz)M(CN)4], pyrazine-bridging orthogonal to cyanide-bridging gives an infinite 3D structure.

322

These are all spin cross-over complexes. Aniline analogues of [Fe(py)2Ni(CN)4] are high-spin
species,323 as is [Fe(H2O)2Ni(CN)4](dioxan)2.

324 The structure of [Cu(en)(H2O)]2[Fe
II(CN)6]�4H2O

comprises a cyanide-bridged bimetallic assembly, of a 1D chain (39) with inter-chain links to form
2D polymeric sheets, whereas [Cu(en)2][KFe

III(CN)6] consists of a 3D network of Kþ and
[Fe(CN)6]

3� with the [Cu(en)2]
2þ in holes.325 [Cu(pn)2]2[Fe

III(CN)6]ClO4�2H2O, where pn= 1,3-
propanediamine, has a 2D network structure.314 FeIII—C—N—LnIII bridging occurs in the com-
plexes prepared from K3[Fe(CN)6]�Ln(NO3)3�6H2O plus DMA. For Ln= Sm, Gd, Ho three
different products and structures have been obtained.326 The salts CsLn[Fe(CN)6]�nH2O, with
Ln=La ! Lu and Y, and n= 4 or 5, continue studies of double salts of this type.327 IR spectra
indicate significant Fenþ–anion interaction in the double salts KFe[M(CN)8]�nH2O, n= 7 or 8,
prepared from octacyanomolybdate-(IV) or -(V) or the tungsten analogues.328 Fe2þ–[Co(CN)6]

3�

interactions have been compared with interactions of [Co(CN)6]
3� with other cations through the

respective stretching frequencies for the coordinated cyanide.329
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(38)

N

N

N

N

NN

OH

HO
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HH

H
Fe

CN

CN

Cu

Cu

Fe

CN

CN

(39)

C

N

C

N N

C

N

C

Metal–metal interactions in [(C5H5)(dppe)Fe—CN—Ni(cyclam)—NC—Fe(dppe)(C5H5)]
2þ and

[(OC)5Cr—CN—Fe(cyclam)—NC—Cr(CO)5]
þ were probed by electrochemical and spectroscopic

techniques,330 and intervalence charge-transfer (IVCT) within [(NC)5Fe
IICNPtIV(NH3)5] and

[(NC)5Fe
IICNPtIVNCFe(CN)5]

4� analyzed.331

Cyanide-bridged complexes involving iron–diimine–cyanide complexes are discussed in Section
5.4.3.5.8.

(ii) Mixed valence complexes

These are of particular interest as pigments and in relation to kinetics and mechanisms of
intramolecular electron transfer. Prussian Blue is mentioned in a review of photoswitchable
coordination compounds.332 Three aspects of Prussian Blue and related compounds, viz their
structures, their electrochemical behavior (electrodes; batteries), and their uses in medicine (treat-
ment of 137Cs and of thallium poisoning), are mentioned in a review of cyanide complexes of
transition metals.333 The first authentic example of a Turnbull’s Blue, i.e., an iron(II)–hexacya-
noferrate(III) combination, has been reported. It is a valence-trapped (Robin and Day class
I334,335) compound.336 In cobalt–iron Prussian Blue analogues NaxCoyFe(CN)6�zH2O electronic
and spin states are controlled by temperature and the ligand field strength around the Co2þ ions,
which in turn is determined by the Co:Fe ratio. The range of compositions studied is summarized
in Table 5.337

Table 4 Some cyano-bridged binuclear complexes of established structure.

Fe—C—N—M unit Compound Structure References

FeIII—C—N—RhII a 1D linear chain 311
FeII—C—N—MnIV �-Mn[Fe(CN)6] Two interpenetrating

3D networks
312

FeII—C—N—CuII [Cu(tn)]2[Fe(CN)6]
b 2D layersc 313

FeIII—C—N—CuII [Cu(tn)]2[Fe(CN)6]ClO4�2H2Ob 2D network 314
FeIII—C—N—CuII [Cu(hehct)]x[Fe(CN)6]y

d 1D zigzag chain 315
FeII—C—N—NiII [Ni(hehct)][Fe(CN)6]�4H2Od 3D vat-like 315
FeIII—C—N—NiII [Ni(cyclam)]3[Fe(CN)6]2�nH2Oe 2D honeycomb 316
FeIII—C—N—FeIII [Fe(cyclam)][Fe(CN)6]�6H2O 1D linear chain 317
FeIII—C—N—FeIII [{Fe(salen)}2{Fe(CN)6}]

� 2D (cation and solvent
dependent)

318

a Aqua-K(18-crown-6) salt of {[–Rh2(-benzoate)4–NCFe(CN)4CN–]
3�}n.

b tn= 1,3-diaminopropane. c Contains Cu4Fe3 (defect)
cubane units. d hehct= 3,10-Bis(2-hydroxyethyl)-1,3,5,8,10,12-hexaazacyclotetradecane (38). e Prepared from [Ni(cyclam)]2þ plus a
large excess of [Fe(CN)6]

3�
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5.4.2.2 Cyanide—Pentacyanoferrates

5.4.2.2.1 Introduction

Advances in the chemistry of [M(CN)5L]
n– complexes, for M=Fe, Ru, and Os, have been

reviewed.338 There has been rather little activity in the preparation of novel complexes, but
considerable activity in studying the properties, especially solvatochromism and various aspects
of kinetics of substitution, of known complexes. However there has been an attempted prepara-
tion of [Fe(CN)5(C12H25NH2)]

3�, in the hope of generating micelles or lyotropic liquid crystals.
This preparation appeared to yield [Fe(CN)4(H2O)(C12H25NH2)]

2�, whose alkali metal salts gave
a hexagonal mesophase in water, but were also readily hydrolyzed to [Fe(CN)4(H2O)2]

2�.339

Heterobinuclear complexes of the form [(NC)5FeL
1ML25]

n have been much studied, especially in
relation to intramolecular electron transfer (see Section 5.4.2.2.5).

5.4.2.2.2 Solvatochromism and piezochromism

Solvatochromism and piezochromism of a range of pentacyanoferrates(II) have been examined in
binary aqueous solvent mixtures,340 and their solvatochromism in micelles and reversed
micelles.341 The solvatochromism of [Fe(CN)5(nicotinamide)]

3� has been established in several
ranges of water-rich binary solvent mixtures,342 of [FeII(CN)5(2,6-dimethylpyrazine)]

3� in acet-
onitrile–water mixtures.343 The solvatochromism of [Fe(CN)5(4Phpy)]

3� and [Fe(CN)5(4Bu
tpy)]3�

has been proposed as an indicator of selective solvation in binary aqueous solvent mixtures.344

The piezochromism of [Fe(CN)5(4CNpy)]
3� and [Fe(CN)5(pz)]

3� (and of the biferrocenium
cation) was included in a wide-ranging solvatochromism/piezochromism correlation for metal-to-
ligand (and ligand-to-metal) charge-transfer bands of a variety of inorganic and organometallic
complexes.345

The solvatochromism of the ligand-to-metal charge-transfer bands of [FeIII(CN)5L]
2� with

L= (substituted) imidazoles and pyrazoles has been described.346

5.4.2.2.3 Formation and dissociation kinetics

(i) Aqueous media

Reviews288,347 of pentacyanoferrate substitution kinetics have included a detailed consideration of
high-pressure studies of thermal and photochemical substitution and electron transfer reactions
of pentacyanoferrates-(II) and -(III).348 Photochemical activation can result in the loss of L or
of CN�. The best way to study the latter is through photochemical chelate ring closure in a
pentacyanoferrate complex of a potentially bidentate ligand LL: [Fe(CN)5(LL)]

n�!
[Fe(CN)4(LL)]

(n�1)� þ CN�.349
Kinetic parameters (k, often also �H‡ and �S‡, occasionally �V‡) for formation and dissocia-

tion of several pentacyanoferrate(II) complexes [Fe(CN)5L]
n� have been established. Ligands L

include several S- and N-donor heterocycles,350 4-methyl- and 4-amino-pyridines,351 a series of
alkylamines,352 3- and 4-hydroxy- and 3- and 4-methoxy-pyridines,353 several amino acids,354

nicotinamide,342 4-pyridine aldoxime,355 3-Me and 3-Ph sydnones,356 several bis-pyridine
ligands,127 neutral, protonated, and methylated 4,40-bipyridyl, 1,2-bis(4-pyridyl)ethane and
trans-1,2-bis(4-pyridyl)ethene,357 pyrazine- 4,40-bipyridyl- and bis(4-pyridyl)ethyne-pentaammine-
cobalt(III),358 edta–ruthenium(III),359 and pentaammineruthenium-(II)and-(III) complexes of

Table 5 Compositions and iron oxidation states in cobalt–iron Prussian
Blue analogues NaxCoyFe(CN)6�zH2O.325

Na Co z FeII FeIII

0.07 1.50 6.3 0.07 0.93
# # # # #
0.94 1.15 3.0 1.0 0
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cyanopyridines360,361 and of pyrazine.362 Selections of kinetic parameters are given in Table 6 for
dissociation and Table 7 for formation; comparative values from earlier work for many other
ligands L are tabulated elsewhere.74 Both formation and dissociation rate constants for the
sydnones are very much lower than for most other uncharged ligands. This exceptional behavior
may arise from the mesoionic nature of these ligands (formation), and from considerably more
�-bonding than in, e.g., pyridine–pentacyanoferrate(II) complexes (dissociation). Formation of the
4-hydroxypyridine complex is also exceptionally slow, because 4-hydroxypyridine exists almost
completely in the keto form (K(keto/enol)= 1,310). The bis-pyridine species were investigated in
relation to the generation of [Fe(CN)5L]-capped rotaxanes based on cyclodextrins. Kinetics and
mechanisms of the formation, dissociation, and interconversion of linkage isomers of pentacya-
noferrate(II) complexes of ambidentate ligands have been discussed in detail.373

Equilibrium constants for formation of complexes [Fe(CN)5L] can be derived from kinetics and
independently from spectroscopic determinations. Values are given in many of the papers cited
above; stability constants for several pentacyanoferrate(II) complexes have been compared with
those for their pentacyanoruthenate(II) analogues.374

Rate constants for the sequence of reactions in which successive [Fe(CN)5(H2O)]
3� complexes react

with the peripheral nitrogens of [Ru(bipz)3]
2þ, bipz= (40), decrease from 3,500dm3mol�1 s�1 for

attachment of the first Fe(CN)5
3� to 0.3dm3mol�1 s�1 for the sixth.375 Rate constants decrease as the

Table 6 Kinetic parametersa for dissociation of pentacyanoferrates(II), [Fe(CN)5L]
n�, in aqueous solution

at 298.2K.

L 103k (s�1) �H‡(kJ mol�1) �S‡(JK�1 mol�1) �V‡(cm3 mol�1)

Ammonia 22 102 þ63 þ16
Aliphatic amines 2.8 to 22.7 92 to 107 þ29 to þ71 þ16 to þ24
Pyridines :
Unsubstituted 1.1 104 þ46
4-methyl 1.2 100 þ38
4-t-butyl 0.92 þ11.4
4-butylpentyl 0.37 þ16b
4-amino 2.5 90 þ5
4-cyano 1.0 105 þ50 þ20
4-hydroxy 1.1 92 þ7
4-methoxy 2.1 93 þ16
4-phenyl 0.7 þ10.4
4-(40-pyridyl) 0.62 111 þ67 þ13.5
4-X-(40-pyridyl)c 0.59 to 0.80 115 to 123 þ82 to þ108
4-X-(40-pyridyl.cd)d 0.03 to 0.70 112, 116 þ42, þ76
4-aldoxime 0.45 134 þ140
3-carboxamidee 3.4 107 þ130

Piperidine 7.5 91 þ15
Pyrazine 0.42 110 þ59 þ12.5
2-Methylpyrazine 0.77 114 þ44 þ19.4
N-Methylpyrazinium 0.28 115 þ75 þ0.9
N-n-Pentylpyrazinium 0.20 þ9.6
Thiourea 13 88 þ21 þ20.9
Nitro 10 þ20.1
3-Me-, 3-Ph-sydnones 0.014, 0.047

—pz—RhIII(NH3)5 1.1
—pz—RuIII(NH3)5 2.9
—pz—RuII(NH3)5 0.72
—(4,40-bipy)—RuII(NH3)5 2.5
—(3-,4-NHCOpy)—RuII(NH3)5 2.6 to 2.8
—(3-,4-NCpy)—RuII(NH3)5 2.5 to 5.0
—(3-,4-NCpy)—RuIII(NH3)5 8 to 10
—(L)—RuIII(edta)g 2 to 154

a References to the rate constants and activation parameters in this table are cited in the text. b In 20% MeOH. c X=CH2,
CH2CH2, CH2CH2CH2, CH¼CH, C�C; when Co(NH3)5 is coordinated to the 40-pyridyl rate constants are in the range (1–4)� 10�3
s�1. d cd= cyclodextrin. e i.e., nicotinamide. f L=pz; 4,40-bipy; 3,30-Me2-4,4

0-bipy; trans-py–CH¼CH–py; py–(CH2)3–py.
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formal charge on the ruthenium-centered moiety goes from 2þ to 13�, with the consequent change
in the notional charge product for the reactants from a favorable 6� to a very unfavorable 39þ.

N

N

N

N

(40)

The volume profile has been established for the reaction

[Fe(CN)5(H2O)]
3� þ NH3Ð [Fe(CN)5(NH3)]3� þ H2O

�V‡=þ14 cm3 mol�1 for both the forward and the reverse reaction. That this �V‡ value is
markedly less than the partial molar volumes of water and of ammonia (25 cm3 mol�1 and 18 cm3

mol�1, respectively) indicates limiting dissociative (D) activation,376 as do the �S‡ values of close
to þ70 JK�1 mol�1 in both directions. Overall the current situation with regard to thermal
substitution at pentacyanoferrates(II) appears to be that the Id mechanism probably operates
for [Fe(CN)5(H2O)]

3�, the D mechanism for all other [FeII(CN)5L]
n� complexes.338 The role of

ligand size in determining �V‡ for substitution at pentacyanoferrates has been investigated,377 with a
plausible �V‡ vs. ligand size correlation, plus a correlation of dissociation rate constants with
ligand pKa values.

378

Table 7 Kinetic parameters for formation reactions from aquapentacyanoferrate(II), [Fe(CN)5(H2O)]
3�þL,

in aqueous solution at 298.2K.

kf
(dm3mol�1 s�1)

�H‡

(kJ mol�1)
�S‡

(JK�1mol�1)
�V‡

(cm3mol�1)

L3þ

–pz–MIII(NH3)5
3þa 5,500 to 8,800

L2þ

�(3-,4-NCpy)–RuII(NH3)52þ 5,700; 4,600
–pz–RuII(NH3)5

2þ 3,700
–bipz–RuII(bipz)2

2þ 35,000
–pzc–Co(NH3)4

2þ 27,300 77 þ98
Lþ

N-methyl-4,40-bipyridylium 2,820 68 þ50
N-methylpyrazinium 2,380 70 þ42
4,40-bipyridylium 1,610
L

4,40-bipyridyl 586 64 þ21
Methionine 535 70 þ42 þ18
Pyrazine 380 64 þ21
Pyridine 365 67 þ29
3-CN-, 4-CN-pyridine 413, 383
Pyridine-4-aldoxime 302
Histidine 315 64 þ21 þ17
Imidazole 240 64 þ13 þ16
2,7-diazapyrene 180
L
�

Glutathionate 219 76 þ54
�-alaninate 57 60 �10 þ14
Pyrazine carboxylate 47 þ17
4-nitroimidazolate 45
Cyanide 30 77 þ42 þ14
Glycinate 28b 61 �13 þ16
Ru(edta)Lc 140 to 180

References to the rate constants and activation parameters in this table are cited in the text. a M=Co, Rh, Ru. b Between
18 dm3mol�1 s�1 and 30 dm3mol�1 s�1 for other singly charged amino acid ligands. c L=pz; 4,40-bipy; 3,30-Me2-4,4

0-bipy.
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Reaction of [Fe(CN)5(4CNpy)]
3� with a wide range of ligands (in 40% MeOH) has been used,

along with analogous reactions of molybdenum(0) complexes [Mo(CO)5L], to illustrate the variety
of rate constant vs. incoming ligand concentration dependences in a limiting D mechanism.379

(ii) Medium effects

Medium effects on reactivity have been established for reaction of [Fe(CN)5(4CNpy)]
3�, of

Fe(CN)5(4,4
0-bipy)]3�,380 and of [Fe(CN)5(4Phpy)]

3� with CN� in binary aqueous systems with
various hydroxylic solutes—MeOH, ButOH, glycol, glycerol, and sucrose. A multiparameter
correlation has been developed for the [Fe(CN)5(4Phpy)]

3� results381 and also applied to ligand
replacement in [Fe(CN)5(4,4

0-bipy)]3� in binary aqueous media.382 Both solvent (ROH, acetone,
MeCN; k, �H‡ and �S‡ as a function of solvent composition) and salt effects on reactivity have
been studied for dissociation of [Fe(CN)5(nicotinamide)]

3�;342 salt effects were also reported for
the reaction of [Fe(CN)5(4Phpy)]

3� with cyanide. The latter case included derivation of activation
volume via surface area of activation.383 Activation volumes obtained directly from high pressure
kinetics and indirectly via surface areas of activation from salt effects have been compared for
four [Fe(CN)5L]

3� complexes.384

Reactivities of pentacyanoferrates(II) in micelles and reversed micelles have been studied.341 The
hexadecyltrimethylammonium cation causes a modest increase in rate constant for the anion–
anion reaction [Fe(CN)5(4-CNpy)]

3�þCN�. This can equally well be interpreted according to
the pseudophase model developed from the Olson-Simonson treatment of kinetics in micellar
systems or by the classical Brønsted equation.382,386

Rate constants for reaction of [Fe(CN)5(H2O)]
3� with pyrazine 3-carboxylate have been

obtained in a series of isodielectric aqueous mixtures with hydroxylic cosolvents and solutes.387

(iii) Pentacyanoferrates(III)

Activation parameters (�H‡, �S‡, �V‡) for solvolytic dissociation of [FeIII(CN)5(NO2)]
3� in

water,388 methanol, dimethyl sulfoxide and dimethylformamide389 cover a wide range of values,
as do �H‡ and �S‡ values for reaction of [FeIII(CN)5(H2O)]

2� with cytosine, cytidine and cytidine-
50-monophosphate.390 The patterns revealed contrast with those for pentacyanoferrates(II) and
suggest that pentacyanoferrate(III) complexes undergo substitution by an interchange mechanism
(Id), as for [Co

III(CN)5(H2O)]
2�,391 rather than the D mechanism favored by the iron(II) complexes.

5.4.2.2.4 Redox chemistry

Redox potentials of pentacyanoferrates are often determined in association with kinetic and
stability constant determinations.392,393 They are also available for 4-methyl- and 4-amino-pyri-
dine pentacyanoferrates,351 and for [Fe(CN)5(2,6-dimethylpyrazine)]

3�/2� in acetonitrile–water
mixtures.343 Oxidation potentials of [Fe(CN)5L]

3� complexes correlate with the electron-with-
drawing or -releasing properties of the ligands L.338

The activation volume for peroxodisulfate oxidation of [Fe(CN)5(pentylpz)]
3�, 0 2 cm3 mol�1,

suggests, as do the close-to-zero values for analogous reactions of [Fe(CN)6]
4� and of

[Fe(diimine)(CN)4]
2�, compensation between intrinsic and solvational contributions.290

The kinetics of formation of nitroprusside from [FeIII(CN)5(H2O)]
2� indicate a mechanism of

complex formation in which outer-sphere reduction to [FeII(CN)5(H2O)]
2� precedes substitution.394

Reduction of the dimeric pentacyanoferrate(III) anion [Fe2(CN)10]
4� by thiourea is a multi-stage

process; the first step is one-electron transfer to give [Fe2(CN)10]
5�, which dissociates to give

[Fe(CN)5(tu)]
2� and [Fe(CN)5(H2O)]

3�.395

5.4.2.2.5 Formation of, and electron transfer within, binuclear species

Binuclear complexes of the type [(NC)5Fe
II(�-L2)CoIIIL15] or [(NC)5Fe

II(�-L2)RuIIIL15] are valu-
able for monitoring kinetics of intramolecular electron transfer as the FeII and CoIII or RuIII

moieties are substitution-inert, as in the classic [L15Ru
II(�-L2)RuIIIL35] systems. A dissociative
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mechanism for formation of pyrazine carboxylate (pzc) bridged FeIICoIII species is indicated by
activation volumes between þ23 dm3 mol�1 and þ28 dm3 mol�1.396 Salt effects on formation and
dissociation kinetics of [(en)2Co(�-pzc)Fe(CN)5]

� have been studied,397 with �V‡ for dissociation
estimated by the indirect ‘‘surface area of activation’’ route (see Medium effects part of Section
5.4.2.2.3 above), while k, �H‡ and �S‡ for reaction of [FeII(CN)5(H2O)]

3� with [Co(N-
H3)4(pzc)]

2þ have been determined in binary aqueous mixtures.398

Kinetics of reaction between [FeII(CN)5(H2O)]
3� and [Co(NH3)5(pz)]

3þ permit the estimation
of a rate constant for water loss from low-spin iron(II), since the large charge product for this pair
of reactants results in a curved plot of kobs vs. incoming ligand concentration, whence the
required rate constant can be separated from the association constant for the two reactants.
The rate constant of 24 s�1 (at 298K) is much higher than for dissociation of other
[FeII(CN)5L]

3� complexes (cf. Table 6), consistent with the low affinity of the [FeII(CN)5]
3�

moiety for water – the subsequent electron transfer is very much slower.399 Rate constants and
activation volumes have been obtained in water and in methanol–water mixtures,400 and rate
constants in SDS and CTAC micelles,401 for the relatively slow electron transfer within binuclear
[(en)2Co(�-pzc)Fe(CN)5]

�, itself considerably more rapidly formed from [FeII(CN)5(H2O)]
3� and

[Co(en)2(pzc)]
3þ. Salt effects402 and solvent effects (water plus hydroxylic cosolvents or solutes)403

were also probed for kinetics of intramolecular electron transfer in [(H3N)4Co(�-pzc)Fe(CN)5]
�.

Electron transfer in these Co(pzc)Fe systems (in water, in the dark) has �V‡ between þ24 dm3
mol�1 and þ38 dm3 mol�1,400,404 but when photochemically induced �V‡ is close to zero. This
large difference may be ascribed to the differing hydrational contributions associated with the
electron transfer. In thermal electron transfer the large difference in hydration between
–FeII(CN)5 and –Fe

III(CN)5 is reflected in the overall observed �V‡ value, whereas in the photo-
chemical reaction the rate-limiting step is the orbitally forbidden transfer of the electron from the
bridging ligand to the cobalt, a process with only very small intrinsic and hydrational volume
changes.396 The small variation in rate constants for electron transfer within [(NC)5Fe

II(�-
L2)CoIIIL1 (NH3)4] with bridging L

2= 3,30-dimethyl-4,40-bipyridine, 4,40-bipyridylethyne, 1,4-bis(4-
pyridyl)butadiyne, 2,7-diazapyrene, and 3,8-phenanthroline correlates with Fe ���Co distances and
with MLCT frequencies.358 The tetrazine-bridged mixed valence anion (41) exhibits a high intensity
IVCT band in the near IR. Its comproportionation constant (Kc) is �108 in water, �1019 in
acetonitrile – a remarkable solvent effect on Kc. IR and Mössbauer spectra indicate this anion to
be Class III,334,335 i.e., completely delocalized Fe2

2.5þ.405

(41)

N

N

N

N Fe(CN)5(NC)5Fe

5

5.4.2.2.6 Pentacyanonitrosylferrate(II)

Zn[Fe(CN)5(NO)] contains Fe—CN—Zn bridging.
320 The lack of reactivity of MII [Fe(CN)5(NO)],

M=Fe, Co, Ni, is demonstrated by the absence of reaction of these salts with a variety of N- and
S-donor ligands.406 Pentacyanonitrosylferrate(II) (nitroprusside) reacts with RS� or RNH2,

288 e.g.,

½FeðCNÞ5ðNOÞ�
2�þRS� ! ½FeðCNÞ5ðNOSRÞ�

3� ð1Þ

Kinetic parameters have been determined for reaction of pentacyanonitrosylferrate(II) (nitro-
prusside) with secondary amines, which takes place by parallel reactions:

½FeðCNÞ5ðNOÞ�
2� !OH

�

½FeðCNÞ5ðNO2Þ�
4� !R2NH ½FeðCNÞ5ðNHR2Þ�

3� ð2Þ

½FeðCNÞ5ðNOÞ�
2� þ 2R2NH! ½FeðCNÞ5ðNHR2Þ�

2�þR2NNO ð3Þ

The mechanism of equation (3) is claimed to involve concerted binding of one amine molecule to
the nitrosyl ligand with base-catalyzed proton removal.407Kinetic parameters for decomposition of
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nitroprussides of several copper(II) aqua-amine cations have been determined thermogravimetri-
cally.408,409 Equilibrium and kinetic parameters (K,�H�,�S�; k,�H‡,�S‡) have been reported for
the three stages in the reduction of nitroprusside by cysteine and the concomitant NO release.410

The nitroprusside ion, [Fe(CN)5(NO)]
2�, and related complexes, figure largely in a review of

photoswitchable coordination compounds.332 Examination of the photolability of nitroprusside as
a function of wavelength revealed significant release of cyanide only below 480 nm; above 480 nm
there is almost exclusively loss of nitric oxide.411 Synthesis of 57Fe-enriched [Fe(CN)5(NO)]

2� may
facilitate mechanistic studies by permitting readier Mössbauer examination of metastable states
and intermediates.412 ESR and relativistic density functional calculations suggest that although
[Fe(CN)5(NO)]

2� is, as usually assumed, best regarded as an NO complex of iron(II), there is
substantial electron transfer from metal to ligand in the ground state.413

[Fe(CN)5(NO)]
2� makes several appearances in a recent symposium volume dedicated to nitric

oxide in biosystems, for example in connection with iron(II) citrate-induced oxidative stress.414

Nitroprusside is the only metal nitrosyl complex in clinical use, where it is important as a rapidly
acting agent for the lowering of exceptionally high blood pressure.235

5.4.2.3 Other Cyano-complexes

5.4.2.3.1 Tetracyanoferrates and dicyanoferrates

Rate constants and activation parameters for �$� interconversion for the chelate rings in
[Fe(CN)4(diamine)]

� anions with diamine= 1,2-ethanediamine, (2R,3S)-butanediamine, and (1R,2S)-
cis-cyclohexanediamine have been determined from line shape analysis of variable temperature NMR
spectra.�H‡ values are 25kJmol�1, 30kJmol�1, and 43kJmol�1,�S‡ values 0 JK�1mol�1,�3 JK�1
mol�1, and �8 JK�1 mol�1, respectively.415 Ternary diimine–cyanoferrate complexes appear in
Section 5.4.3.5.8.

5.4.2.3.2 Carbonyl cyanides

It has been known since the 19th Century that hexacyanoferrates(II) react with concentrated sulfuric
acid to give carbon monoxide. The preparation of [Fe(CN)5(CO)]

3� from these reagents was reported
in 1913. It now seems likely that the conversion of coordinated —CN into —CO proceeds through
—CONH2, here as in certain iron-containing hydrogenases.

416 The stereospecific formation of
fac-[Fe(CN)3(CO)3]

� then cis-[Fe(CN)4(CO)2]
2� from [Fe(CO)4I2], as well as the stereospecific pro-

duction of trans-[Fe(CN)4(CO)2]
2� from iron(II) chloride plus cyanide in an atmosphere of CO,

appears to be under kinetic control. cis-[Fe(CN)4(CO)2]
2� decomposes in minutes in aqueous solu-

tion, whereas the trans isomer, first reported in 2001,417,418 decomposes considerably more slowly.
fac-[Fe(CN)3(CO)3]

�, prepared as its Kþ and PPh4
þ salts, and cis-[Fe(CN)4(CO)2]

2�, have IR spectra
characteristic of their C3v and C2v geometries. The carbonyl stretching frequencies are modestly
solvatochromic.419 Crystal structures have been determined for cis- and trans-[Fe(CN)4(CO)2]

2�

salts. Trans-[Fe(CN)4(CO)2]
2� reacts with cyanide by a dissociative reaction to give [Fe(CN)5(CO)]

3�;
methylation of [Fe(CN)5(CO)]

3� gives solely cis-[Fe(CN)4(CNMe)(CO)]
2�.420 The limiting member of

the carbonyl cyanide series is the hexacarbonyl anion [Fe(CO)6]
2þ, long elusive421 but eventually

prepared and fully characterized as its [Sb2F11]
� salt.422 Crystal structures of this and the [SbF6]

� salt
have been published.423 Other quaternary carbonyl cyanides include the 1,4,7-trimethyl-1,4,7-
triazacyclononane complex [Fe(tmtacn)(CN)2(CO)],

424 and the cyclopentadienyl complexes
K[(cp)Fe(CN)2(CO)] and Zn[(cp)Fe(CN)2(CO)]2.

310

The presence of both cyanide and carbonyl bonded to iron is a feature of iron–nickel425 and
iron-only hydrogenases.426 The former contain an Fe3S4 subunit, in which each iron is coordin-
ated by a cysteine, and two Fe4S4 subunits, in one of which each iron is again coordinated by a
cysteine while in the other three irons are cysteine-coordinated but one is bonded to a histidine.
The iron-only hydrogenases feature an Fe4S4 cubane linked to an Fe2S2 active site in which the
iron atoms are bonded to CO, CN�, and sulfur. The dithiolate bridge is a cysteinate thiol in the
hydrogenase from Clostridium pasteurianum,427 1,3-propanedithiol in that obtained from Desul-
fovibrio desulfuricans.428 A XRD study of a CO-inhibited iron-only hydrogenase showed an iron
site with one CO and two CN� coordinated to the metal.429 The hydrogenase model complex
(42)430,431 can be obtained from (43).432 (44) catalyzes the reduction of protons to dihydrogen,
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perhaps via an intermediate such as (45).433 It has been structurally characterized, as has (Et4N)2-
[Fe(SPh)2(CN)2(CO)2] (cis-CN,cis-SPh,trans-CO).

420Density functional theory (DFT) calculations
have been carried out on the closely related species (46).434 An alternative approach to modeling
the active site is provided by carbonyl cyanide derivatives derived from (47), where sulfur-bridging
is provided by a tripodal thioether. (47) reacts with cyanide in two stages, the sulfur tripod
becoming bidentate in the second stage, which produces (48).435

SS

FeFe
COOC

OC
CN

CN CO

(42)

(43) (44)

SS

FeFe
COOC

OC
CO

CO CO

SS

FeFe
COPh

OC
CN

CO CO

SS

FeFe
COMeS

OC
CN

CN CO

(46)(45)
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FeFe
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FeFe
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OC CO
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CH3
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FeFe
CNNC

OC CO

OC CO

(48)

CH3

S CH3

5.4.2.4 Other Ligands

FeCl3 reacts with Li[C(SiMe3)3], in toluene at 55–60
�C, to give the red violet iron(II) complex

[Fe{C(SiMe3)3}2]. This is monomeric, with linear C—Fe—C and an Fe—C bond distance of
2.05 Å.436

The isocyanide complex [FeII(49)(2,6-xylylNC)2] is low-spin, despite the tetrahedral stereochem-
istry of the FeII, thanks to the high ligand field strength of the isocyanide ligands.437 The
particularly strong �-acceptor properties of the ButNC ligands cause a change of ground state
of the iron in bis(t-butyl isocyanide)tetraphenyldihydroporphinato-iron(III) from the normal
(dxz, dyz)

3(dxy)
2 to (dxz, dyz)

4(dxy)
1.438 For isocyanide coordinated to iron bearing an NS3 tripod

ligand see Section 5.4.4.2.

(49)

O O SiPh3Ph3Si

5.4.3 GROUP 15 DONORS

5.4.3.1 Dinitrogen, Ammonia, and Amines

Dinitrogen is �1-bonded in [Fe(N2)(depe)2], in which the iron is in trigonal bipyramidal coordina-
tion. The nitrogen can be replaced by CO, CS2, or H2 and displaced by protonation.

439

[Fe(NCS)2(NH3)2] is the product of evolution of ammonia, at room temperature, from the
various ammines of iron(II) thiocyanate, Fe(NCS)2�nNH3 (n= 5, 7, or 8).10
[Fe(NH3)6]

2þ and [Fe(en)3]
2þ proved useful counterions for crystallization of salts of the

[AgAsS4]
2�, [AgSbS4]

2�, and [Cu8Sb3S13]
2� anions,440 and of the open framework chalcogenide

anion [Sb2Se5]
4�. The average Fe�N bond distance in the [Fe(en)3]2þ salt is 2.192Å.441 The combina-

tion of the bulky ligand N,N,N0,N0-tetramethylethylenediamine and two iodides forces the Fe2þ in
[Fe(tmen)I2] to be tetrahedral; the Fe

2þ in [Fe(dienm)Cl2] (dienm= bis(2-dimethylaminoethyl)-
methylamine) is five-coordinated. Both complexes are mononuclear with no halide bridging in the
solid state.442

The bleomycins (50) are hardly simple amines, but they do have two NH2 groups and
a CONH2 group at the N-terminal domain, as well as potential donor nitrogens in pyr-
imidine and imidazole, which can complex metal ions.443 The complexing of iron to
bleomycin444 has a significant effect on bleomycin–DNA interactions—metal complexes
can mediate strand scission—and on alkene oxidation. Both may involve hydroperoxide
intermediates.445,446
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Bleomycin A2 R = NHCH2CH2CH2SMe2

Bleomycin B2 R = NHCH2CH2CH2CH2NHC(  NH)NH2

(50)

5.4.3.2 Thiocyanate

The frequent occurrence of thiocyanate in spin cross-over complexes is documented, in Section
5.4.1.4 above and in connection with diimine and with triazole ligands in Sections 5.4.3.5.9 and
5.4.3.6.3 below, while complex formation with iron(III) appears in Section 5.4.5.1.4.
Fe(NCS)2 dissolves in liquid ammonia to form a series of ammoniates Fe(NCS)2�nNH3

(n= 5, 7, or 8). These evolve ammonia at room temperature to give [Fe(NCS)2(NH3)2], which
has a tetragonal structure with bridging thiocyanates.10

[Fe(isoquinoline)2(NCS)4]
� forms charge-transfer salts with tetrathiafulvalene and with

bis(ethylenedithio)tetrathiafulvalene(51).447 The latter shows long-range ferrimagnetic ordering.447

5.4.3.3 Azide

5.4.3.3.1 Iron(II)

The binuclear complex [Fe2(bipym)(N3)4], prepared in a one-pot reaction from FeCl2, NaN3 and
bipym (2,20-bipyrimidine, (52)), in aqueous solution, has a honeycomb layered structure. It
exhibits ferromagnetic interactions through the bridging azide ligands, antiferromagnetic through
the bridging bipym ligands.448

5.4.3.3.2 Iron(III)

[Fe(N3)5]
2� is, at least in its Ph4As

þ salt, trigonal bipyramidal.449,450 Binuclear [Fe2(N3)10]
2� has

been characterized in its [Fe(bipym)3]
2þ salt—now the iron(III) is octahedral. There is significant
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FeIII�FeIII coupling across the bridging (1,1-�) azides, but negligible interaction between the
high-spin FeIII and the low-spin FeII centers in the cations. The [Fe2(N3)10]

2� anion is stable in
solution.451 Both azide (1,1-�) and pyrazine are bridging, along the c and b axes, respectively, in
[Fe(pz)2(N3)2].

452 Azide forms both 1,1- and 1,3-bridges in [Fe(4,40-Me2bipy)(N3)2].
453 The ternary

complex anion with hydrotris(3,5-dimethyl-1-pyrazolyl)borate, [Fe{HB(3,5-Me2pz)3}(N3)3]
�, can

be prepared from [Fe{HB(3,5-Me2pz)3}Cl3]
� or, unexpectedly, directly from [Fe2OCl6]

2�.454

The structure of the ternary bioinorganic complex metazido myohemerythrin, from sipunculan
worms, is outlined in (53).455

5.4.3.4 Pyridines, Pyrazines, and Triazines

Crystal structures have been reported for the iron(II) complexes [Fe(py)2(H2O)4](O2CMe)2 and
for [Fe(py)4(O2CMe)2].

456 Reaction of anhydrous iron(III) chloride with pyridine (py) gives
[Fe(py)3Cl3]�py, which can be obtained in orthorhombic and monoclinic modifications, with a
structural phase transition temperature �200K. [Fe(py)3Cl3] has Fe–N= 2.168(5)Å and
2.274(6)Å for N trans to N and N trans to Cl, respectively. Mössbauer parameters were
recorded.457 Pyridine and picolinate (pcl) complexes [Fe(pcl)2(py)2], [Fe(pcl)3], [Fe2O(pcl)4(py)2]
and [Fe2(OH)2(pcl)4] are involved in Gif-type oxidations of hydrocarbons by hydrogen perox-
ide.458 Pyridine, and substituted pyridines, appear as ligands in pentacyanoferrates (Section
5.4.2.2) and in oxotri–iron complexes (Section 5.4.5.4.2); pyridylthiazoles and 2,6-bis(benzimida-
zol-20-yl)pyridine appear in Section 5.4.3.5.3).
2-Aminomethylpyridine (picolylamine) is an important ligand in respect to spin cross-over,

[Fe(2-pic)3]Cl2 being the key compound.
45 Heat capacity measurements on [Fe(2-pic)3]Cl2�EtOH

gave values of 6.14 kJmol�1 and 50.59 JK�1 mol�1 for the spin cross-over entropy; the deter-
mined entropy was analyzed into a spin contribution of 13.38, an ethanol orientational effect of
8.97, and a vibrational contribution of 28.24 JK�1 mol�1.459 This compound exhibits weak
cooperativity in the solid state.460 The heat capacity of [Fe(2-pic)3]Cl2�MeOH is consistent with
very weak cooperativity.460 [Fe(2-pic)3]Br2�EtOH shows a lattice expansion significantly different
from that expected in comparison with earlier-established behavior of [Fe(2-pic)3]Cl2�EtOH.461
The N3-terdentate ligand bis(2-pyridylcarbonyl)amine, Hbpca= (54), is also a �-diketone, and can

therefore act as a bridging ligand. In the complexes [Fe(bpca)2][M
2(hfac)2]2, whereM

2=FeII, MnII, or
NiII, the central iron, in its high ligand field N6 environment, is low-spin, while the iron coordinated to
hfac in the first complex is, as expected for its tris-�-diketonate environment, high-spin.462

Fe(bpe)2(NCS)2�MeOH, bpe= trans-1,2-bis(4-pyridyl)ethene, is a supramolecular coordination poly-
catenane, consisting of two interlocked 2D networks.39 Bis-pyridylethane and bis-pyridylethene also
appear elsewhere as bridging ligands in binuclear complexes (e.g., pentacyanoferrates (Section 5.4.2.2)).
The 2-pyridylmethyl unit is an important component of many ligands, both garland (straight chain)

and tripodal. Iron(II) complexes of the hexadentate ligands (55) with R=OMe or OEt have been
prepared from iron(III) complexes of 1,9-bis(20-pyridyl)-2,5,8-triazanonane by a mechanism involving
oxidative coordinated ligand dehydrogenation by the iron(III). The C¼N bond generated forms a
diimine chelating unit with one of the 2-pyridyl groups; a combination of this diimine group with the
multiple chelate effect of ligand hexadenticity is sufficient to assure the stability and substitution-
inertness of low-spin iron(II) in these products.463 Iron(III) complexes of tris(2-pyridylmethyl) deri-
vatives of ethane-1,2-diamine appear in Section 5.4.5.1.6, in relation to peroxo derivatives.
The structures of the bis-ligand iron(II) complexes of the tripodal ligands tris(pyridin-2-yl)methane

and tris(pyridin-2-yl)phosphine oxide have been determined.464 The tetradentate tripodal ligand

S

SS

S

(51) (52)

N

N N

N
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tris(6-neopentylamino-2-pyridylmethyl)amine, tnpa= (56), is present in the hydroxide-benzoate com-
plex [FeIII(tnpa)(OH)(OOCPh)]þ.465 The very similar ligand bis(6-pivalamido-2-pyridylmethyl)-
(2-pyridylmethyl)amine, bppa= (57), stabilizes OOBut466 and even OOH467 coordinated to FeIII.
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Two iron(III) complexes of unsymmetrically substituted tris(2-pyridylmethyl)amine (tpa, (58))
tripodal ligands, [Fe(59)Cl3] and [Fe(60)Cl3], have been synthesized and structurally character-
ized.468 The crystal structure, magnetic susceptibility, Mössbauer spectroscopy and photomagnet-
ism of the iron(II) complex [Fe(bpmae)(2,20-bisimidazole)](ClO4)2�12H2O, where bpmae is the
unsymmetrical tripod N{CH2(2-pyridyl)2}(CH2CH2NH2), have been established.

469
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N
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N
N

N
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Several iron(III) complexes of tripodal and tetrapodal pentadentate and hexadentate ligands with
three or four pendant 2-pyridylmethyl groups have been claimed to show superoxide dismutase
activity.470 Functional and structural influences of tetradentate N4-donor tripodal ligands—apical
nitrogen with 2-pyridylmethyl, quinolylmethyl, and imidazolylmethyl pendant arms variously—on
base-promoted intra-diol cleavage of catechols have been assessed. There is a correlation between rate
constants for cleaving the coordinated catechol and reduction potentials of the respective iron(III)
complexes, models for catechol 1,2-dioxygenase, over a range of 300-fold in rate constants.471

The kinetics of formation of the dinuclear iron(III) complex [(tpa)Fe(�-O)(�-urea)Fe(tpa)]3þ were
investigated in relation to the suggestion that urease action in vivo involves an intermediate con-
taining –Ni(�-OH)(�-urea)Ni–. The mechanism of formation of the di-iron species from
[(tpa)(H2O)Fe(�-O)Fe(OH)(tpa)]

3þ is proposed to involve three reversible steps.472 The tetrapodal
analogue of tpa, viz N,N,N0,N0-tetrakis(2-pyridylmethyl)ethane-1,2-diamine (tetpen, (61)), is hex-
adentate in [Fe(tetpen)](ClO4)3, its close relation (62) is pentadentate, as in the [Fe(62)Cl]

2þ

cation.473 Its benzene-1,4-diamine analogue (63) is expected to be terdentate – earlier reports of a
yellow 1:1 complex were unable to distinguish between a mononuclear complex or a 1D coordina-
tion polymer, but it is now known that [Fe(63)Cl2] is the former, containing five-coordinate Fe

2þ.474
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(i) Pyrazines and triazines

Pyrazine is an important bridging ligand, both in binuclear species of the L15M
1–pz–M2L25 type

(see, e.g., Section 5.4.2.2.5 for FeII—pz—CoIII ! FeIII—pz—CoII) and in forming infinite chains
���M—pz—M—pz—M ���, as in [Fe(pz)2Br2], [Fe(pz)2(N3)2], and [Fe(pz)M(CN)4], M=Ni, Pd, Pt.
[Fe(pz)2Br2] has a 2D layer structure, with pyrazines bridging pairs of Fe ions, each of which has a
pair of trans bromide ligands, (64).475 In [Fe(pz)2(N3)2] both pyrazine and azide are bridging.

452 In
[Fe(pz)M(CN)4] pyrazine bridging orthogonal to cyanide bridging gives an infinite 3D structure.

322

2,4,6-Tris-(4-pyridyl)-1,3,5-triazine, (65), links this section to the preceding section, with its
bridging properties giving rise to a 2D bimetallic oxide network structure for [Fe(65)2]Mo4O13
(Section 5.4.5.2).476 2,4,6-Tris-(2-pyridyl)-1,3,5-triazine, 2,4,6tptz (66), was formerly of considerable
analytical importance;132,477 its iron(II) complex occasionally features in kinetic studies (Section
5.4.3.5.5). 3,5,6-Tris-(2-pyridyl)-1,2,4-triazine, 3,5,6tptz (67), another spectrophotometric reagent
for iron(II), can bridge iron(II) to molybdenum(0) or rhenium(I) complexes Mo(CO)4(3,5,6-
tptz)478 or ReCl(CO)3(3,5,6-tptz).
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5.4.3.5 Diimine and Related Ligands

5.4.3.5.1 General

The diimine (68) and terimine (69) chelating moieties generally bind very strongly to Fe2þ,
moderately strongly to Fe3þ, giving stable and, for Fe2þ, substitution-inert complexes. The history
and extensive chemistry of these complexes has been surveyed in the first edition of this treatise.1,2

The most familiar diimine ligands are 2,20-bipyridyl (70) and 1,10-phenanthroline (71), the most
familiar terimine 2,20:60,200-terpyridyl (72). A large number of substituted derivatives of these parent
compounds have been prepared, and the range of diimine species greatly extended by the synthesis,
either directly or on Fe2þ templates, of numerous bidentate Schiff base (73) and diazabutadiene (74)
ligands. The choice of appropriate methods and precursors permits the synthesis of ligands of
higher denticity, especially tetradentate and hexadentate ligands containing two or three diimine
units, not to forget the series of quater-, quinque-, and sexadentate polypyridyls. Thus over the past
few decades a very wide range of diimine ligands and complexes has been built up, of varying
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structure, bulk, denticity, base strength, and solvation properties (HLB97,99,100), especially for
iron(II) analysis, for the study of spin cross-over, and for kinetic and mechanistic investigations,
both of substitution and of redox reactions. In recent years these complexes have been used for
probing solvation and reactivity of complexes in various media – water, salt solutions, binary
aqueous mixtures, and nonaqueous solvents. In the following pages we shall try to document the
iron coordination chemistry of a generous selection of this family of complexes, with the coverage
divided mainly according to properties and reaction types. However we shall for the most part
maintain a division between di-, tri-, and hexadentate ligands on the one hand, and tetradentate
bisdiimine ligands on the other. The former can, through the formation of tris-, bis-, and mono-
ligand complexes, complete the coordination shell of Fe2þ or Fe3þ. Bisdiimine ligands cannot
achieve this and thus usually either form bi- or polynuclear binary complexes or ternary complexes
with one bis-diimine and two other ligands to complete an octahedral coordination shell.

N

(70)

N N

(72)

N N N N

(71)

N NR2

(73)

R1 N N

(74)
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R2 R3

R4

N

(75)

N
N

N

H H

N N

The synthesis of hexadentate tris-diimine ligands, e.g., (75), has resulted in Fe2þ complexes
which are very inert to substitution, especially when the ligand is tripodal, e.g., (76), even more so
when it is encapsulating. Such extremely inert complexes are particularly valuable for studies of
electron transfer or of solubilities and solvation. Fe2þ complexes of several encapsulating tris-
diimine ligands,130 for example the cage ligands (77), (78) and (79), show the expected extreme
substitution inertness.480

There is a brief but comprehensively referenced section on iron in a review of homoleptic 2,2-
bipyridyl complexes;481 iron–terpy (3 pages) and iron–quaterpy (1/2 page) complexes have also
been briefly reviewed.482 Absorption spectra and photochemistry of appropriate iron diimine
complexes are included in a text on polypyridyl and porphyrin complexes.483 A review of the
application of chiral 2,20-bipyridines, 1,10-phenanthrolines, and 2,20:60,200-terpyridines in homo-
geneous catalysis contains a little material on iron complexes of such ligands.484

5.4.3.5.2 Preparations, properties, and structures

(i) 1,10-Phenanthroline, 2,20-bipyridyl, and related ligands

Advances in synthetic methods have made mixed diimine ligand complexes, such as [Fe(4,7-
Ph2phen)n(phen)(3�n)]

2þ 485 whose interaction with DNA is documented below, more accessible.
Thus, for example, [Fe(bipy)2(MeCN)2]

2þ (see Section 5.4.5.4.1 below) reacts with diimines, in
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this case (80), to give the ternary complexes [Fe(bipy)2(diimine)]
2þ. It is also the starting material

for preparation of the mixed binuclear FeIIRuII complex (81) and its one- and two-electron
oxidized FeIIIRuII (class I mixed valence334,335) and FeIIIRuIII forms.486

(80)

N N

R

R = Me, CH=CH2, (CH2)4 N

H3C

(81)

N

N

Fe(bipy)2

(CH2)4

N

N

Ru(bipy)2

4+

Several tripodal and hexapodal ligands have been prepared with bipy-containing pendant arms.
A trimethylamine derivative with three such arms forms a low-spin iron(II) complex in which the
six bipy nitrogens are coordinated normally, but with indications of weak interaction between the
iron and the amine-nitrogen. The complex has rather low absorption, "502= 1,150, an order of
magnitude less than for [Fe(phen)3]

2þ.487 A similar tripod based on 1,4,7-triazacyclononane forms
a rather short-lived iron(II) complex; a hexaazamacrocycle with six bipy-containing pendant arms
forms mono- and binuclear complexes.488 Presumably all these complexes bind the iron through
their bipy moieties; the rather low stabilities of several of their iron complexes may be due to
steric constraints imposed by the apex of the tripod or hexapod.
Several ligands combine one or more diimine moieties with other functional groups, as for

example in the iron(II) complexes of carboxamide and carbothioamide derivatives of bipy489 in
Sections 5.4.4.1.5 and 5.4.4.2 below, or of the Schiff base ligands (82). The combined 2,20-bipyridyl–
tetraazamacrocyclic ligand (83)490 and the carbohydrate-modified bipy ligand (84)491 form stable
low-spin Fe2þ complexes. The ferrocene-linked bis-2,20-bipyridyl ligand (85) and the similar 1,10-
phenanthroline compound (86) also form very stable iron(II) complexes, in which the ligands are
bonded to the metal through the two diimine groups and two cis carbonyl oxygens. Cyclic
voltammetry on the free ligands and the complexes suggests that there are strong Fe ���Fe interac-
tions in the latter. The complex [Fe(87)2]

2þ undergoes ligand exchange, which is fast on the NMR
time scale.492 These ferrocene-containing complexes are very lipophilic, as are complexes containing
the alkyl-substituted 2,20-bipyridyl ligands mentioned in connection with solvatochromism of
diimine–cyanide–iron(II) complexes (Section 5.4.3.5.8) and the alkoxy complexes [Fe(8)3]

2þ.64

(83)

N NN N

N N

H

H H

(82)

N N

R

CH2CH2NH2

Crystal structures of [Fe(bipy)3](ClO4)2,
493 [Fe(bipy)3][Fe2(oxalate)3],

494 and [Fe(phen)3](NCS)2
have been reported.495 The crystal structure of [Fe(phen)3](sac)2(sacH)�6H2O reveals the
[Fe(phen)3]

2þ residing in channels along the b-axis in a hydrogen-bonded network formed by
the saccharinate anions, saccharin molecules, and waters of crystallization.496 Two crystal struc-
ture determinations of [Fe(bipym)3]

2þ salts involve the ClO4
� anion497 and the binuclear

[Fe2(N3)10]
2�anion.498 The structures of [Fe(phen)3]In, n= 14 or 18, have been established,

499 as
has that of a ternary iron(II)–bipy–oxalate complex, which crystallizes as infinite zigzag —Fe—
C2O4—Fe—C2O4—Fe— chains.500
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Heat treatment of carbon black impregnated with a salt of [Fe(phen)3]
2þ gives an oxygen

reduction catalyst.501 The compounds [Fe2(88)Cl4],
502 [Fe(89)Cl2]

503–506 and [Fe(90)Cl2]
507 are

potential ethene polymerization catalysts; they all contain five-coordinated iron(II). The chiral
terpy ligands (91) (R1, R2= all three combinations of H, Pri) and the Schiff base analogue (92), also

N

N N

(88)

N
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X = NRR', 2,5-dimethylpyrrolyl, 2,6-diisopropylphenyl

CH3H3C

N N

X X

CH3H3C

CH3CH3

H3C CH3

PPh2Ph2P
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form five-coordinated complexes [FeLCl2].
508 The pentadentate ligand 2,6-diacetylpyridine-bis-

(6-chloro-2-pyridylhydrazone), (93), is a terimine derivative which forms a purple complex
[Fe(93)Cl(MeOH)]þ in which the iron is believed to be seven-coordinated, with axial chloride
and methanol ligands.509

Structures of the ternary iron(III) complexes mer-[Fe(terpy)Cl3] and mer-[Fe(2,4,6-tptz)Cl3]
(2,4,6-tptz= (66)) have been determined.510
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(ii) Schiff base and diazabutadiene complexes

Structures have been determined for [Fe(gmi)3](BF4)2 (gmi=MeN¼CHCH¼NMe),367 the
iron(II) tris-diazabutadiene-cage complex of (79) generated from cyclohexanedione rather than
from biacetyl,362 and [Fe(apmi)3][Fe(CN)5(NO)]�4H2O, where apmi is the Schiff base from
2-acetylpyridine and methylamine. Rate constants for mer! fac isomerization of [Fe(apmi)3]

2þ

were estimated indirectly from base hydrolysis kinetics, studied for this and other Schiff base
complexes in methanol–water mixtures.370 The attenuation by the —CH2— spacer of substituent
effects on rate constants for base hydrolysis of complexes [Fe(sb)3]

2þ has been assessed for pairs of
Schiff base complexes derived from substituted benzylamines and their aniline analogues.511 It is
generally believed that iron(II)–Schiff base complexes are formed by a template mechanism on the
Fe2þ, but isolation of a precursor in which two molecules of Schiff base and one molecule of
2-acetylpyridine are coordinated to Fe2þ suggests that Schiff base formation in the presence of this
ion probably occurs by attack of the amine at coordinated, and thereby activated, ketone rather
than by a true template reaction.512

The preparation, characterization, and Mössbauer spectroscopy of the Fe3þ complex of the
linear hexadentate bis-diimine ligand derived from 1,8-diamino-3,6-diazaoctane (trien) and pyr-
role-2-aldehyde have been reported. A crystal structure determination of its PF6

� salt revealed
Fe—N bond distances of 1.915Å, 1.943Å to the pyrrole nitrogens, 1.921Å, 1.930Å to the other
diimine nitrogens, and 2.014Å, 2.067Å to the central imine nitrogens.513
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5.4.3.5.3 Spectroscopy and magnetism

(i) Spectroscopy

A theoretical treatment of the magnetic circular dichroism of [Fe(bipy)3]
2þ and [Fe(phen)3]

2þ, in
alcohol glasses at 4K,514 and a new theoretical model for the electronic structures involved515

have permitted yet more detailed analyses of the MLCT bands in the visible absorption spectra of
these complexes. The charge-transfer bands in the UV–visible spectrum of [Fe(bipym)3]

2þ have
been assigned.516 A standard addition kinetic method for the simultaneous determination of FeII

and FeIII is centered on spectrophotometric [Fe(phen)3]
2þ monitoring.143

(ii) Magnetism—spin states and spin cross-over

The spin state of iron(II) in substituted 2,20:60,200-terpyridine, (72), complexes depends on the
position of bulky substituents—phenyl substituents in both the 6 and 600 positions give a high-
spin complex; phenyl substituents in the 4 and 6 positions give a complex which exists both
in high-spin and in low-spin forms. Crystal structure determinations gave Fe—N bond distances
in both forms of the 4,6-diphenyl complex and of the 6,600-diphenyl complex. Each ligand in
the latter complex has one terminal pyridine very weakly bonded to the iron, with
Fe—N= 2.44 Å.517

The iron(II) complexes of the hexadentate 2-pyridylmethyl derivatives of bipy (94) and (95) are
spin cross-over compounds, whose light-induced high-spin to low-spin conversion has been
monitored in solution by laser flash photolysis. Single exponential kinetics (kH!L= 6.7� 106
s�1, at 273K) were observed for [Fe(94)]2þ, but for [Fe(95)]2þ kinetics were biphasic, with the
spin-conversion step (kH!L= 2.5� 107 s�1) followed by a slower step (k= 3.7� 105 s�1) involving
rearrangement of the pyridylmethyl pendant arms.518

N N

NN

N N

(94)

N N

NN
N N

(95)

NN

2,9-Bis(20-methoxyphenyl)-1,10-phenanthroline, bmpphen (2), forms a high-spin bis- but not a
low-spin tris-ligand iron(II) complex due to interligand repulsion.16

2,20-Bithiazole, 2,20-btz= (96), is a diimine, but it coordinates much less strongly than bipy to
Fe2þ.519 [Fe(2,20-btz)3](ClO4)2 exists in two modifications with slightly different magnetic proper-
ties.520 4,40-Bithiazole, 4,40-btz= (97), is not a diimine; its iron(II) complex [Fe(4,40-btz)3]

2þ is only
weakly colored but its magnetic properties and Fe—N bond distances 1.970–1.973Å suggest that
the ligand field effect of 4,40-btz is not enormously less than that of bipy.521
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Spin cross-over behavior was investigated for the iron(II) complex of 2,6-bis-(benzimidazol-
20-yl)pyridine, with K, �H�, and �S� values established in methanol and in propylene
carbonate.522 [Fe(bzimpy)2]

2þ (bzimpy= (98) with E=NH) is a low-spin complex, but
[Fe(dmbzimpy)2]

2þ (dmbzimpy= (98) with E=NMe) is high-spin. As in, e.g., low-spin
[Fe(phen)3]

2þ vs. high-spin [Fe(2,9-Me2phen)3]
2þ interligand Me ���Me interactions force the

ligands sufficiently away from the Fe2þ for the resultant ligand field to be insufficient to
impose low-spin behavior. When E= S in (98) the bis-ligand iron(II) cation is a spin cross-over
complex.523 The sharpness of the spin transition at 403K for [Fe(bzimpy)2](ClO4)2�0.25H2O is
ascribed to inter-ring �-stacking interactions and the resulting high cooperativity in the high-
spin state.524
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The tris-ligand iron(II) complexes of the isomeric methyl-substituted pyridin-2-ylthiazoles (99)
and (100) have strongly temperature-dependent magnetic moments, consistent with gradual
l.s. Ð h.s. cross-over; the magnetic moments vary over an unusually long temperature range.
Introduction of a methyl substituent ortho to the pyridine nitrogen, to give ligand (101), leads to
a tris-ligand iron(II) complex in which interligand steric interference is sufficient to make the
complex high-spin throughout. The Fe—N bond distances to the pyridine and thiazole moieties
of 2.199Å and 2.183Å at 294K, 2.040Å and 2.028Å at 133K, are consistent with high-spin and
low-spin properties, respectively.525
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The bis-triazole-pyridine ligands (102), with R1, R2=H, Me variously, exert a smaller ligand
field than terpy (cf. 2,20-btz and bipy), as is reflected in their magnetic properties. Those of the
hydrates of the bis-ligand complexes with R=H are significantly affected by hydrogen-bonding in
the solid state.526 The triazole-1,10-phenanthroline ligand ((103), R1=R2=H) forms a bis-ligand
complex with Fe which exists in two polymorphic forms, one low-spin, the other a singlet/quintet
mixture.527 The analogues with R1=R2=Me and the two isomers with R1 and R2=H and Me
are all spin cross-over complexes.528
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The dianion of 6,60-bis(2,20-diphenyl-2-sulfanylethyl)-2,20-bipyridine (104) gives a chloro–iron
(III) complex in which the pentacoordinated metal is in the S= 3/2 state.529
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5.4.3.5.4 Solution properties

Partial molar volumes have been determined for [Fe(phen)3]
2þ, [Fe(bmi)3]

2þ, and [Fe(cmi)3]
2þ

(cmi= (105)) in water and in methanol–water mixtures, and for [Fe(bipy)3]
2þ and [Fe(Me2bsb)3]

2þ

in water.530 Calculations of these partial molar volumes have been compared with the experimen-
tally derived values.95

(104)
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Ph Ph
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Ph Ph
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Solubilities, in water, ethanol, and ethanol–water mixtures, have been reported for [Fe(phen)3]-
(ClO4)2, [Fe(phen)3]2[Fe(CN)6], and [Fe(phen)3][Fe(phen)(CN)4].

531 Solubilities of salts of several
iron(II)–diimine complexes have been measured in a range of binary aqueous solvent mixtures in
order to estimate transfer chemical potentials and thus obtain quantitative data on solvation and
an overall picture of how solvation is affected by the nature of the ligand and the nature of the
mixed solvent medium. Table 8 acts as an index of reports of such data published since 1986;
earlier data may be tracked through the references cited below Table 8, and through the review of
the overall pattern for iron(II) and iron(III) complexes (cf. Figure 1 in Section 5.4.1.7 above)
published recently.96

Transfer chemical potentials for the low-spin amine–diimine complexes [Fe(tsba)2]
2þ with

tsba= (82) were estimated from the solubilities of their perchlorate salts, in methanol–water
mixtures.532 Solubility and transfer chemical potential data are also available for
[Fe(Me2bsb)3]

2þ in several nonaqueous solvents.533 One of the main purposes in determining
transfer chemical potentials for these iron(II)–diimine complexes is to enable dissection of
reactivity trends into initial state and transition state components for base hydrolysis (see
next section) in binary aqueous solvent mixtures. Systems for which this has been achieved
are indicated in Table 8.
Stability constants log K1 and log K2 have been determined for iron(II) complexation by

4-X-2,6-bis-(benzimidazol-20-yl)pyridine, X=H, OH, or Cl, in several methanol-containing
solvent mixtures.534Redox potentials have been reported for the [Fe(4,40-distyrylbipy)3]

3þ/2þ couple
and its p-methylstyryl analogue (also for Ru, Os analogues).535

5.4.3.5.5 Kinetics and mechanisms

(i) Aquation and ligand replacement

Activation volumes for aquation of Schiff base complexes [Fe(C5H4NCH¼NHR)3]2þ (R=Me,
Et, Prn, Bun) in 0.1 M aqueous HCl are between þ11 cm3 mol�1 and þ14 cm3 mol�1,536 and thus
within the range established earlier537 for (substituted) tris-1,10-phenanthroline–iron(II) com-
plexes. These positive values are consistent with dissociative activation, as are those for dissocia-
tion of [Fe(5Brphen)3]

2þ and of [Fe(5NO2phen)3]
2þ in the presence of edta.538 �V‡ and �H‡

values for aquation of [Fe(5Brphen)3]
2þ have the subject of isochoric analysis.539,540 Medium

effects on activation volumes have been reviewed for iron–diimine complexes in binary aqueous
solvent mixtures.541

Salt effects (chlorides and bromides of alkali metal, alkaline earth, and ammonium cations) on
rate constants for aquation of [Fe(bipy3]

2þ and [Fe(phen)3]
2þ in aqueous solution have been

interpreted in terms of added cation effects on the activity of the water.542,543

Reports on solvent effects on rate constants for aquation of diimine complexes include those on
[Fe(5Brphen)3]

2þ and [Fe(4,7-Me2phen)3]
2þ in methanol– and ethanol–water, [Fe(bipy)3]

2þ,
[Fe(phen)3]

2þ, and [Fe(5NO2phen)3]
2þ in aqueous methyl D-glycopyranosides,544 and
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Table 8 Solvation of iron(II)-diimine complexes in binary aqueous solvent mixtures.a

MeOH EtOH PriOH ButOH Glycol Glycerol DMSO Urea

Bidentate ligands
Fe(bipy)3

2þ 362 363 364 364
Fe(phen)3

2þ 363* 363* 364* 364 365 366*
Fe(gmi)3

2þ 367 367 367 364 366
Fe(Me2bsb)3

2þ 368* 368 368 364,368* 368 366,368
Fe(3OMebsb)3

2þ 369* 369 369 369* 369
Fe(pmi)3

2þ 370
Terdentate ligands
Fe(tsb)2

2þ b 363 365*
Hexadentate ligands
Fe(75)2þ 365
Fe(75 0 )2þ c 369 369 369
Fe(79)2þ 362
Fe(Bcage)0 d 371 371 369*

a Numbers given in the body of this table indicate the references in which measured solubilities and derived transfer chemical potentials are reported; an asterisk indicates that the transfer chemical potentials have been
used in initial state–transition state analyses of reactivity trends for base hydrolysis. b tsb= (89) with X=H or Me. c (75 0 )= (75) with quinolyl in place of pyridyl. d Bcage= (78) with X=F or OBun (also
analogues with Ph, Ph in place of Me, Me and X=OBun, and with –CH2CH2CH2CH2– in place of Me, Me (i.e., cyclohexyl moieties) and X=F).



[Fe(5NO2phen)3]
2þ aquation in ternary water–ButOH–polyethyleneglycol (PEG400).545 Kinetic

patterns for systems of these types have been the subject of theoretical analyses, as in the
application of the Savage–Wood Group Additivity principle to [Fe(5NO2phen)3]

2þ aquation in
a variety of water-rich binary aqueous mixtures and in aqueous salt solutions546 and in the
Kirkwood–Buff treatment of preferential solvation of initial and transition states for
[Fe(phen)3]

2þ aquation in methanol–water547 and for [Fe(gmi)3]
2þ aquation in ButOH þ water.548

Kinetic studies of the reaction of a CH2S(CH2)3SCH2-linked bis-terpyridyl ligand (bterpy) with
[Fe(terpy)2]

2þ revealed a very slow two-step process. The mechanism suggested consists of slow
loss of one terpy, rapid formation of [Fe(terpy)(bterpy)], and finally slow displacement of the
second terpy as the partially bonded bterpy becomes hexadentate.549 Replacement of the 2,4,6-
tri(20-pyridyl)-1,3,5-triazine, 2,4,6-tptz (66), in [Fe(2,4,6-tptz)2]

2þ by phen or bipy is alleged to
occur by an associative mechanism.550

Activation volumes for dissociation, base hydrolysis, cyanide attack, and peroxodisulfate
oxidation (see following pages) of iron(II)–diimine complexes are collected together in Table 9.

(ii) Base hydrolysis

The long-debated mechanism of hydroxide attack at diimine complexes, i.e., nucleophilic attack
at iron vs. attack at the coordinated ligand, is still not unequivocally established.551–554 A study of
[Fe(ferene)3]

4� (ferene= 5,50-[3-(2-pyridyl)-1,2,4-triazine-5,6-diyl]-bis-2-furansulfonate, (106)) base
hydrolysis sought further kinetic evidence,555 as did electron density calculations for coordinated
pyridine, 2,20-bipyridyl and 1,10-phenanthroline.556,557 Although no firm evidence has been pre-
sented recently for hydroxide or cyanide attack at diimines coordinated to iron(II), ligand
hydroxylation has been demonstrated for mixed valence copper(I)/(II)/phen or bipy species.558

There is nonetheless no doubt of the bimolecular nature of the major or sole second-order, k2(OH),
term in the rate law for hydroxide attack at iron(II)–diimine complexes. Such k2(OH) values
provide a useful probe for medium effects, as can be seen in solute effects of methyl-D-glycopyr-
anosides on [Fe(bipy)3]

2þ base hydrolysis kinetics544 and in salt effects (mainly Et4NBr and KBr)

Table 9 Activation volumes (cm3mol�1) for reactions of iron(II)-diimine complexes, in aqueous solution at
(or close to) 298K.

Dissociation Base hydrolysis Cyanide attack
Peroxodisulfate
oxidation

BIS-PYRIDINES
Fe(bipy)3

2þ þ12.3, þ14.8 þ12.8 þ12.2 �20.8, �21.9
Fe(4,40-Me2bipy)3

2þ þ12.5, þ15.5 þ11.7 þ12.3
Fe(4,40-Et2bipy)3

2þ þ12.7, þ16.9
Fe(5,50-Me2bipy)3

2þ þ13.7, þ17.4
Fe(phen)3

2þ þ15.4 þ14.2 þ10.5 �27.0
Fe(4-Mephen)3

2þ þ10
Fe(5-Brphen)3

2þ þ22.3
Fe(5-NO2phen)3

2þ þ17.9, þ21.7
Fe(4,7-Me2phen)3

2þ þ11.6
Fe(hxsbh)3

2þ þ13.4
PYRIDINE SCHIFF BASES
Fe(X-bsb)3

2þ þ11.1 to þ13.6
Fe(py-2-CH¼NR)32þ þ11.5 to þ14.2
Fe(Me2tsb)2

2þ þ6
DIAZABUTADIENE
Fe(MeNCH¼CHNMe)32þ þ16.7
DIIMINE-CYANIDE
Fe(bipy)2(CN)2 �7.7 to �8.5
Fe(bipy)(CN)4

2� �3.7
Fe(phen)(CN)4

2� �2.1
Fe(HNCH¼CHNH)(CN)42� �10.2
Fe(Me2bsb)(CN)4

2� þ4.6
Fe(CN)6

4� 0

References to the activation volumes given in this table are cited in the text.
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on base hydrolysis reactivities of low-spin iron(II) complexes of diazabutadiene and Schiff base
ligands; ligand hydrophilicity is an important factor.559 Values for k2(OH) have also been used to
assess attenuation of substituent effects on reactivities of low-spin iron(II) complexes of Schiff
base ligands.511 Figure 2 gathers together an illustrative selection of solvent and ligand structural
and substituent effects on reactivity for base hydrolysis of low-spin iron(II)–diimine complexes in

SUBSTITUENT
EFFECTS

water
40 80 40 60

vol % MeOH vol % DMSO

10080

log k2

SOLVENT EFFECTS

–4

–2

0

2

dapmi

tripod
apmi

hxsbh

cmi

bmi
Me2bsb

gmi
bipy
phen

5-Me

4,7-Me2

3,4,7,8-Me4

BOH
cage

dapmi

apmi

BOtBu
cage
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Figure 2 Diagrammatic summary of selected structural, substituent, and solvent effects on rate constants
(k2, at 298K) for base hydrolysis of low spin iron(II)-diimine complexes. Ligand abbreviations not appearing
in the list at the end of this chapter are : apmi= (73) with R1=R2=Me; BOH cage= (78) with X=OH;
BOBut cage= (78) with X=OBut; dapmi= (89) with X=Me; hppi= (73) with R1=H, R2=Ph;

tripod= (76).
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methanol–water560 and in DMSO–water.561 Further kinetic data are available for [Fe(phen)3]
2þ in

aqueous diols, where reactivity trends are dominated by (de)solvation of the hydroxide,562 and for
several bidentate, and one terdentate, Schiff base complexes [Fe(bsb)3]

2þ and [Fe(tsb)2]
2þ, in

methanol–water media.371 Systems for which analysis of reactivity trends for base hydrolysis
in binary aqueous solvent mixtures into initial state and transition state contributions has been
achieved are indicated in Table 8 above.
Activation volumes have been determined for base hydrolysis of [Fe(phen)3]

2þ, [Fe(bipy)3]
2þ,

[Fe(4MeObsb)3]
2þ, and [Fe(3Mebsb)3]

2þ (3Mebsb= (107)). The overall pattern of �V‡ and �H‡

values for aquation and for base hydrolysis favors dissociative activation for all these reactions.538

Activation volumes have been also determined for base hydrolysis of several bidentate,368 and one
hexadentate,563 Schiff base complexes in several binary aqueous solvent mixtures and for
[Fe(gmi)3]

2þ in glycol–water364 and a range of other binary aqueous solvent mixtures.367 These
results, along with further results for �V‡ for base hydrolysis of [Fe(phen)3]

2þ and of
[Fe(bipy)3]

2þ in alcohol–water mixtures, have permitted the construction of a scheme combining
solvent and ligand effects on �V‡ for base hydrolysis of a range of diimine–iron(II) complexes.564

(106)

N

N

N N

O

O

SO3

SO3

(107)

N

N

CH3

Substitution reactions of hexadentate diimine complexes of iron(II) are generally slow, thanks
to the combination of the strongly binding diimine groups and the chelate effect, even when the
ligand contains only two diimine units of the less strongly bonding py—CH¼N— type; k2(OH)
for [Fe(hxsbh)]2þ is �0.0002 dm3mol�1 s�1.565 Further diminution of the coordinating strength of
the diimine units, by replacing the pyridine ring by quinoline566 or by pyrrole,568 results in further
increases in k2(OH), whose values are 0.013 dm

3mol�1 s�1 and 0.72 dm3mol�1 s�1, respectively (in
water at 298K).

(iii) Cyanide attack

�V‡ values for cyanide attack at [Fe(phen)3]
2þ, [Fe(bipy)3]

2þ and [Fe(4,40-Me2bipy)3]
2þ in water

suggest a similar mechanism to base hydrolysis, with solvation effects dominant in both cases.567

Cyanide attack at [Fe(ttpz)2]
2þ, where ttpz is the terdentate ligand 2,3,5,6-tetrakis(2-pyridyl)pyr-

azine, follows a simple second-order rate law; activation parameters are comparable with those
for other iron(II)–diimine plus cyanide reactions.568 Interferences by cyanide or edta in spectro-
photometric determination of iron(II) by tptz may be due to formation of stable ternary com-
plexes such as [Fe(2,4,6-tptz)(CN)3]

� (2,4,6-tptz= (66)).569

(iv) Racemization and isomerization

DNA catalyzes the racemization of [Fe(phen)3]
2þ—the rate is approximately doubled in the

presence of 1,000mM DNA. DNA also shifts the �Ð� equilibrium towards a slight enantiomeric
excess of the � form.570 The electrostatic and intercalative interactions of [Fe(phen)3]

2þ and
[Fe(phen)3]

3þ with DNA have been probed voltammetrically, and binding constants estimated.571

The [Fe(phen)3]
2þ–DNA interaction appears to be primarily electrostatic, [Fe(4,7-

Ph2phen)2(phen)]
2þ–DNA interaction to be intercalative.572 The discussions in these recent pub-

lications suggest that early work on the kinetics and mechanism of racemization of [M(bipy)3]
nþ

and [M(phen)3]
nþ, M=Ni, Cr as well as Fe,573–579 is in danger of being overlooked or forgotten.

Comparison of k and �H‡ values for racemization and dissociation shows that racemization of
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[Fe(phen)3]
2þ must, at least to a large extent, be intramolecular—in contrast to [Ni(phen)3]

2þ,
where rate constants for racemization and dissociation are identical, indicating an intermolecular
mechanism. Molecular modeling predictions of activation energies for the Bailar and Rây-Dutt
twists for racemization of [Fe(phen)3]

3þ indicate that the latter mechanism should be operative.580

Added salts have marked effects on rate constants for racemization of [Fe(phen)3]
2þ in methanol–

water media. From such effects it has proved possible to estimate ion-pairing constants, which are, for
example, 11, 18, and 25 for perchlorate, chloride, and thiocyanate, respectively in 80% methanol.581

The rate constant for mer ! fac isomerization of [Fe(3Mebsb)3]
2þ (3Mebsb= (107) ) is kisomrn

�10�5 s�1 in aqueous methanol at 298K.370

(v) Redox reactions

A kinetic study of peroxodisulfate oxidation of [Fe(bipy)3]
2þ and of [Fe(phen)3]

2þ has confirmed
the importance of both oxidation and dissociation in determining rate laws and mechanisms.582

Activation volumes for peroxodisulfate oxidation of [Fe(phen)3]
2þ and [Fe(bipy)3]

2þ are
�21.9 dm3 mol�1 and �27.0 dm3 mol�1.290 The role of solvent reorganization free energy in
determining solvent effects on rate constants has been probed for peroxodisulfate oxidation of
[Fe(bipy)3]

2þ.299 Peroxodisulfate oxidation of [Fe(ttpz)2]
2þ is kinetically interesting because it is

zeroth-order in complex.568 The rate-determining step here, as in peroxodisulfate oxidations of,
e.g., sulfite, Tlþaq, and [Co(edta)]2�, is dissociation of peroxodisulfate into two sulfate radicals.
Effects of added salts, up to 4.0 mol dm�3 Na2SO4 or 5.0 mol dm

�3 Li2SO4, on peroxodisulfate
oxidation of [Fe(phen)3]

2þ have been reported.583

Oxidation of [Fe(phen)3]
2þ by concentrated nitric acid is autocatalytic.584 [Fe(phen)3]

2þ reacts
with bromate by rate-determining oxidation at high bromate concentration;585,586 [Fe(bipy)3]

2þ

and ligand-substituted [Fe(phen)3]
2þ cations react with perbromate by rate-limiting dissocia-

tion.587 Reactions of [Fe(diimine)3]
2þ with peroxodiphosphate also involve rate-limiting dissocia-

tion in the absence of an electron transfer catalyst such as Agþ.588 Reaction kinetics and
mechanisms for oxidation of [Fe(diimine)3]

2þ by peroxoanions have been reviewed.589

A discussion of the kinetics and mechanisms of one-electron oxidation of thiocyanate and of
iodide includes consideration of [Fe(bipy)3]

3þ, [Fe(phen)3]
3þ and ligand-substituted derivatives of

the latter as oxidants.590 Activation parameters for reduction of [Fe(phen)3]
3þ by [Ru2(�-O)(�-

OAc)2(py)6]
2þ and by [Ru3(�-O)(�-OAc)6(py)3]

þ, in acetonitrile, are �H‡= 9kJmol�1, 19kJmol�1

and �S‡=�100 J K�1 mol�1, �60 J K�1 mol�1, respectively, the difference being attributable to a
smaller reorganization energy for the trimer.591 [Fe(phen)3]

3þ or [Fe(bipy)3]
3þ oxidation of

[Fe(dmf)6]
2þ involves various mixed solvates, with the observed high order of this outer-sphere

redox reaction ascribed to rapid pre-equilibrium between coordinated dimethyl formamide and
acetonitrile solvent.592

Temperature and pressure effects on rate constants for [Fe(phen)3]
3þ/[Fe(phen)3]

2þ electron
transfer in water and in acetonitrile have yielded activation parameters; �V‡ was discussed in
relation to possible nonadiabaticity and solvation contributions.593 Solvation effects on �V� for
[Fe(diimine)3]

3þ/2þ half-cells, related diimine/cyanide ternary systems (diimine= phen, bipy), and
also [Fe(CN)6]

3�/4� and Fe3þaq/Fe2þaq, have been assessed.105,107 Initial state–transition state ana-
lyses for base hydrolysis and for peroxodisulfate oxidation for [Fe(diimine)3]

2þ, [Fe(tsb)2]
2þ,

[Fe(cage)]2þ in DMSO–water mixtures suggest that base hydrolysis is generally controlled by hydro-
xide (de)hydration, but that in peroxodisulfate oxidation solvation changes for both reactants are
significant in determining the overall reactivity pattern.365

Oxidation of coordinated ligands in complexes [Fe(diimine)3]
3þ has been reviewed.594

5.4.3.5.6 Lower oxidation states

The polyether–diimine macrocycle (108) forms a catenate [Fe(cat)]2þ which proved impossible to
oxidize to [Fe(cat)]3þ but which is readily reducible, electrochemically in dichloromethane solu-
tion on a Pt or Hg surface, to [Fe(cat)]þ and to [Fe(cat)]0.14 [Fe(bmpphen)2]

2þ (bmpphen= (109)
can be electroreduced to [Fe(bmpphen)2]

þ and to [Fe(bmpphen)2]
0. The relatively high stabilities

of all three bmpphen complexes may be due to their ‘‘entwined’’ character.16 Here and below one
should bear in mind the possibility, outlined in Section 5.4.1.3 above, that it is the ligand rather
than the metal which is being reduced.
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Reduction potentials of three iron(II)–tris–diazabutadiene complexes, viz [Fe(gmi)3]
2þ,

[Fe(mmi)3]
2þ, and [Fe(bmi)3]

2þ, and of two [Fe(sb)3]
2þ complexes indicate the relative ease of

reduction of these complexes.595 Reduction of iron(II) chloride in ether in the presence of
potential diazabutadiene (dabd) ligands R2N¼CR1CR1¼NR2, R1=H or Me, R2= e.g., Pri,
But, Ph, C6H4OMe, yields air-sensitive iron(0) complexes [Fe(dabd)2].

11 These react, with ease or
difficulty depending on the nature of R2, in the presence of an excess of CO to give deep green
[Fe(CO)(dabd)2]. They also add nitrosyl chloride, cyanogen, isocyanides, and alkynes
(R3O2CC�CCO2R3). In the last case the air-stable blue product contains a tetra-(CO2R3)-
substituted-butadiene coordinated to an octahedral FeII center.596 Tetraazadienes also coordinate
to iron(0),597 while monoazadienes, of the form R2N¼CR1CR1¼CR32, provide a link between
diazabutadienes and the familiar butadiene ‘‘ligands’’ of organometallic chemistry.598 Links
between the photochemistry, both in solution and in matrices,599 and spectroscopy of [Fe(CO)3-
(dabd)] complexes have been discussed.600 [Fe(CO)3(dabd)] complexes are only very slightly
solvatochromic.601–603 [Fe(CO)3(bipy)] and [Fe(CO)3(phen)] are considerably more solvatochro-
mic than [Fe(CO)3(dabd)], and the shifts are in the opposite direction.

604

The mechanism of replacement of benzylideneacetone (PhCH¼CHCOMe, bza) in [Fe(CO)3-
(bza)] by diimines is determined by the nature of the incoming ligand, with bipy or diacetyldianil
reacting by parallel associative and dissociative pathways, but 2-acetylpyridine anil reacting solely
by a limiting dissociative mechanism.605

5.4.3.5.7 Binuclear complexes

Binuclear complexes with diimine bridges are dealt with here, but those with (hydr)oxide bridges
are dealt with, alongside other types of (hydr)oxide bridged complexes, in Section 5.4.5.4 later in
this chapter.

(i) Bridging diimines

Ligands such as 2,20-bipyrimidine, bipym (110), or 2,3-bis(2-pyridyl)pyrazine, bppz (111), can act
as bridging ligands, giving ternary binuclear anions such as [(NC)4Fe

II(bipym)FeII(H2O)4]
606 and

[(NC)4Fe
IILFeII(CN)4]

4� with L= bipym or bppz. These and the corresponding mono-
nuclear anions [FeIIL(CN)4]

2� exhibit strong charge-transfer spectra in the visible region. The
binuclear complexes can be oxidized to mixed valence species [(NC)4Fe

IILFeIII(CN)4]
3�, whose

comproportionation constants of 233 (bipym) and 343 (bppz) indicate rather weak Fe ���Fe
coupling.607 Closely related 2,20-bipyrimidine-dicyanamide (dca,N(CN2)

�) complexes [Fe2(dca)4-
(bipym)]�H2O and [Fe2(dca)4(bipym)(H2O)2] form dca- and bipym-bridged 2D networks. In the
former compound all dca ligands are bridging, in the latter two dca ligands are bridging, two
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nonbridging, with the water molecules occupying the sixth coordination position on each iron.
There is antiferromagnetic exchange between the high-spin iron(II) centers.608

The iron(II) atoms in [(SCN)2(bipym)Fe(bipym)Fe(bipym)(NCS)2] are high-spin, and are anti-
ferromagnetically coupled through the bridging 2,20-bipyrimidine (110).609 [(SeCN)2(bipym)Fe-
(bipym)Fe(bipym)(NCSe)2] is one of the few examples of binuclear spin cross-over complexes of
iron(II); it provides an example of synergy between magnetic interaction and spin transition.610

[(SCN)2(btzn)Fe(bipym)Fe(btzn)(NCS)2] (btzn= 2,2
0-bi-thiazoline (112)) has a two-step spin transi-

tion in the range 160–210K.611 The interplay between magnetic coupling and spin cross-over in
this complex gives rise to unusual photomagnetic behavior.612 The pyridyltriazine 3,5,6-tptz, (113), in
its molybdenum(0) and rhenium(I) complexes Mo(CO)4(3,5,6-tptz)

478 and ReCl(CO)3(3,5,6-tptz)
479

can bridge these entities to iron(II) in the shape of its bishexafluoroacetylacetonate, Fe(hfac)2.

(110)

N N

N N

N

N

N

N

(111) (112)

N

S

N

S

ESR spectroscopy provides evidence for low-lying MLCT states in the [FeL(CN)4]
2� anions

with L= 2,20-bipyrazine (114) and 2,20-azobis(pyridine) (115) and suggests that the [FeL(CN)4]
3�

anions approximate to FeII complexes of radical anion ligands.613 Na2[Fe(CN)4(bipy)] and its
4,40-Me2 and 4,4

0-Ph2 analogues have been used to sensitize nanocrystalline TiO2 films to visible
light—the solvatochromism of these anions is useful in determining energetics in this type of
system.278

N

N

N N

N

(113)
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N
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N

N

(114)

N N

N

N

(115)

(ii) Tetradentate bis-diimine ligands

Tetradentate bis-diimine ligands (tbd) may form mononuclear complexes [Fe(tbd)X2] or, if the
tbd ligands have appropriate geometry and are sufficiently flexible, binuclear complexes in which
three molecules of diimine span two Fe2þ ions, [Fe2(tbd)3]

4þ. The latter alternative gives a larger
ligand field at each Fe2þ. There is the added interest that such an [Fe2(tbd)3]

4þ species may be
helical. Alternatively the potentially tetradentate ligands may coordinate through only one
diimine unit, in the simplest case giving [Fe(tbd)3]

2þ.
2-Pyridinaldazine (paa, (116)) forms mono- and binuclear complexes with several first-row

transition metals, including [Fe(paa)3]
2þ and [Fe2(paa)3]

4þ with iron(II).614–616 The analogous
ligand pmk, (117), derived from 2-acetyl pyridine, similarly forms [Fe2(pmk)3]

4þ. Proton relaxation
NMR studies on closely related complexes of the type [M1M2(pmk)3]

4þ (where M1, M2 are Co, Ni,
Cu, Zn variously) indicated small but significant interaction between the two metal atoms.617,618

Several pyridyl azines have been synthesized for analytical procedures.133 Ligand (118), synthesized
from di-2-pyridyl ketone and hydrazine, complexes iron(II), though only mononuclear [Fe(118)3]

2þ

was reported.619 The bis-3-hydroxy derivative of paa has been proposed as an analytical reagent for
several first-row transition metal 2þ cations, including Fe2þ.134 Several bis-diimine analogues have
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flexible bridges linking the two diimine units. This may be a simple —CH2CH2— linkage, as in
(119),620 or a peptide-type bridge in which the central ¼N—N¼ unit is replaced by
¼NNHCXNHN¼, with X=O, NH, or S.621,622 Such ligands readily form Fe2þ complexes
[Fe2L3]

4þ.623,624 The analogous complex from the peptide-linked bis-diimine ligand (120) is formed
in a metal-directed self-assembly process, which produces a helical [Fe2L3]

4þ complex. The ligand
strands are sufficiently rigid to transmit helical information from one Fe2þ to the other, imposing
homochirality—only the �� and �� forms are formed.625 Of the two most studied bis-iron(II)
complexes, [Fe2(paa)3]

4þ is rather labile in aqueous solution614,615 (though stable in nitro-
methane),626 but an aqueous solution of [Fe2(pmk)3]

4þ is much more substitution-inert.627 Indeed
at pH 7 there is no detectable dissociation after several weeks at room temperature.

N

HH

N N N

(116)

N

CH3CH3

N N N

(117)

N N N N

(118)

N N

N N

N N

CH3

H3C

(119)

N N N N

(120)

CONH

HNOC

The iron(II) complex of the Schiff base-diimine (121) is mentioned briefly in a review more
concerned with Cuþ–diimine complexes leading to helicates and catenanes—but which is also
concerned with moving from tetrahedral Cuþ to octahedral metal centers as templates.119

The cylindrical helical binuclear complex [Fe2L3]
4þ, where L is the bis-diimine Schiff base (122),

exists as two enantiomers, whose interactions with DNA differ markedly. The more strongly
interacting enantiomer targets the major groove, as also is the case with several ruthenium(II)
complexes, and induces dramatic tightening of the DNA coil.628

(iii) Quaterpyridyl and hexapyridyl

Quaterpyridyl exhibits several manifestations of steric hindrance in its coordination chemistry to
iron. Thus the separation between the middle two rings is too short for the formation of helical
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[Fe2(quaterpy)3]
4þ, while interligand repulsion makes formation of [Fe(quaterpy)2]

2þ, which
might be expected to be a stable compound, essentially an analogue of the very stable
[Fe(terpy)2]

2þ with one nonbonded pyridyl group on each ligand, very difficult. However, it
would be possible for quaterpy to act as a bidentate ligand to each of two Fe ions, from which a
polymeric complex could be built up. Long ago the first report of Fe2þ/quaterpy complex
formation reported 1:1 stoichiometry,629 which could result from mononuclear
[Fe(quaterpy)(H2O)n]

2þ with n= 3 or 2 depending on whether the ligand was tetradentate
(unlikely) or terdentate, or from a polymer. Later the determination of log K1 and log K2, 8.2
and 6.7, respectively,630 for the Fe2þ/quaterpy system indicated that while the first ligand
molecule has a similar affinity for Fe2þ to other diimine and terimine ligands, the addition of
the second ligand does not occur with the considerable increase in stability normally observed
for the formation of low-spin tris-diimine or bis-terimine complexes. [Fe(quaterpy)2]

2þ can be
generated in, and isolated from, basic solution, but [Fe(quaterpy)(H2O)2]

2þ is obtained from
neutral solution. In [Fe(quaterpy)2]

2þ each quaterpy is terdentate (and the coordinated nitrogens are,
at 2.112(7) Å to 2.207(8) Å, more than 0.2 Å more distant from the metal than in [Fe(terpy)2]

2þ).631

In [Fe(quaterpy)(H2O)2](ClO4)2 the coordinated quaterpy is planar and the trans-waters
make an O—Fe—O angle of 162.3(2)�; [(ClO4)(quaterpy)Fe—O—Fe(quaterpy)(ClO4)]�8.5H2O
has bidentate perchlorate ligands on seven-coordinate Fe2þ (ffFe—O—Fe= 155.2(4)�); in
[Cl(quaterpy)Fe—O—Fe(quaterpy)Cl](ClO4)2�2H2O the Fe—O—Fe unit is linear.632 Earlier reports
on oxo-di-iron–bis-quaterpy complexes provided IR633 and magnetic634 data.
[FeIII(quaterpy)(OH)2]

þ anchored to poly-L-glutamate or to poly-D-glutamate acts as a cata-
lyst for the oxidation of epinephrine by H2O2.

635 [Fe(quaterpy)X2]
nþ interacts with bio-

substrates.636 [(H2O)(quaterpy)Fe
III—O—FeIII(quaterpy)(H2O)]

4þ has been prepared as the dihydrate
of its perchlorate salt.637

Hexapyridine can induce spontaneous assembly of double helical binuclear complexes
[M2(hexapy)2]

4þ, including M=Fe.638 The double helix here may be contrasted with triple helices
for tetradentate bis-diimine ligand complexes mentioned above. The bis-terimine ligand (123) also
gives a double stranded helical complex [Fe2(123)2]

4þ.639 The tris-terimine (tris-terpyridyl, tterpy)
ligand (124) forms a trinuclear complex [Fe3(tterpy)2]

6þ in which the long flexible linkages
between the terpy units permit the complex to adopt a doubly looped structure reminiscent of a
bow tie.640
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5.4.3.5.8 Diimine–cyanide complexes

(i) Solutions, solvation, solvatochromism, and piezochromism

Solvent effects on NMR spectra of [Fe(phen)2(CN)2] have been detailed,
641 as have 1H and 13C NMR

spectra of [Fe(bipy)2(CN)2] in acetone and in dimethyl sulfoxide, and of [Fe(bipy)(CN)4]
2� in D2O.

642

Solubilities have been reported for [Fe(phen)2(CN)2] and for [Fe(phen)3][Fe(phen)(CN)4]�8H2O, and
also for [Fe(phen)3](ClO4)2�H2O and [Fe(phen)3]2[Fe(CN)6]�3�5H2O, in water, ethanol, and ethanol–
water mixtures,531 for [Fe(bipy)2(CN)2] and [Fe(phen)2(CN)2] in alcohols, MeOH to 1-decanol,

643 of
[Fe(bipy)2(CN)2] in salt solutions,

644 and of [Fe(phen)2(CN)2] in solutions of urea (up to 10
mol dm�3).645 Solubility ranges of [Fe(diimine)2(CN)2] and of K2[Fe(diimine)(CN)4], diimine= bipy
or the Schiff bases from 2-acetylpyridine and 1-butylamine or 1-decylamine, have been outlined.646

Partial molar volumes (Vi) of [Fe(diimine)(CN)4]
2�, with diimine= bipy, phen, gmi, o-pheny-

lenediimine, or Me2bsb, correlate with relative molecular masses (RMM), though for a much
wider range of inorganic complexes and organic ions (from oxalatometallates to tetraphenyl-
borates) hydrophilic/hydrophobic properties are superimposed on the Vi/RMM trend.647 Transfer
chemical potentials of [Fe(bipy)(CN)4]

2� from water into acetonitrile–water mixtures reflect a
balance between solvation of the organic periphery of the coordinated bipy by acetonitrile and
hydration of the cyanide ligands, with the former effect slightly larger.648 Transfer chemical
potentials of [Fe(diimine)(CN)4]

2� from water into DMSO–water mixtures are strongly affected
by differences in ligand/DMSO interactions.365 Transfer chemical potentials, to MeOH–water
mixtures, have been evaluated for [Fe(phen)2(CN)2], several Schiff base complexes [Fe(sb)2(CN)2],
[FeIII(bipy)2(CN)2]

þ and [FeIII(phen)2(CN)2]
þ.649

The solvatochromism of [Fe(phen)2(CN)2] and [Fe(phen)2(CN)2]
þ has been discussed,650 with

particular reference to solvent hydrogen-bond donor properties.651 Various solvation models have
been applied to solvatochromism of [Fe(diimine)2(CN)2],

652 and connections between solvato-
chromism, electronic absorption spectra, and color perception parameters discussed in relation to
[Fe(phen)2(CN)2].

653 Solvatochromic properties have been documented for [Fe(bipy)2(CN)2],
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[Fe(sb)2(CN)2], and [Fe(dab)2(CN)2] in a variety of solvent media, and for [Fe(phen)2(CN)2],
[Fe(bipy)2(CN)2]

þ and [Fe(phen)2(CN)2]
þ in methanol–water,649 for [Fe(bipy)2(CN)2] and

[Fe(bipy)(CN)4]
2� in acetonitrile–water343 and in 2-ethyl-2-(hydroxymethyl)-1,3-propanediol–

water654 mixtures, and for [Fe(bipy)2(CN)2] in DMF–water and 2-butoxyethanol–water.655

[Fe(phen)2(CN)2] can be used to probe solvatochromism in strongly acidic media.656

The solvatochromic properties of alkyl-substituted derivatives of [Fe(bipy)2(CN)2] are very
similar to those of the parent complex, but the lipophilic substituents confer the solubility in
nonpolar organic solvents that [Fe(bipy)2(CN)2], and [Fe(phen)2(CN)2],

657 lacks— the 4-n-pentyl-
40-methyl derivative is soluble both in water and in n-alkanes,658 and bis-(4-methyl-40-pentyl-2,20-
bipyridyl)(dicyano)iron(II) has just the right combination of solvation properties for it to be
soluble in the full range of solvents from water to alkanes.658 Derivatives containing 4,40-
di-isobutyl, 4,40-di-n-pentyl, or 4,40-di-n-heptyl substituents are suitable (as are certain other iron–
diimine–cyanide complexes,659 including [Fe(bipy)2(CN)2] itself,

660 but especially [Fe(sb)2(CN)2]
with sb= a Schiff base ligand from 2-acetylpyridine plus a long chain amine661 or that from
2-acetylpyridine plus 4-fluoro-3-methylaniline662) for probing the properties of organized media
such as micelles and microemulsions. Indeed the 4,40-di-n-pentyl and 4,40-di-n-heptyl derivatives
show self-aggregating properties,663 and show these more markedly than the above [Fe(sb)2(CN)2]
complexes. [Fe(4,40-di-n-nonyl-bipy)2(CN)2] forms vesicles in certain water-rich solvent mixtures,
acting as its own indicator in that there is an abrupt change in �max, apparent as a red to deep
blue color change, at the onset of vesicle formation. Cyclic voltammetry shows this complex to
form redox-active films on electrode surfaces.664 The Schiff base complex from 4-fluoro-3-methyl-
aniline is particularly versatile, for it can also be used to probe a wide range of binary solvent
mixtures and aqueous salt solutions. [Fe(bipy)2(CN)2] also exhibits halochromism in aqueous salt
solutions (Liþ, Naþ, Kþ, Mg2þ; NO3

�, SO4
2�, ClO4

�).644

Piezochromism and thermochromism of diimine–cyanide–iron(II) and –iron(III) complexes
(diimine= bipy or phen),665 piezochromism and solvatochromism of dicyano–, tricyano–, and
tetracyano– diimine– (terimine–) iron(II) complexes,666 and piezochromism of [Fe(bipy)2(CN)2] in
90% PriOH have been documented.667

The solvatochromic behavior of the closely related iron(0) complexes Fe(CO)3(diimine) is
mentioned under lower oxidation states (Section 5.4.3.5.6).

(ii) Kinetics and mechanisms

Reaction kinetics and mechanisms for oxidation of [Fe(diimine)2(CN)2], [Fe(diimine)(CN)4]
2�

(diimine= bipy or phen) (and indeed [Fe(CN)6]
4�) by peroxoanions such as (S2O8

2�, HSO5
�,

P2O8
4�) have been reviewed.668 Reactivity trends have been established, and initial state—

transition state analyses carried out, for peroxodisulfate oxidation of [Fe(bipy)2(CN)2],
[Fe(bipy)(CN)4]

2�, and [Fe(Me2bsb)(CN)4]
2� in DMSO—water mixtures. Whereas in base hydro-

lysis of iron(II)–diimine complexes reactivity trends in binary aqueous solvent mixtures are
generally determined by hydroxide solvation, in these peroxodisulfate oxidations solvation
changes for both partners affect the observed pattern.365

Activation volumes for peroxodisulfate oxidation of [Fe(bipy)2(CN)2] and of
[Fe(diimine)(CN)4]

2� with diimine= bipy, phen, Me2bsb, ein (HN¼CHCH¼NH) show a large
ligand effect, þ5 for [Fe(ein)(CN)4]2� to �10 cm3 mol�1 for [Fe(Me2bsb)(CN)4]2�. This reflects the
big difference in solvation properties, from hydrophilic ein to strongly hydrophobic Me2bsb.

669

There is a moderately good correlation between �V‡ and �S‡ for peroxodisulfate oxidation of
the sequence of complexes [Fe(diimine)3]

2þ, [Fe(diimine)2(CN)2], [Fe(diimine)(CN)4]
2�, and

[Fe(CN)6]
4� (diimine= bipy or phen).670 Salt effects ([salt] up to 6 mol dm�3) on �V‡ have been

established for peroxodisulfate oxidation of this sequence of complexes for bipy as diimine.644

�V‡ values have been obtained for oxidation of benzenediols by [Fe(bipy)(CN)4]
�, including the

effect of pH, i.e., of protonation of the iron(III) complex,671 and the kinetics of [Fe(phen)(CN)4]
�

oxidation of catechol and of 4-butylcatechol reported.649 Redox potentials of [Fe(bipy)2(CN)2] and
of [Fe(bipy)(CN)4]

2� are available.343 The self-exchange rate constant for [Fe(phen)2(CN)2]
0/þ has

been estimated from kinetic data for electron transfer reactions involving, inter alios, catechol and
hydroquinone as 2.8  2.5� 107 dm3mol�1 s�1 (in dimethyl sulfoxide).672
Kinetics of peroxodisulfate oxidation of [Fe(terpy)(CN)3]

� in water and in binary aqueous solvent
mixtures have been analyzed, with the aid of measured solubilities of [Ph4As][Fe(terpy)(CN)3], to
separate the initial state and transition state contributions to the observed reactivity trend.673
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(iii) Structures; other properties

The anions in [Ph4As][Fe(terpy)(CN)3]�2H2O are stacked so that terpyridyl ligands in adjacent
anions lie parallel to each other.673 Thermogravimetric studies of [Fe(bipy)2(CN)2]�2H2O show it
to decompose immediately on losing its 2H2O, at the unexpectedly high temperature of 324

�C.
This behavior may be ascribed, according to the reader’s predilections or prejudices, either to
covalent hydration or to unusually strong hydrogen-bonding.674

Coordinated cyanide in [Fe(phen)(CN)4]
�, prepared by chlorine oxidation of K2[Fe(phen)(CN)4],

can act as a bridging ligand,675,676 for example in the complexes [{Fe(phen)(CN)4}2M-
(H2O)2]�4H2O, where M=Mn or Zn, whose structure is of double zigzag chains,677 and of bipy
analogues.678 There is similar bridging to ytterbium, as in (phen)2Fe{�-CN—YbCl3(H2O)—
NC}2Fe(phen)2, obtained from the reaction of ytterbium trichloride with [Fe(phen)2(CN)2].

650

ESR spectroscopy provides evidence for low-lying MLCT states in the [FeL(CN)4]
2� anions,

L= 2,20-bipyrazine, (125) and 2,20-azobis(pyridine), (126), and suggests that the [FeL(CN)4]
� anions

approximate to FeII complexes of radical anion ligands.613 Na2[Fe(CN)4(bipy)] and its 4,4
0-Me2 and

4,40-Ph2 analogues have been used to sensitize nanocrystalline TiO2 films to visible light—the solvato-
chromism of these anions is useful in determining energetics in this type of system.278 The IR spectrum
of the salt [Fe(phen)3][Fe(phen)(CN)4] is very different from that of its isomer [Fe(phen)2(CN)2].

641

N

N

N

N

(125)

N N

N

N

(126) (127)

N N

N

N N

CH3H3C

HH (CH2)n

n = 2 or 3

In the ternary complexes [Fe(127)(CN)2] the normally pentadentate macrocyclic aza-terimine
ligand is only tetradentate, thanks to the particularly advantageous combined ligand field of two
cyanide ligands and four nitrogen donor atoms in octahedral geometry.679

5.4.3.5.9 Diimine–thiocyanate complexes

(i) Spin cross-over

The red form of [Fe(phen)2(NCS)2], which Mössbauer spectroscopy suggested was low-spin
680 and

whose IR spectroscopy has been detailed,681 is probably682 [Fe(phen)3] [Fe(NCS)4](NCS)2�3H2O.
This compound readily gives the normal violet form of [Fe(phen)2(NCS)2], originally prepared by
refluxing [Fe(phen)3](NCS)2 in CCl4 for 48 hours.

683 LIESST (light-induced excited spin state
trapping) in [Fe(phen)2(NCS)2] has been studied by synchrotron X-ray absorption spectros-
copy.684 [Fe(bipy)(phen)(NCS)2] shows a more gradual spin cross-over than [Fe(bipy)2(NCS)2]
or [Fe(phen)2(NCS)2].

685 Calorimetric heat capacity measurements have given �H= 10.1,
9.6 kJmol�1, �S=þ48, þ55 JK�1mol�1 for [Fe(bipy)2(NCS)2]

686 and [Fe(btzn)2(NCS)2]
(btzn= 2,20-bi-thiazoline, (112)),687, respectively. The spin transition for [Fe{4,7-(n-C17H35)2-
5-(O-n-C18H37)phen}2(NCS)2] has been probed in a Langmuir-Blodgett film.

688

5.4.3.5.10 Other ternary diimine complexes

[Fe(diimine)2Cl2][FeCl4], diimine= bipy or phen, can be prepared by crystallizing a 1:1 mixture of
FeCl3 and the diimine in acetonitrile.

689 Crystal structures have been published for both the bipy
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and, earlier,690 the phen compounds, and for the compounds [Fe(diimine)2Cl2][Fe(diimine)Cl4],
again for diimine= bipy or phen. [Fe(bipy)2Cl2]Cl, with its Ru and Ir and their phen analogues,
are potential bifunctional/phase transfer catalysts, as these cations are sufficiently lipophilic to
transfer hydrophilic anion reagents into organic media. Thus, for example, [Fe(phen)2Cl2]Cl has
been tested in this role for reaction of styrene with dichlorocarbene. Although these [M(diimine)2-
Cl2]Cl compounds do act as bifunctional/phase transfer catalysts they are considerably less
effective than the usual onium salts of the R4NX and R4PX type.

109

An improved preparation for [Fe(terpy)Cl3] has been recommended.
510

5.4.3.5.11 Dioximes and monoximes

The UV–visible absorption spectra of a series of complexes [FeII(dmgH)2(X-py)2] show MLCT
bands whose energies correlate with redox potentials; the dmg complexes may be compared with
[FeII(CN)5(X-py)]

3�.691 The relative amounts of mono- and binuclear products in the reaction of
bis(naphthoquinone dioximato)-bis(pyridine)iron(II) with 1,4-diisocyanobenzene are under kinetic
control in a limiting dissociative (D) mechanism with [Fe(nqdx)2(py)] as transient intermediate.

692

The hybrid dioxime/terimine 2,6-diacetylpyridinedioxime, dapdxH2 (128), forms stable com-
plexes both with Fe2þ and with Fe3þ. [FeII(dapdxH2)X2], X=Cl, Br, or I, are high-spin com-
plexes whose magnetic moments and Mössbauer spectra suggest the iron to be five-coordinated,
but the Fe2þ in dark red [FeII(dapdxH2)](ClO4)2 is octahedrally coordinated. The binuclear
iron(III) complexes [Fe2(dapdxH2)2X4], X=Cl, Br, I, NCS, or NCSe, also form dark red crystals.693

5,50-Dimethyl-1,2,3-cyclohexanetrione-1,2-dioxime-3-thiosemicarbazone, dcdt (16), gives an inten-
sely colored tris-ligand complex [FeII(N,N0-dcdt)3] (violet, "550= 8,900; log �3= 14.2) suitable for
spectrophotometric determination of iron in foods, wines, and minerals. This ligand acts as an
N,N0,S-donor (Section 5.4.4.2) to Fe3þ.135

(128)

N

NOH NOH

CH3H3C

Peroxodisulfate oxidation of 3,14-dimethyl-4,7,10,13-tetraazadeca-3,13-diene-2,5-dionedioxima-
toiron(II) proceeds by electron transfer within a preformed ion pair.694 The electrochemistry of
[FeII(dmgH)2(imH)2], with the kinetics of its autooxidation (catalyzed by Cu

II but inhibited by
excess of imidazole) and of its oxidation by [Co(phen)3]

3þ, have been described.695

The monoximato-complexes link bipy, Schiff base diimines, and diazabutadienes to dioximes.
Aquation kinetics for tris-ligand complexes of 2-pyridinealdoxime, 2-acetylpyridineketoxime, and
2-benzoylpyridineketoxime have been reported, as have the solvatochromism of [Fe(acpyoxi-
me)2(CN)2] and of three [Fe(dioxime)2(CN)2] complexes. [Fe(acpyoxime)2(CN)2] was used to
probe solvation in ternary water–ButOH–polyethyleneglycol (PEG400) media.545

5.4.3.6 Azoles

5.4.3.6.1 Pyrroles

Pyrrole units form part of the coordinating entities of Schiff base ligands derived from pyrrole
2-carboxaldehyde,513 for example in the iron(II) complex of the ligand derived from
pyrrole 2-carboxaldehyde and trien, which is low-spin despite the feeble coordinating properties
of the pyrrole—CH¼N— units.561 The synthesis, structure, and spectroscopic and electrochemical
properties of tris-ligand iron(III) complexes of phenyldipyrromethenate (dipyrrin, (129)), and its
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4-methoxycarbonyl derivative are an adjunct to the utilization of dipyrrins in supramolecular
chemistry.696

(129)

N

N

5.4.3.6.2 Imidazoles and pyrazoles

(i) Imidazoles

Imidazole and the methylimidazoles are important as ligands and incoming groups in several
areas of the coordination chemistry of iron. DFT calculations show that whereas imidazole bonds
through nitrogen to first-row transition metal cations it might, especially if it contains even
modestly bulky substituents, prefer in some circumstances to bond through carbon to second-
and third-row transition metal cations, thereby possibly resulting in marked differences between
iron and ruthenium complexes.697

The structures of trans-[Fe(imidazole)4Cl2]Cl�THF�H2O698 and of mer-[Fe(N-methylimida-
zole)3Cl3]

510 have been reported. The iron(II) complex of the potentially heptadentate tripodal
ligand tris{2-[2-(1-methyl)imidazolyl]methyliminoethyl}amine, an effective superoxide scaven-
ger, is in fact octahedrally coordinated, with three imine-nitrogens at 2.18–2.26 Å and three
imidazole-nitrogens at 2.27–2.31 Å.699 Poly-2,20-bipyridyltetrakis(imidazolato)iron(II) has a
2D structure containing alternating tetrahedrally and octahedrally coordinated Fe2þ ions,
differentiated by Mössbauer spectroscopy. The layers are separated by bipy molecules coordi-
nated to the octahedral Fe2þ ions.700 Several bis(benzimidazol-2-yl)pyridine derivatives are of
interest in relation to the spin cross-over phenomenon (see Sections 5.4.1.4 and
5.4.3.5.3).523,524

(ii) Pyrazoles

Structures of the iron(III) complexes mer-[Fe(pyrazole)3Cl3] and trans-[Fe(3-methylpyrazo-
le)4Cl2]Cl have been determined.

510 The Fe—N bond distances in the former are 2.119Å for the
mutually trans ligands, 2.172 Å for Fe—N trans to Cl (cf. 2.168 Å, 2.274 Å in mer-[Fe(py)3Cl3]py,
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in the latter 2.137–2.140 Å. The occasional iron complex is mentioned in an extensive review of
pyrazole-based ligands.701

The hydrotris(3,5-dimethyl-1-pyrazolyl)borate complex [Fe{HB(3,5-Me2pz)3}(N3)3]
� can be

prepared from [Fe{HB(3,5-Me2pz)3}Cl3]
� or directly from [Fe2OCl6]

2�.454 Generally pyrazolyl-
borates give bis-ligand octahedral complexes [FeIIL2], but sterically demanding 3-t-butyl substi-
tuents can lead to distorted tetrahedrally coordinated high-spin complexes. Ligands containing
the less bulky 3-isopropyl group give mono- or bis-ligand complexes. An example of the former is
afforded by [FeIILCl] with L= hydrotris(3-isopropyl-4-bromopyrazolyl)borate;702 examples of the
latter include the pale green 3-isopropylpyrazolylborates [Fe{HB(3-Pripz)3}2] and [Fe{B-
(3-Pripz)4}2].

703 Complexes [FeL2](BF4)2 with L=HC(1-pyrazolyl)3, HC(3,5-Me2-1-pyrazolyl)3, or
PhC(1-pyrazolyl)2(py) have been synthesized, characterized, and investigated with respect to their
magnetic properties and behavior.704 A variable-temperature X-ray structural examination of
[Fe{HC(3,5-Me2-1-pyrazolyl)3}2](BF4)2 has shown that the thermally induced spin transition
accompanies a phase transition. Above 206K all Fe2þ ions are in an identical environment, but
below 200K the mixture of high-spin and low-spin states (50:50) corresponds to Fe2þ sites of two
markedly different geometries.705

The iron(II) compounds [FeL2](ClO4)2�MeCN, [FeL2](BPh4)2�2MeCN and [FeL2](PF6)2, where
L is the terdentate ligand 2,6-bis(3,5-dimethylpyrazol-1-ylmethyl)pyridine, all show temperature-
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variable magnetic properties. [FeL2](BPh4)2�2MeCN exhibits a clear phase transition at about
200K, but the other two compounds exist as a mixture of high-spin and low-spin forms whose
ratio changes only very slowly with temperature. This unusual behavior is ascribed to structural
interconversion between two forms rather than to simple spin cross-over behavior.706 Light-
induced spin transitions in 3,5-bis(2-pyridyl)pyrazolato-bridged di-iron–pyridine–thiocyanate
complexes have been monitored by variable temperature laser Raman spectroscopy.707

The structures of the bis-ligand iron(II) complexes of the tripodal ligands tris(pyrazol-
1-yl)methane and bis(pyrazol-1-yl)(pyridin-2-yl)methane have been determined; the former is a
spin cross-over complex.464 Polybis(pyrazolate)iron(II) has a 1D chain structure with the Fe2þ

ions doubly bridged by pyrazolates; the Fe2þ ions (S= 2) are weakly antiferromagnetically
coupled.700

5.4.3.6.3 Triazoles

Several triazole and ternary triazole–thiocyanate complexes have been examined, usually for
their structural or their magnetic properties, especially their spin cross-over characteristics (cf.
Section 5.4.1.4 above). The 4,40-bis-1,2,4-triazole (btrz, (130)) compound [Fe(btrz)3](ClO4)2 was
the first 3D spin cross-over species to be reported. Its dimensions change significantly with
temperature, the mean Fe—N distance increasing from 1.99 Å to 2.16 Å, the Fe ���Fe distance
from 8.42 Å to 8.62 Å, on increase of temperature from 150K to 260K.708 The properties of
tris-btrz complexes may be varied and tuned by such means as substitution (e.g., amino,
20-hydroxyethyl) at N4 and varying the counterion (halide, nitrate, tetrafluoroborate, tosylate,
3-nitrophenylsulfonate)40,709 — room temperature cross-over has been achieved, for the
20-hydroxyethyl/iodide combination.710

(130)

N

N
N

N

N
N

[Fe(btrz)2(NCS)2]H2O has a 2D grid structure, with all Fe3þ ions octahedral, all btrz ligands
bridging two Fe3þ ions, all NCS� trans to each other, and the waters of crystallization hydrogen-
bonded to noncoordinating nitrogen atoms of btrz ligands. [Fe(btrz)2(NCS)2]H2O shows sharp
h.s.Ð l.s. transitions, at 123.5K on cooling, 144.5K on warming.711 At atmospheric pressure
anhydrous [Fe(btrz)2(NCS)2] is high-spin throughout the studied temperature range, but the low-
spin form can be obtained at high pressure.56 The crystal structure of the selenium analogue
[Fe(btrz)2(NCSe)2]H2O has been established, and NMR and ESR spectra of both this and the
SCN complex reported.712 cis,trans,cis-Diaquabis(5-methyl[1,2,4]-triazolo[1,5-	]pyrimidine)-
e)bis(thio-cyanato)iron(II) has the geometry shown in (131).713

[Fe(abptrz)2(tcnq)2] is an iron(II) complex of the triazole 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-
triazole (abptrz) and the 7,70,8,80-tetracyanoquinodimethane (tcnq) radical anion whose structure,
(132), Mössbauer and IR spectra, and magnetic behavior (thermally induced (280K) spin cross-
over S= 2ÐS= 0) have been established.714

In the compound [Fe2L5(NCS)4]2[FeL2(NCS)2(H2O)2], where L= 4-(40-tolyl)-1,2,4-triazole, the
dinuclear unit exhibits a spin transition, whereas the mononuclear unit is high-spin throughout.715

Reaction of Fe2þ with 4-(40-methoxyphenyl)-1,2,4-triazole, mptrz, gave two trinuclear products,
viz [Fe3(mptrz)8(H2O)4]

6þ and [Fe3(mptrz)6(H2O)6]
6þ as their respective BF4

� and tosylate salts.
On heating the latter at 100�C [Fe3(mptrz)6(H2O)3](tos)6 is obtained. These complexes contain
linear Fe3 units, with triple bridging ligands joining the metal ions. The hexa-mptr compounds
undergo spin transitions associated with the central Fe2þ, but the octa-mptr compound is high-
spin throughout.716 The 4-isopropyl-1,2,4-triazole complex [Fe3(iptrz)6(H2O)3](tos)6 has a similar
structure and again exhibits a spin transition associated with the central Fe2þ ion.717

The hydrotris(triazolyl)borate (httazb, (133)) ligand gives a bis-ligand iron(II) complex [Fe-
(httazb)2]�6H2O, whose structure consists of layers of complex molecules separated by layers of
water molecules.718
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Bis-hydroxyphenyl-triazoles, e.g., (134), are a new class of iron chelators. They are O,N,
O-terdentate, bonding through a triazole nitrogen and two phenoxide groups; their properties
can be pH-tuned by (de)protonation of the carboxy substituents.220

Spin cross-over iron(II)–triazole and –tetrazole complexes have been reviewed.719,720

5.4.3.6.4 Tetrazoles

The rapid and reversible change between the dark red low-spin form and the colorless high-spin
form of [Fe(1-propyltetrazole)6](BF4)2

721 could form the basis of an optically driven switch.38

[Fe(btzp)3](ClO4)2, where btzp is the bis-tetrazolyl ligand (135), has a linear chain structure, with
an Fe ���Fe distance of 7.422(1) Å at 200K, 7.273(1) at 100K. It exhibits spin cross-over
behavior, with a very gradual change in spin properties; irradiation with green light at 5K causes
significant population of the high-spin state.722 [Fe(1-methyltetrazole)6](CF3SO3)2 undergoes a
spin-state change on cooling to below 157K, though only one third of the Fe2þ ions become low-
spin.723 The tris-(bis-tetrazolyl) complex [Fe(tbtb)3](ClO4)2, tbtb= 1,4-bis(tetrazol-1-yl)butane
(136), is a 3D spin cross-over compound with a sharp thermal spin transition at 160K. It is
described as a supramolecular catenane, containing two interpenetrating —Fe—tbtb—Fe— net-
works, in which there are some fairly short Fe ���Fe distances, perhaps as little as 8.3 Å.724

5.4.3.6.5 Thiazoles

[FeII(thiazole)6]
2þ, in the form of its [FeIII2OCl6]

2� salt, is the product of reaction of an excess of
thiazole with FeCl3.

725 Several complexes of bithiazole and other thiazole-containing ligands are
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mentioned in connection with their spin cross-over behavior in Sections 5.4.3.5.3 and 5.4.3.5.9;
ferrithiocin is in Section 5.4.4.1.5.

5.4.3.7 Macrocyclic Ligands

5.4.3.7.1 Triaza-, tetraaza-, and hexaaza-macrocycles

Six pages of a ca. 100 page review of 1,4,7-triazacyclononane (tacn) and related ligands deal with
Fe2þ and Fe3þ complexes.726 The iron(II)—1,4,7-trimethyl-1,4,7-triazacyclononane complex Fe(tm-
tacn)Cl2, which is [Fe2(tmtacn)2Cl3][Fe(tmtacn)Cl3] in the solid state, reacts in solution with CN

� or
a CO/CN� mixture to give [Fe(tmtacn)(CN)3]

� and [Fe(tmtacn)(CO)(CN)2], respectively.
424 1,5,9-

tris(2-pyridylmethyl)-1,5,9-triazacyclododecane (137) forms a high-spin Fe2þ complex which is
markedly more resistant to oxidation than the Fe2þ complex of 1,4,7-tris(2-pyridylmethyl)-1,4,7-
triazacyclononane.727 Its [FeCl4]

2� salt has Fe—N= 2.226(5), 2.257(5) Å.728 1,4-Bis(2-pyridyl-
methyl)-1,4,7-triazacyclononane, bpmtacn (138), is a pentadentate ligand forming iron(II) complexes
[Fe(bpmtacn)X]þ with X=Cl or NCS. The former is high-spin, the latter low-spin. The binuclear
complexes [Fe2(139)X2]

2þ, where (139) is a related bis-tacn bridging ligand, again with 2-pyridyl-
methyl pendant arms, are high-spin both for X=Cl and for X=NCS.729 1,4,7-Triazacyclononane
with three bipy-containing pendant arms has been used as the starting material for the preparation of
a hexaazamacrocycle with six bipy-containing pendant arms. The former forms a rather short-lived
iron(II) complex, the latter mono- and binuclear complexes.488

Solid [Fe(tacn)2]Cl2�4H2O is low-spin, but solutions of the bromide and trifluoromethylsulfo-
nate salts of [Fe(tacn)2]

2þ give indications of the existence of spin equilibria.52 [Fe(Me3tacn)-
(MeCN)3](O3SCF3)2 and [Fe(Me3tacn)(MeCN)3](BPh4)2 are spin-equilibrium compounds, as is
the [Fe(Me3tacn)(MeCN)3]

2þ ion in solution. The trifluoromethylsulfonate salt, but not the
tetraphenylborate, readily loses coordinated MeCN, giving a high-spin complex.730

The triazacyclononane ligand with o-aminophenylmethyl pendant arms (140) forms a bis-ligand
complex with Fe2þ, isolated as its perchlorate.731 Aerial oxidation of this salt gives an uncharged
iron(III) complex containing the ligand in triply-deprotonated form.732

The binuclear iron(II) complex (141) has a short C—C bond (1.41 Å, �40% double bond
character) linking its two halves, and an intense absorption band in the near IR ("874= 14,000, in
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MeCN).733,734 Its one-electron oxidation (FeIIFeIII) product has a comproportionation constant
of 1011 and near IR absorption band with "940= 27,000, both consistent with Robin and
Day334,335 class III mixed valence character.735 The bis-triazacyclononane ligand (142), btacn,
forms a binuclear complex [Fe2(�-O)(�-O2CMe)2(�-btacn)]

736 and a tetranuclear complex
[Fe4O2(btacn)2(O2CMe)4]

4þ,737 both containing iron(III). The structure of the latter is shown
as (143).
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The dibenzotetraaza[14]annulene-iron(III) cation (144) shows catalase-like activity, converting
hydrogen peroxide into dioxygen under physiological conditions.738 The iron(II) complex of
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dibenzotetramethyltetraaza[14]annulene [ dbtmta; Me4-(144) ] can be reduced, by sodium in
tetrahydrofuran, to give [Fe(dbtmta)Na(THF)3], in which the Fe—N bond distances of
1.889–1.926 Å are claimed to be not inconsistent with iron in oxidation state 1þ.12
[Ni(cyclam)]2þ reacts with [Fe(CN)6]

3� to give initially the salt [Ni(cyclam)]3[Fe(CN)6]2�6H2O.
With an excess of [Fe(CN)6]

3� this very slowly gives [Fe(cyclam)][Fe(CN)6]�6H2O, which has a
cyanide-bridged chain structure.317 New synthetic routes to cis- and trans-[Fe(cyclam)Cl2]

þ salts
have been reported; cis-[Fe(cyclam)Cl2]

þ reacts with 2-aminophenol to give a product, character-
ized by XRD techniques, containing the quinonoid oxidized form of the coordinated 2-amino-
phenol.739 Logarithms of stability constants for a series of five tetraazamacrocyclic complexes of
iron(III) range from 24.1 (cyclam) to 27.6.740 Bis-cyclam–di-iron complexes make a brief appear-
ance in a bioinorganic review.741 [Fe(cyclam)Br2]

þ reacts with [Cr(CO)5(CN)]
� to give the tri-

nuclear complex [(OC)5Cr—CN—Fe(cyclam)—NC—Cr(CO)5]
þ, isolated and characterized as its

chloride.330

The combined diimine–tetraazamacrocyclic ligand 1-(20,200-bipyridyl-50-yl-methyl)-1,4,8,11-tetra-
azacyclotetradecane, (145), forms a low-spin tris-ligand Fe2þ complex in which each ligand
coordinates only through its diimine moiety.490 The stability constant (log K at 308K) for the
Fe2þ complex of 3,6,10,13,19-heptaaza-bicyclo[13.3.1]-nonadeca-16,18,19-triene is 10.76.742 Stabi-
lity constants (log K at 298K) for the Fe2þ and Fe3þ complexes of [15]aneN4 are 10.61 and 12.62,
respectively. This same reference details kinetics of oxidation of [Fe([15]aneN4)]

2þ by dioxygen
and by hydrogen peroxide.743
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Iron(IV) is stabilized by an amido-tetraazamacrocycle in the complex (146).20

5.4.3.7.2 Porphyrin complexes

(i) General

This area has been very active in the past 20 years—fortunately most aspects have been reviewed
in depth from time to time. A 1996 complete issue of Chemical Reviews on metals in biological
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systems contains several contributions devoted to, or mentioning, iron porphyrin (147) complexes.744

In relation to porphyrin synthesis and the great variety of picket-fence, capped, and hybrid
porphyrins available,115 reviews have dealt with new synthetic routes,745 highly halogenated
porphyrins,746,747 multiporphyrins,748,749 and ‘‘superstructured’’ species,750 and with applications
of such techniques as EXAFS,751 NMR,752,753 Mössbauer,72,754 and resonance Raman28,755 spec-
troscopies, and magnetic circular dichroism.6,756 Electrochemical techniques have been applied to
synthesis, characterization, and electron transfer.757–760
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Interactions and reactions of iron porphyrins with dioxygen species,115,761–765 with nitric oxide
(see Section 5.4.3.8), with nitrite766 and with nitrate,767 and also of complexes containing carbon-
bonded ligands,768 have continued to attract considerable interest and be reviewed.
Reviews of kinetics and mechanisms deal with long-range electron transfer769,770 and with the

uptake and release of dioxygen species,771 especially uptake from organic peroxides.27,483,772–780

The photochemistry of iron porphyrin complexes has been documented.483

(ii) Synthesis and properties

Single-face hindered porphyrins with one handle and two pivaloyl pickets have been synthesized
from 5,10,15,20-tetrakis-(o-aminophenyl)porphyrin. Their iron(II) complexes, with 1-methylimi-
dazole as fifth ligand, form stable dioxygen adducts reversibly. Equilibrium and rate constants for
dioxygen addition are affected less for these dioxygen adducts than for the corresponding carbon
monoxide adducts by steric constraints.781 Chiral picket fence porphyrins, specifically (þ)- and
(�)-meso-	,	,	,	-tetrakis[2-[(p-menth-3-ylcarbonyl)amino]phenyl]porphyrin, have been pre-
pared.782 Stability constants for adduct formation between [Fe(ppix)(CO)], ppix2�= the proto-
porphyrin IX dianion (148), and nitrogen bases, in 90:10 DMF:water mixtures at 298K, have
been estimated by means of 57Fe NMR spectroscopy.69 Stabilities of dioxygen complexes ranging
from myoglobin to simple porphyrin derivatives have been documented,761,783 and theoretical
calculations on the latter have been reviewed.784 Substituent electronic effects have been probed
through UV–visible and 1H NMR spectroscopies, ligand binding constants, and redox properties
for a series of iron(III) tetraphenylporphyrinates.785

Dendritic iron(II) porphyrins115 with tethered axial ligands have been developed as models for
myoglobin and hemoglobin,786 for cytochromes,787 and for heme mono-oxygenases.788 Iron(II)–heme
can be alkylated by the anti-malarial peroxide-containing drug artemisinin.789 Treatment of several
iron(II) porphyrins with hydrogen peroxide results in oxygenation of the heme to give oxophlorin
complexes.790

(iii) Structures

Several hundred crystal structures of iron porphyrin complexes have been solved and published in
the past two decades. Interest has centered on nitrosyl complexes, on iron–porphyrin � radical
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cations, on the extent of distortion of five-coordinated species from square-pyramidal geometry,
and particularly on ‘‘saddle-shaped’’ or ‘‘ruffled’’ deviations of coordinated porphyrins from
planarity. 5,10,15,20-Tetrakis(2,6-difluorophenyl)-porphyrinato-iron(III) methoxide provides a
recent example of a distorted square-pyramidal structure,791 meso-5,10,15,20-tetraisopropylpor-
phyrinato-bis(tetrahydro-furan)iron(III) perchlorate shows a particularly large deviation from
planarity for an ‘‘S4-ruffled’’ iron–porphyrin complex,792 and chloro(2,3,7,8,12,13,17,18-
octaethyl-5,10,15,20-tetraphenylporphyrinato)iron(III), an S= 3/2 complex, is distorted square-pyr-
amidal with a slightly ruffled saddle-shaped macrocyclic ligand,793 thus combining all three of the
distortions mentioned. The structural effects of bulky axial bases on the iron-dioxygen portion of
hematoporphyrin derivatives have been monitored by 17O NMR and by FTIR spectroscopy.794

The relative orientations of planar axial ligands and porphyrin rings have received attention,795,796

with kinetic parameters determined by NMR techniques for rotation of axial ligands in six-
coordinate complexes with 2,6-dichloro- or 2,6-dibromo-substituted phenyl ring substituents on
porphyrins coordinated to iron(III).797

Catalase from Micrococcus lysodeikticus provides a rare example of water coordinated directly
to heme–iron (Fe—O= 2.28 Å). This ligand water is hydrogen-bonded to another water molecule
resident in the heme pocket.798

(iv) Spin states

The spin state of six-coordinate iron(III) porphyrins is determined by the number and nature of
the axial ligands— two pyridine or imidazole ligands give low-spin complexes (S= 1/2), one
chloride ligand gives a high-spin complex (S= 5/2). Markedly nonplanar complexes with weakly
bonded axial ligands can give species of intermediate spin, S= 3/2.799,800 The saddle-shaped
octaethylporphyrin complexes [Fe(oep)L2]

þ exhibit the unusual spin cross-over S= 1/2 $ S= 3/2,
with the proportion of the S= 3/2 state correlating with the donor power of L.801 The tricyano-
methide, [C(CN)3

�], salt of 5,10,15,20-tetraphenylporphinatoiron(III), which contains octahedral
Fe3þ with anion-nitrogens in axial positions, has S= 3/2,802 while its perchlorate analogue shows a
mixed 3/2, 5/2 state.803 The perchlorate of octaethylporphyriniron(III) has S= 3/2,804 but
octaethyltetraphenylporphyrinchloroiron(III), [Fe(oetpp)Cl],805 occurs in two slightly different
forms, one with marked 3/2, 5/2 spin admixture,806 the other predominantly in the spin 5/2
form.807 The structures and spectroscopy (NMR, ESR) of the low-spin complexes [Fe(oetpp)L2]

þ,
L= n-methylimidazole, 2-methylimidazole, 4-dimethylamino(pyridine), have been reported.808

Bis(t-butylisocyanide)tetraphenylchlorinatoiron(III) (chlorin= dihydroporphyrin) is a low-spin
iron(III) complex with the unusual ground state (dxz, dyz)

4(dxy)
1. This deviation from normal

behavior, viz (dxz, dyz)
3(dxy)

2, is ascribed to the strong �-acceptor properties of the axial ButNC
ligands.438

The peroxoferrioctaethylporphyrin anion [FeIII(oep)(O2)]
� has been shown to be high-spin on

the basis of its magnetic moment and Mössbauer and ESR spectra.809
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(v) Solubilization

The solubilization of iron–porphyrin complexes in micelles generally gives rise to monomeric
species, which can be studied by techniques such as NMR and Mössbauer spectroscopy. NMR
and ESR spectra indicate that [Fe(ppix)(H2O)2]

þ and [Fe(ppix)(OH)(H2O)] (ppix
2�= the proto-

porphyrin IX anion, (148) above) are monomeric in SDS micelles;810 Mössbauer spectra of high-
spin ppix-iron(III) species in these media are also consistent with six-coordinate
[Fe(ppix)(H2O)2]

þ monomers.811 NMR, UV–visible spectra and magnetic properties have been
reported for four-coordinate [Fe(ppix)], for five-coordinate [Fe(ppix)(2-Meimid)] (S= 2), and for
six-coordinate [Fe(ppix)(py)2] (S= 0) in aqueous CTAB micelles,812 and for the high-spin (S= 2)
3,7,12,17-tetramethyl-8,13-divinylporphyrin-2,8-dipropionate iron(II) complex [Fe(porph)(THF)2]
solubilized by CTAB.813 1H and 15N NMR studies on low-spin iron(III) porphyrin derivatives
[Fe(ppix)(CN)2]

� and [Fe(ppix)(py)(CN)] in CTAB, SDS, and Triton X-100 micelles (in 18%
pyridine in water) again indicate the absence of aggregates in these media.814 These results contrast
with electronic spectroscopy indications that protoporphyrin IX–iron(III) in water exists as
aggregates of five-coordinate [Fe(ppix)(OH)].815

(vi) Kinetics and mechanisms of substitution and addition

Axial ligand replacement reactions in five- and six-coordinate porphyrin derivatives are generally
dissociative in character.816 Hydrogen-bonding to leaving groups such as imidazole817 may sig-
nificantly affect dissociation rates, as in displacement of azide from tetraphenylpor-
phyrinatoiron(III) by imidazole or N-methylimidazole,818 and of chloride from the iron(III)
complex of a porphyrin with a —CH2CH2CO2H substituent.819 Activation parameters for water
exchange at three substituted (sulfonated) porphyrin complexes [Fe(porphs)(H2O)2]

3�,
57<�H‡< 71 kJmol�1, þ60<�S‡<þ100 JK�1 mol�1, and þ7<�V‡<þ12 M�1 indicate dis-
sociative activation for water exchange and, by implication, for complex formation for these
complexes and for previously described [M(porphs)(H2O)2]

3� (M=Cr, Co, Rh as well as Fe)
formation reactions.820 Less rapid reaction than with NO (cf. Section 5.4.3.8 below), and negative
�S‡ and �V‡ values, for reaction of sulfonatoporphyrin complexes with CO indicate associative
interchange.821 The kinetics and equilibria of cyanide binding to the iron in the protoporphyrin IX
moiety of peroxidase from Coprinus cinereus have been studied and compared with those for
several other peroxidases. Protonated cyanide attacks the basic form of the enzyme with
k= 7.7� 105 dm3mol�1 s�1, while the rate constant for cyanide dissociation is 0.38 s�1.822 Volume
profiles have been established for reactions of a lacunar FeII complex with CO823,824 and for
myoglobin with O2 and with CO.

825,826 Detailed kinetic studies of the reaction of FeII in cyclo-
phane hemes with O2 and with CO probed polarity and steric effects, with the effects of deforma-
tion of the porphyrin skeleton from planarity assessed for one compound.827

The kinetics and mechanism for oxygen transfer between 4-cyano-N,N,-dimethylaniline N-oxide
and a C2-capped meso-tetraphenylporphyrinatoiron(III)

828 and meso-tetrakis(pentafluorophenyl)-
porphyrinatoiron(III)829 have been established. Addition of a copper(II)–porphyrin cap to an
iron(II)–porphyrin complex has the expected effect of reducing both the affinities and rate constants
for addition of dioxygen or carbon monoxide. These systems were studied for tetradecyl-substituted
derivatives solubilized by surfactants such as poly(ethylene oxide) octaphenyl ether.108

The incorporation of iron(II) into the protoporphyrin IX ring, the final step in heme biosynthe-
sis, is catalyzed by ferrochelatase. Kinetic parameters were reported both for this process and for
the reaction of Fe2þ with ferrochelatase, whose kinetics were used to characterize the latter.830

(vii) Redox properties and electrochemistry

A discussion of redox potentials of a range of iron complexes in relation to the nature of the iron–
ligand bonding concentrates on porphyrin complexes.831 The electrochemistry of iron porphyrin
complexes in nonaqueous media has been dealt with at length (�50 pages).758 Electrochemical
oxidation of [Fe(tpp)F2]

� generates an iron(IV) species,25 while the first evidence for an iron(V)–
porphyrin species was obtained in the course of an investigation of electrocatalytic hydroxylation.
This iron(V) species contains an octafluoroporphyrin ligand and is believed to have either two F�

or an F� and an O2� coordinated to the metal.26 Weak bridging of [Fe(oep)]þ through F� to Cu
is referenced in Section 5.4.6.1 below.
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Cyclic voltammetry of iron(III)–porphyrin-sulfate complexes has been described.832 Thiosulfate
can add to iron(III)–porphyrins to give an adduct which is high-spin at normal temperatures but
low-spin at low temperatures. The tetraphenylporphyrin adduct undergoes decomposition slowly
in DMF to give [FeII(tpp)] plus tetrathionate. In DMSO tetraphenylporphyrinatoiron(III) oxi-
dizes thiosulfate by an autocatalytic process.833 Tetrathiotungstate complexes of iron(III)–tetra-
phenylporphyrin undergo spontaneous reduction to iron(II) products with a half-life of about 30
minutes at ambient temperature.834

The bis-hydroxylamine adduct [FeII(tpp)(NH2OH)2] is stable at low temperatures, but decom-
poses to [Fe(tpp)(NO)] at room temperature.835 [Fe(porphyrin)(NO)] complexes can undergo one-
and two-electron reduction; the nature of the one-electron reduction product has been established
by visible and resonance Raman spectroscopy.836 Reduction of [Fe(porphyrin)(NO)] complexes in
the presence of phenols provides model systems for nitrite reductase conversion of coordinated
nitrosyl to ammonia (assimilatory nitrite reduction),837 while further relevant information is
available from the chemistry of [FeIII(porphyrin)(NO3)].

838 Iron–porphyrin complexes with up
to eight nitro substituents have been prepared and shown to catalyze oxidation of hydrocarbons
by hydrogen peroxide and the hydroxylation of alkoxybenzenes.839

Iodide is oxidized rapidly,840 bromide slowly,841 by the mono-oxidized form of �-oxo-di-
iron(III) bis-tetraphenylporphyrin. The latter reaction occurs in three kinetically distinct steps;
the first, with k298= 738 dm

3mol�1 s�1, �H‡= 59kJmol�1, and �S‡=þ9 J K�1 mol�1 leads to the
formation of Br2

� as intermediate. Cyanide reduces iron(III) porphyrins, probably by rate-limit-
ing nucleophilic attack, at least in DMSO (in which CN� has a very high chemical potential).842

The alternative mechanisms for autooxidation of myoglobin, hemoglobin, and a range of
lacunar iron(II)-cyclidene (149) model complexes—oxidative (electron transfer),843 dissociative,
and nucleophilic displacement844—have been discussed at length.845 Autooxidation mechanisms
have also been discussed in relation to lacunar complexes as dioxygen carriers,764 and as the point
where activation and stabilization of dioxygen are in balance.847 Metmyoglobin catalysis of the
decomposition of hydrogen peroxide involves a ferryl (FeIV=O2þ) intermediate,23,24 whose Fe—O
stretching frequency has been established by resonance Raman spectroscopy.848 The kinetics of
photoinduced electron transfer between cyt c in its oxidized form (FeIII) and modified zinc
myoglobin (lysine residues modified with dtpa) suggest that electron transfer takes place from
the peripheral dtpa sites to the cyt c(III).849

5.4.3.7.3 Porphycene, porphyrazine, and corrole complexes

Porphycenes (150) and corrphycenes (151) are porphyrin isomers,850 several of whose iron(III)
complexes have been characterized. Examples include distorted square-pyramidal (12,17-diethox-
ycarbonyl-2,3,6,7,11,18-hexamethylcorrphycenato)iodo-iron(III),851 [Fe(tprpc)X] (where tprpc= 2,7,
12,17-tetra-n-propylporphycene) with X=Cl, Br, N3, O2CMe, or OPh and [Fe(tprpc)2]O.

852–854

Iron(II)– and iron(IV)–tprpc complexes also exist, as established in an examination of oxygenation
of iron(II) porphycene.855 The structure of chloro(3,6,13,16-tetraethyl-2,7,12,17-tetramethylpor-
phycenato)iron(III), also distorted square-pyramidal, has been compared with those of chloro-
iron(III) porphyrin complexes.856

Corroles are porphyrins which lack the 20-methine group. (7,13-dimethyl-2,3,8,12,17,18-hexa-
ethylcorrolato)iron chloride857 reacts with cyanide to form a low-spin dicyano complex, which is
subsequently reduced by excess of cyanide to give (152). The iron in the dicyano complex is still in
the 3þ oxidation state, with the reduced corrolate as a dinegative radical ligand.858
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Porphyrazines (153) are porphyrins with the four ¼CH— inter-ring bridges replaced by
¼N—, thus forming a halfway house between porphyrins and phthalocyanines (next
section). The octaethylporphyrazine complexes of iron(II) and of iron(III) have been reviewed.859

5.4.3.7.4 Phthalocyanine complexes

Investigations continue of ligand replacement reactions of the two coordinated solvent molecules
of iron(II) phthalocyanine, (154), in DMSO.860,861 It has been confirmed that both steps can be
monitored for the incoming ligands pyridine, 4-aminopyridine, or imidazole. Rate and equili-
brium constants are presented for both stages for the reactions with all three incoming groups.862

The relatively weak electron-donating properties of alkylthio-substituents are reflected in the rate
constants for addition of a second cyanide (addition of the first is very fast) to octa-
n-butylthiophthalocyanine–iron(II).863

An equilibrium and kinetic study of the iron(II) phthalocyanine/nitric oxide system in DMSO,
at 293K, showed that formation of [Fe(pc)(NO)] obeys a simple second-order rate law, like
[Fe(pc)] plus CO but unlike [Fe(pc)] plus dioxygen. A rate constant for dissociation of
[Fe(pc)(NO)] was derived from its formation rate and equilibrium constants.864

Iron phthalocyanines feature in a review of photodynamic therapy.241

5.4.3.8 Nitric Oxide Complexes

The importance of NO is emphasized by the recent appearance of a new dedicated journal.
Reactions of metalloporphyrins with NO have been reviewed.783,865–868 A review of reactions of
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nitric oxide with transition metal complexes is dominated by the kinetics and mechanisms of a
range of complexes of iron, particularly polyaminocarboxylates, porphyrins, and heme deriva-
tives.869 A selection of thermodynamic and kinetic parameters for the formation of ternary nitric
oxide complexes of iron(II) and of iron(III) is given in Table 10. Rate constants have been
determined for the forward and reverse reactions for the interaction of NO with Fe2þaq and
with citrate, acetylacetone, and edta complexes of iron(II).870 Kinetics of formation of NO
complexes from iron(II) complexes of edta,871 nta, dtpa, and related ligands have also been
examined.872 Activation volumes for formation (�V‡f=þ6.0 cm3 mol�1) and for dissociation
(�V‡d=þ1.2 cm3 mol�1) of FeNO2þaq indicate dissociative interchange mechanisms in both
directions, though the very small negative values for the activation entropies (�S‡f=�3
JK�1mol�1, �S‡d=�15 JK�1 mol�1) suggest that the character of the interchange process is
very close to the dissociative/associative boundary—not altogether unexpectedly for Fe2þ. Möss-
bauer and ESR spectra of the product suggest that a formulation based on FeIII—NO� (cf.
cobalamin(III)—NO� 873) is to be preferred to the FeI—NOþ form usually given in text
books.874 This conclusion confirms earlier proposals based on X-ray absorption edge and reso-
nance Raman spectra of the Fe–edta–NO complex.875 Aminocarboxylatoaqua-complexes of iro-
n(II) react somewhat more quickly with nitric oxide than does Fe2þaq;876 there is good agreement
between equilibrium constants for formation of these NO complexes determined from kinetic
measurements and values determined spectrophotometrically. Reversible binding of NO to iro-
n(II) in aqueous solution may be tuned by using aminocarboxylate and related ligands.877

Activation volumes for reactions of most aminocarboxylatoaqua-complexes of iron(II) with NO
indicate dissociative interchange, though the negative value of �V‡ for reaction of
[Fe(nta)(H2O)2]

� with NO suggests a mechanism of associative interchange in this case.878

Reactions of NO with water-soluble FeII porphyrin complexes are very fast (k� 109 M�1 s�1);
diffusion-dominated dissociative interchange is suggested by the k, �S‡ and �V‡ values
(Table 10).821 The FeIII tetra-meso-(4-sulfonatophenyl)porphinate (tpps) complex and its sulfo-
natomesityl analogue react with NO in aqueous solution with large positive �S‡ and �V‡

values; values for dissociation of the adducts formed are similar. A D mechanism is thus
believed to operate for each of these reactions, in modest contrast to similar iron(II)—NO
systems. Nitrite catalyzes reductive nitrosylation of [FeIII(tpps)(H2O)2]

3� to [FeII(tpps)(NO)].879

Formation of Fe(tpp)(NO2) occurs with traces of NO2; coordinated —NO2 labilizes the
coordinated —NO in the reversibly formed intermediate [Fe(tpp)(NO)(NO2)].

880 Deoxy-
hemoglobin binds NO firmly881–883 and rapidly (k= 2.2� 107 dm3mol�1 s�1, at 293K). NO
also reacts rapidly with oxyhemoglobin (k= 3.4� 107 dm3mol�1 s�1) and FeII–
myoglobin (k= 2.2� 107 dm3mol�1 s�1), somewhat less rapidly with FeIII–myoglobin
(k= 7.0� 104 dm3mol�1 s�1).884 These in vitro reactions are up to two orders of magnitude
slower in the cell as the rate-limiting step there is often diffusion of NO to the complex.885–887

The effects of NO on cellular iron metabolism,888 the mechanism of NO-induced oxidation of
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Table 10 Kinetic parameters and equilibrium constants for formation and dissociation of ternary nitric oxide complexes (in water, at 298K).

kf �H‡f �S‡f �V‡f kd �H‡d �S‡d �V‡d K�

Iron(II) complexes
aq 1.6� 106 37 �3 þ6.0 3.2� 103 48 �15 þ1.2 500 or 1,200
nta 2.1� 107 24 �22 �1.5 9.3 66 �5 �3.5 1.8� 106
edta 2.4 x108 24 �4 þ4.1 91 61 �5 þ7.6 2.1� 106
tpps 1.5� 109 24 þ12 þ5 < 2
tmps 1.0� 109 26 þ16 þ2
cytochrome c 8.3 2.9� 10�5
nitric oxide synthase 3� 105 to 2� 107 �0 to 70

Iron(III) complexes
tmps 3.0� 106 62 þ86 þ13 730 83 þ89 þ18 4.1� 103
tpps 7.2� 105 70 þ100 þ8 680 78 þ67 þ18 1.1� 103
cytochrome c 7.2� 102 0.044 1.6� 104
myoglobin 4.7� 104 37 1.3� 103
catalase 3.0� 107 170 1.8� 105

The kinetic parameters and K� values in this table are from M. Wolak and and R. van Eldik,869 and references therein.



Mb, Hb,884 and NO mediation of iron uptake from transferrin889 have been discussed. In this last
case, in contrast to several established cases of Fe—NO interaction at active sites in metallopro-
teins (e.g., lactoferrin—Fe—NO890), there appears not to be direct Fe—NO interaction but an
indirect NO effect operating from an Fe-remote site.891 HbFeIINO has been characterized in blood
taken from humans administered hydroxyurea,892 a currently much-discussed possible treatment
for sickle cell disease.893 NO binds to iron which is itself coordinated by imidazole groups of
histidine, thiol groups of cysteine, or carboxylate groups of aspartate or glutamate.894 The
attachment of dioxygen to hemoglobin promotes binding of NO to cysteine�93; deoxygenation
results in an allosteric transition of the S-nitrosohemoglobin which releases NO. This sequence is
central to the regulation of blood flow.895 NO has a direct effect on the Fe4S4 cluster of an iron-
regulating protein and thence on iron mobilization from cells.896

Reaction of the manganese tropocoronand complex [Mn(tc-5,5)(NO)] with [Fe(tc-5,5)] results
in complete transfer of the NO to the [Fe(tc-5,5)].897 Other nitric oxide complexes appear in the
sections on nitroprusside (Section 5.4.2.2.6 above), on phthalocyanines (Section 5.4.3.7.4 above),
and on polynuclear iron–sulfide complexes (Roussin’s salts; Section 5.4.5.9.2 below); Fe–por-
phyrin–NO redox chemistry has been mentioned in Section 5.4.3.7.2 above.

5.4.3.9 Other N-donor Ligands

Coordinated nitriles occur in several diphosphine (diphos) complexes trans-
[Fe(diphos)2(NCMe)2]

nþ, n= 1 or 2.898,899 The cyanide stretching frequency for the MeCN solvate
of Fe2þ has been compared with values for a range of other cations.329

A review of complexes of �-diketiminate ligands (155) contains little material on iron com-
plexes.900

Mononuclear iron(II) and iron(III), and binuclear iron(II), complexes with monoanionic and
dianionic trialkylguanidinate ligands, (156) and (157), have been characterized. The trichloro-
iron(III) complex of (156), R=Pri, appears to be five-coordinate; both (156) and (157) act as
bridging ligands in binuclear iron(II) complexes, as also can a related biguanidinate ligand.901

Binuclear iron(III) complexes Fe2L2(�-L) where L=N,N0-diphenylformamidine (dpf) or N,N0-
diphenylbenzamidine have particularly short Fe���Fe distances, at 2.198, 2.232 Å; the iron atoms
are in trigonal prismatic coordination. In the iron(II) complex [Fe2(dpf)4] the Fe���Fe distance is
2.462 Å.902,903

The ternary triazole complex [FeII(abptrz)2(tcnq)2] ((132) in Section 5.4.3.6.3 above; abptrz=
4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole) contains the 7,70,8,80-tetracyanoquinodimethane
(tcnq) radical anion coordinated in trans-positions at unusually short Fe—N distances; the tcnq
radical ligands are stacked in pairs to give diamagnetic entities.714

5.4.3.10 Phosphorus Donor Ligands

The cyclic (D5h) P5
� anion, which can be generated from white phosphorus by cleaving either with

sodium in diglyme or LiH2P in THF, forms stable Fe
II(�5-C5H5)(�

5-P5); there is some evidence for
the generation of unstable black FeII(P5)2 on treatment of FeCl2 with P5

�.904
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The cis-1,2-bis(diphenylphosphino)ethene complexes [Fe(Ph2PCH¼CHPPh2)2X2], X=Cl
or Br, undergo pressure-induced spin-state transitions at about 8 kbar for the chloro complex,
about 60 kbar for the bromo complex. The difference is ascribed to the difference in ligand field
strengths and lattice cooperativity.57

The diphosphine complexes trans-[Fe(H)(X){Ph2P(CH2)nPPh2}2], n= 2 or 3, X=Cl or Br, react
with cyanide to give trans-[Fe(H)(CN){Ph2P(CH2)nPPh2}2],

905 which can be protonated to
give, inter alios, the trans-[Fe(H2)(CNH){Ph2P(CH2)nPPh2}2]

2þ cation.906 cis-[Fe{P(CH2CH2P-
Me2)3}(H2)] reacts with EtNCS, PhNCS, or PhNCO to give cis-[Fe{P(CH2CH2PMe2)3}(SCH-
NEt)H], cis-[Fe{P(CH2CH2PMe2)3}(SCHNPh)H] (cis-[Fe{P(CH2CH2PMe2)3}(SCHNPh)2] if
PhNCS is in excess), or cis-[Fe{P(CH2CH2PMe2)3}(OCHNPh)H]. Similar reactions of cis-
[Fe(Me2PCH2CH2PMe2)2}(H2)] give more complicated mixtures of products.

907

A qualitative order of ligand strength towards iron(II) has been established by competition
experiments for a series of diphosphines in their complexes [Fe(diphos)2Cl2].

908 The tripodal
tetradentate phosphorus donor ligand engenders high stability in the hydride/dihydrogen complex
cis-[Fe{P(CH2CH2PPh2)3}(H)(H2)]

þ.909 The relative stabilizing effects of bidentate and
tripodal phosphorus ligands have been compared through determination of rate constants for
replacement of acetonitrile by halide in the complexes [Fe(Ph2PCH2CH2PPh2)2(MeCN)2],
[Fe{P(CH2CH2PPh2)3}(MeCN)2], and [Fe{N(CH2CH2PPh2)3}(MeCN)2]. The apical nitrogen in
the last of these confers a degree of lability.910 The tripodal tetradentate ligand P(CH2CH2PMe2)3,
tppm, appears in a number of iron(II) complexes, such as [Fe(tppm)Cl2], [Fe(tppm)HCl] and the
[Fe(tppm)(PPh3)Cl]

þ cation.911 The tetrapodal ligand (158) has sufficient hydrophilic centers for the
sulfate of its bis-aqua-iron(II) complex [Fe(158)(H2O)2]

2þ to be soluble in water.912

There are many phosphine and phosphite complexes of iron(0), sometimes acting as
P,C-donors in orthometallated complexes. In general this area is deemed to be organometallic
chemistry, so we shall cite just one recent reference to act as a possible point of entry to this area,
relating to [Fe(CO)2{P(OPh)3}{P(OPh)2(OC6H4)} which contains both a P- and a P,C-donor
triphenylphosphite ligand.913

Monodentate phosphines complete the coordination shells of a number of hydride complexes,
e.g., [FeH2(PR3)4] and [FeH3(PR3)4]

þ.914 Bidentate bis-phosphine ligands stabilize a number of
ternary complexes of small molecule ligands, such as dinitrogen, carbon monoxide, carbon
disulfide, dihydrogen,439,915 and acetonitrile.898,899 Diphenylphosphinoethane can also act as a
bridging ligand, as in the binuclear counterion of the acetonitrile-containing cation in trans-
[Fe(dppe)(NCMe)2][Cl3Fe(�2-dppe)FeCl3].

916

Ligand concentration dependences, activation parameters, and solvent effects for reaction of
trans-[FeH(H2)(dppe)2]

þ with MeCN in MeCN, THF or acetone present a not altogether con-
sistent mechanistic picture. In particular the large negative activation volumes are unexpected.
These reactions cannot be simple dissociative, in contrast to earlier-studied similar reactions of
iron(II)–phosphine complexes.917 The suggestion is that the rate-limiting step is some sort of
associative ring closure after easy initial opening of the dppe chelate ring.918

N

P(CH2OH)2

P H2OHHOH2C C

N

(HOH2C)2P
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5.4.4 GROUP 15/16 DONORS

5.4.4.1 Nitrogen and Oxygen Donors

5.4.4.1.1 Oxines

Tris-(2-methylquinolin-8-olato)iron(III) has three mer N and three mer O-donor atoms; the 0.2 Å
range of Fe—N bond distances is attributed to small but significant steric effects of the methyl
substituents.919 Solubilities of tris-(quinolin-8-olato)iron(III) complexes in methanol–water mix-
tures are consistent with the expected more favorable solvation by methanol.920

The acid-catalyzed aquation of iron(III)–(substituted)oxinate complexes involves iron–oxygen
bond breaking and concomitant proton transfer in transition state formation. The latter aspect
contrasts with the much slower acid-catalyzed aquation of hydroxamates, where proton transfer
seems not to take place in the transition state. Reactivities, with and without proton assistance,
for various stages in dissociation of a selection of bidentate and hexadentate hydroxamates, oxinates,
and salicylates are compared and discussed—the overall theme is of dissociative activation.921

5.4.4.1.2 Schiff bases

The structure and properties of [FeII(H2O)6][Fe
III(tsb)2]2�2H2O, where tsb= the terdentate Schiff

base derived from salicylideneglycine, have been described.922 The detailed 2D structures of salts
of [{Fe(salen)}2{Fe(CN)}6]

� depend on the nature of the cation and the solvent used in their
preparation.318 Binuclear iron(III) complexes have been prepared from Schiff bases derived from
2,6-diformyl-p-cresol and anilines.923

[Bis(5-bromosalicylidene)benzene-1,2-diimine]chloroiron(III) crystallizes with one five-coordin-
ate complex and one six-coordinate (water trans to chloride as sixth ligand) in the unit cell.924 Fe3þ

complexes of three linear hexadentate (O,N,N,N,N,O) bis-Schiff base ligands derived from trien
and 2-hydroxypropiophenone, 2-hydroxybenzophenone, and 1-hydroxy-3-methoxybenzophenone,
or pyrrole-2-aldehyde, plus Fe3þ complexes of two tripodal {N(N,O)3} ligands derived from tren,
have been prepared; their Mössbauer spectra are given.513 The potentially pentadentate binucleat-
ing ligand 2,6-bis(N-2-pyridylethyl)iminomethyl)-4-methylphenolate (159) forms a mononuclear
complex, in which the ligand is N,N,O-coordinated (mer) on reaction with iron(III) chloride.925

The potentially heptadentate (N,O,N,N,N,O,N) macrocyclic ligand forms binuclear FeIICoII com-
plexes with high-spin iron(II) (O,N,N,N,O)-coordinated.926

The solubility properties of salen-type complexes can be tailored by employing substituents
such as t-butyl and triphenylphosphonium-methyl (—CH2PPh3

þ), with its associated chloride, in
the aromatic rings.927 The stability constant for N,N0-o-phenylenebis(salicylideneimine)–iron(III)
in 80% (w/w) DMSO–water has been compared with stability constants for complexes of six M2þ

metal ions with this ligand.928

The first step in the reaction of trans-[Fe(salpn)(H2O)2]
þ, salpn=N,N0-propylene-1,2-bis-sali-

cylidiniminate, with sulfur(IV) is the formation of [Fe(SO3)(salpn)(H2O)]
�, with the pH-rate

profile showing greater trans-labilization by hydroxide than by water, in that trans-[Fe-
(salpn)(H2O)2]

þ reacts ten times less rapidly than trans-[Fe(salpn)(OH)(H2O)]. A limiting dissocia-
tive (D) mechanism is proposed for reaction of the latter; formation of the sulfito complex is
followed by a slow intermolecular redox reaction.929 A similar situation prevails for the analogous
trans-[Fe(salen)(H2O)2]

þ/sulfur(IV) system (salen= (160) with R=H); this paper also deals with
the kinetics and mechanism of sulfur(IV) reduction of trans-[Fe(salen)(H2O)2]

þ.930 Mechanisms of
photoredox processes of trans-[Fe(R-salen)(MeOH)F] (Rsalen= (160) with R=F, I, Me, CF3,
OMe, or NO2) involve the formation of �CH2OH radicals and their conversion into formaldehyde.
The F� ligand stabilizes the Fe3þ in these complexes in comparison with coordinated Cl�, Br�, or
I�.931

Salicylaldimine complexes of iron(III) catalyze epoxidation of stilbene by hypochlorite.932

(i) Spin cross-over

The cyclic Schiff base terimine ligand (161) forms a spin cross-over ternary iron(II) complex
[Fe(161)(CN)2]. This has intermediate magnetic behavior, indicating a 50:50 mixture of high-spin
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and low-spin forms, over the long temperature range of 150–200K.679 The spin mixture form
can be obtained by cooling [Fe(161)(CN)2] slowly; rapid cooling to low temperature gives the low-
spin form. The rate constant for conversion of the seven-coordinate high-spin form to the six-
coordinate (one noncoordinated ether–oxygen) low-spin form is 2.3� 10�3 s�1 at 130K; an
Arrhenius plot gives an activation energy of 30 kJmol�1 for the spin cross-over process.933
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Spin cross-over behavior has been established for a number of Schiff base complexes of
iron(III) complexes with N4O2-donor sets.

934–936 A two-step spin cross-over in the warming
direction for [Fe{N-(8-quinolyl)salicylaldiminate}2](NCSe) has been ascribed to intermolecular
�-interactions between aromatic rings.937 Usually spin cross-over in these N4O2-complexes is
rapid on the Mössbauer timescale (k>�107 s�1); interconversion has been shown to be rapid
on the Mössbauer timescale but slow on the ESR timescale (k<�1010 s�1) for the iron(III)
complex of the Schiff base (162) in the [FeIII(162)2]

þ cation.938 A thorough variable-temperature
study of spectroscopic and magnetic properties of [FeIII(162)2]ClO4�C6H6 indicated not only a
spin cross-over centered on 205K but also an order–disorder transition (C2/c at high tempera-
tures, P21/c at low temperatures) around 180K.

939 Mössbauer and ESR studies indicate anion
control of spin cross-over rates for bis-ligand iron(III) complexes of N2O-donor Schiff bases
derived from, e.g., salicaldehyde and 2-pyridylmethylamine.935 The iron(II) complex of the garland
Schiff base ligand (163) provided the first example of spin cross-over behavior in a hexadentate
N4O2-donor complex. Over the temperature range �145–175K there exists an l.s. Ð h.s. equili-
brium with K� 1.940 The methanol and dichloromethane solvates of the N-(8-quinolyl)-
salicylaldimine complex [Fe(qsal)2]NCSe exhibit the unusually wide hysteresis loop of 70K.
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5.4.4.1.3 Acyclic polyaminocarboxylates

Reactions of iron-polyaminocarboxylates with nitric oxide have already been covered, in Section
5.4.3.8; bi- and polynuclear complexes containing polyaminocarboxylate ligands will be found in
Section 5.4.5.4 below.
The partial molar volume and heat capacity of [FeIII(edta)]� have been derived from experi-

mental measurements on its sodium salt, and the thermodynamic constants (K, �H, �S, �Cp,
and �V) for complexation of Fe3þ by H2edta

2� obtained.942 Formation of the iron(II) complex of
the aromatic edta analogue 1,2-C6H4{N(CH2CO2)2}2

4� has been assessed spectrophotometrically
and potentiometrically.943 Propyl-edta-derivatization of methidium, giving (164), allows complex-
ing of iron and thus a study of the effects of this substitution on methidium–DNA interactions
(strand scission mediation).944,945 Molecular mechanics calculations on iron(III)-transferrin models,
including the Fe3þ complex of 1,4,7-triazacyclononane-1,4,7-triacetate, have been based on force-
field parameters derived from published crystal structures of the Fe3þ complexes of the ligands
(165), (166), and (167).946
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The Fe3þ complex of the tetradentate N3O-donor tripodal ligand (168) provides a model for
mononuclear nonheme bioactive sites. [FeIII(168)Cl2], whose chloride ligands are substitution-
labile, reacts with O2

� in DMSO solution to give an FeIII.O2
� species that may well be identical

with the stable FeII.O2 species obtained from the reaction of the iron(II) complex of (168) with
O2.

947

Site-specific cleavage of a protein has been achieved by attaching a —CH2CONHC6H4CH2CH-
{CH2N(CH2CO2

�)2}2 group at a cysteine residue, followed by complexation with Fe
2þ, then treat-

ment with hydrogen peroxide.948

A new aminocarboxylate chelator of potential therapeutic value, N-(2-hydroxybenzyl)-N0-ben-
zylethylenediamine-N,N0-diacetate, reacts as LH4

þ and LH3 with FeOH
2þaq by dissociative

activation with rate constants of 770M�1 s�1 and 13,300M�1 s�1, respectively. These rate con-
stants are similar to those for reaction of FeOH2þ aq with edta and with nta. These formation
reactions are, however, considerably faster than with simple ligands of identical charge thanks to
the zwitterionic properties of aminocarboxylates.949 Iron(III)–ehpg950 (ehpg= ethylene-bis-(2-
hydroxyphenylglycine)), (169), is an effective hepatobiliary contrast agent.231 Dihydroxamate
derivatives of edta and of dtpa, (170) and (171), respectively, are analogues of aerobactin.951
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Extensive efforts have been made to establish and rationalize the kinetics of dioxygen oxidation
of iron(II) polyaminocarboxylate complexes.742,952,953 The kinetics of dioxygen oxidation of
iron(II) complexes of 1,2- and of 1,3-propylenetetraacetate show the influence of steric factors
on these electron transfer reactions.954

NMR and UV–visible techniques have been used in the characterization of intermediates in the
[FeIII(edta)]n�-promoted decomposition of hydrogen peroxide.955 FeII complexes of edta, nta, and
dtpa react with HSO5

� by an inner-sphere one-electron transfer mechanism with transient pro-
duction of SO4

��, in contrast to CuI, which reacts by an outer-sphere mechanism to give SO4
2�

and hydroxy radicals.956,957 FeII–edta redox properties are relevant to FeII/CuII/H2O2 systems.
958

Fe2þ complexes of edta, hedta, and nta react with Br2
��, (NCS)2

��, CO2
��, and Me� with rate

constants between 107 dm3mol�1 s�1 and 108 dm3mol�1 s�1 at 293K. Activation volumes of
�0.3 cm3mol�1 to �4.2 cm3mol�1 suggest interchange mechanisms with small and variable asso-
ciative character.959 The Fe2þ complex of the edda derivative (172) reacts with H2O2 to give a
stable phenolate complex. [Fe(172)(H2O)2] might thus provide protection against oxidation in
biosystems.960 Several iron(III) polyaminocarboxylate complexes have been claimed to have
superoxide dismutase activity.470 The mechanism of iron uptake from complexes with low
molecular weight ligands such as nitriloacetate in cells has been discussed.167
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5.4.4.1.4 Polyazamacrocycles with pendant carboxylates

Iron(III) complexes of dota (173) and of dotria (174), tetrazamacrocycles with four and three
CH2CO2

� pendant arms, have been synthesized and characterized. These complexes are potential
MRI contrast agents (cf. Section 5.4.1.11.3), with [Fe(dotria)] having the advantage for pharma-
cological applications of being uncharged. Crystal structure determinations of [Fe(dotria)]�3H2O
and of Na[Fe(dota)] show the iron to be seven-coordinated (N4O3-donor set) in both cases—the
fourth CH2CO2

� pendant arm dangles in the latter compound.961 The stability constant (log K at
298K) for the Fe3þ complex of dota is 29.4.962

Incorporation of two catechol moieties into appropriate hexaazacrowns gives the ligands (175)
and (176), stability constants of whose Fe3þ complexes are log10K1= 37.6 and 36.0, respectively.

963
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5.4.4.1.5 Other N,O donors

Several bis-amino acid complexes of iron(II) have been prepared and characterized. Their mag-
netic and spectroscopic properties indicate high-spin octahedral Fe2þ and the presence of exten-
sive carboxylate bridging.964 Stability constants have been determined for complexation of Fe3þaq
and of FeOH2þaq by glycine,965 and by L-serine and L-glutamate.966 There are a very few values
for iron complexes in a critical compilation of stability constants of aliphatic amino acids.967

Treatment of Fe3þaq with glycine and 3-acetylpyridine gave not the expected Schiff base
complex but a binuclear complex containing both coordinated glycine and coordinated 3-acetyl-
pyridine.968
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Hydroxypyridonimine analogues (177) of the much-studied 3-hydroxy-4-pyridinones (cf. Sec-
tion 5.4.5.5.2), are prepared from maltose or lactose.969 They form stable iron(III) complexes.
Several picolinate-containing complexes have been invoked in mechanisms of Gif-type oxida-

tions of hydrocarbons by hydrogen peroxide.458

Carboxamides are good donors for iron(III), giving a range of water-stable high-spin and low-
spin complexes with Fe—N bond distances between 1.8 Å and 2.2 Å.970 The mono-ligand iron(II)
complex of the carboxamide derivative of bipy, Fe(178)Cl2�H2O, is high-spin.489 Dihydrogenvio-
lurate, violH2

�, gives a low-spin tris-ligand complex of iron(II), [Fe(violH2)3]
� (179), and (at least in

DMSO) the same sequence of stability constants, viz K1>K2 � K3, as the well-known Fe
2þ/bipy

and Fe2þ/phen sequences.971However [Fe(violH2)3]
� is very labile, in contrast to [Fe(bipy)3]

2þ and
[Fe(phen)3]

2þ. This surprising feature is attributed to ready protonation and thus labilization of
coordinated H2viol

�. IR and Mössbauer evidence for the existence of [Fe(violH2)2(violH3)] in the
solid state provides support for this hypothesis.972 The ferroverdin chromophore is very similar to
[Fe(violH2)3]

�; four synthetic ferroverdins, (180) with R=Me, But, Cl, Br, have been synthesized,
and have been oxidized (by Fe3þaq or by [Fe(bipy)3]

3þ) to the corresponding ferriverdins.973

The ferrocene-linked bis-bipy and bis-phen ligands (181) and (182) form very stable iron(II)
complexes in which the ligands are bonded to the metal through two carbonyl oxygens in addition
to the two diimine groups.492

Benzoylacetone-S-n-propylisothiosemicarbazonatodichloroiron(III) contains five-coordinated
iron(III), even in its mono-ethanol solvate.974 The bis-aqua-iron(III) complex of 2,6-diacetylpyri-
dine-bis(semioxamazidate), [Fe(dapsox)(H2O)2]

þ (dapsoxH2= (183)), contains seven-coordinate
Fe3þ (the thirteen other then-known seven-coordinate Fe3þ complexes are referenced)—the ligand
isO,N,N,N,O-pentadentate. The strongly electron-withdrawing properties of the dapsox2� ligand are
reflected in the unusually short Fe—OH2 bond distances, which average 2.028(3) Å. Despite the high
coordination number of the iron, kinetic parameters for replacement of the first water molecule by
thiocyanate suggest associative substitution (Ia).

975 The pentadentate N4O-donor ligand 1,5-bis[(2-
pyridylmethyl)amino]pentan-3-ol provides the key to the preparation of linear and cubane-like
tetranuclear, as well as two binuclear, iron(II) complexes.976
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A review of the stabilities and catalytic properties of binuclear metal complexes of large-ring
N,O macrocycles concentrates on the iron(II) and iron(III) complexes of (184) and (185).977

OHNH HN

NN

NH HNOH

CH3

(184)

CH3

OHNH HN

NN

NH HNOH

CH3

(185)

The tetranuclear cluster FeIII[FeIII(salicylhydroximato)(MeOH)(OAc)]3 is in effect an Fe
3þ

complex of a tris-metallo-9-crown-3 ether ligand.978,979 Salicylhydrazidate ligands, (186), can
form polynuclear metallacrown complexes with iron(III), including a hexa-iron compound from
N-acetylsalicylhydrazidate, (186) with R=Me,980 and a deca-iron compound from N-benzoylsalicyl-
hydrazidate, (186) with R=Ph.981 The Fe3þ cations are in binding sites of the type shown in (187).
(S)-Desferriferrithiocin, (188), is a naturally occurring siderophore of unusual structure, medi-

ating iron uptake by Streptomyces antibioticus. It coordinates Fe3þ through carboxylate and
phenoxide oxygens plus the thiazole nitrogen. Its substitution-inert chromium(III) and cobalt(III)
complexes have been investigated in order to glean information relevant to likely properties of its
labile iron(III) complexes.982
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5.4.4.2 Nitrogen and Sulfur Donors

The Fe3þ coordination shell comprises three fac-S and three fac-N-donor atoms in [Fe(6mp)3]
[FeCl4]Cl, where 6mp= 6-thiopurine, (189).

983 Both iron(II) and iron(III) complexes are included
in a review of transition metal complexes of thiosemicarbazones.984 5,50-Dimethyl-1,2,3-cyclohex-
anetrione-1,2-dioxime-3-thiosemi-carbazone, dcdt (190), acts as an N,N0,S-donor to Fe3þ, giving a
bis-ligand complex (contrast [Fe(N,N0-dcdt)3] with Fe

2þ).135 The Schiff bases from pyridine
2-carboxaldehyde and thiosemicarbazide or 4-phenyl thiosemicarbazide also act as N,N0,S-donors,
both to Fe3þ and to Fe2þ. The antibacterial activity of these complexes was assessed, in vitro.985

The tetradentate tripodal ligand N(CH2CH2S)3
3� (teta) forms mononuclear complexes

[Fe(teta)(CNR)]� with alkyl isocyanides and trinuclear complexes [M{Fe(teta)(CNR)}2], M=Fe,
Co, or Ni, in which two trigonal bipyramidal Fe-containing units are linked through tetrahedral
MS4 (edge-sharing).

986 Trigonal bipyramidal [FeIII(teta)Cl]� is reduced by sodium in the presence
of carbon monoxide to give the [FeII(teta)(CO)]� anion.987 The kinetics of transfer of the
tetradentate N,S,S,N-donor bis-(2-picolyl)-1,3-dithiopropane, bpdtp (191), from Fe2þ in
[Fe(bpdtp)Cl2] to Cu

2þ indicate a complex mechanism.988 The S,N,N,S-donor (192) stabilizes
iron(IV) in complexes [Fe(192)(PR3)]

29 and even iron(V) in [Fe(192)I].30

(191)

N N

S S
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S

N

S
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Blue (193) reacts with nitric oxide to give brownish violet (194), isolated as its BPh4
� salt.989 This

low-spin iron(III) nitrosyl is a model for nitrile hydratase, which catalyzes the hydration of nitriles
to give amides. One form of nitrile hydratase is a mononuclear low-spin iron(III) complex in
which the metal is coordinated by three cysteine-sulfurs, two amide-nitrogens, and either water or
hydroxide.990–992 Nitrile hydratase is photochemically activated by nitric oxide, an unusual case of
photoregulation of enzyme activity. The bonding of NO to the iron center has been probed by
resonance Raman spectroscopy.993 The spectroscopic (ESR; IR; electronic) and kinetic character-
istics of this system have been monitored.994 The N3S2-donor ligand (195) also forms a five-
coordinate (trigonal bipyramidal) complex with iron(III) which can add a Lewis base such as
methanol, pyridine, n-methyl imidazole, or an aryl thiolate (but not a nitrile) to give a low-spin
octahedral species whose ESR spectrum closely resembles that of the nitrile hydratase which it
models.995 The NS3-donor ligand N(CH2CH2SH)3 again gives five-coordinate trigonal bipyrami-
dal complexes [Fe{N(CH2CH2S)3}X]

� with X=Cl or N3; these can react with CO to give
paramagnetic [Fe{N(CH2CH2S)3}(CO)].

996 Another five-coordinate N4S-donor complex,
[Fe(H2NCH2CH2NHCH2CH2N¼CMeCMe2S)]þ (S apical; Fe—S and Fe—N distances normal
for FeII), is a superoxide reductase model; its FeIII analogue is octahedral, with MeCN from the
solvent in which it is prepared completing the coordination shell (Fe—NMeCN= 1.95 Å). Both the
brown iron(II) and the deep blue iron(III) complexes are prepared by condensation of coordinated
3-methyl-3-thiobutanone with tris(aminoethyl)amine (tren).997
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The Fe3þ complex of the linear hexadentate N,N,S,S,N,N-coordinating ligand derived from
1,8-diamino-3,6-dithiaoctane and pyrrole-2-aldehyde has been synthesized and characterized,
especially by Mössbauer spectroscopy.513 The hexadentate tripodal N3S3-donor triazamacrocyclic
ligands (196) and (197) give brown–violet and green black Fe3þ complexes, respectively; the
former is predominantly high-spin, the latter predominantly low-spin. In the complex of (197)
the Fe—Nbond distances are between 2.06 Å and 2.08 Å, Fe—S between 2.269(3) Å and 2.288(3) Å.998

Reactions of carbonyl compounds such as pyridine 2-carboxaldehyde, glyoxal, biacetyl, or
benzil with 2-aminothiophenol on an Fe2þ template give benzothiazolinate (198) complexes.999

The complex from pyridine 2-carboxaldehyde, for example, was formulated, on the basis of 1H
NMR and Mössbauer spectroscopy and of analysis (C, H, N, and Fe) as the bis-(N,S)-ligand-bis-
aqua complexes of (199), an isomeric form in equilibrium with (198). However as they are
diamagnetic it seems more likely that they are [Fe(199)2]�2H2O, containing terdentate (N,N,S)
(199), than the proposed [Fe(199)2(H2O)2].
Reaction of iron(II) chloride with the carbothioamide derivative of bipy, bcta (200), gave three

compounds, [Fe(bcta)2]Cl2�H2O, [Fe(bcta)2][FeCl4], and [Fe(bcta)2]2[Cl3FeOFeCl3]Cl2�3H2O.
This last compound contains low-spin FeII and high-spin FeIII; its Mössbauer spectrum exhibits
an unusual temperature dependence.489

The dianion of 6,60-bis(2,20-diphenyl-2-sulfanylethyl)-2,20-bipyridine (201) gives a chloro-
iron(III) complex in which the metal is pentacoordinated (distorted square pyramid with the
tetradentate ligand equatorial, chloride axial) and in the S= 3/2 state.529

5.4.4.3 Nitrogen, Oxygen, and Sulfur Donors

The preparation, characterization and Mössbauer spectroscopy of the Fe3þ complex of the linear
hexadentate O,N,S,S,N,O-coordinating ligand derived from 1,8-diamino-3,6-dithiaoctane and
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3-methoxysalicaldehyde have been reported.513 The Schiff base (202) acts as a pentadentate (O,N,S,N,O)
ligand to Fe3þ; octahedral geometry at the metal is attained by coordination of a chloride.1000
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N

S S

N
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5.4.5 GROUP 16 DONORS

5.4.5.1 Simple O-donor Ligands

5.4.5.1.1 Introduction

This section covers water, hydroxide and oxide, with a little material on alkoxides and phen-
oxides, and on dioxygen species. Water is of paramount importance as a ligand—all the way from
simple Fe2þaq and Fe3þaq through a range of ternary aqua-ligand complexes to its presence in,
e.g., metalloproteins, as for example the single axial water ligand bonded to the metal in catalase
isolated from Micrococcus lysodeikticus.798 Water is important not only in the primary coordin-
ation sphere but also in the secondary coordination sphere, where it can have, usually through
hydrogen-bonding to coordinated ligands, significant effects on structure and properties, not only
for classic inorganic complexes (e.g., in determining structures of hydrated salts) but also in
bioinorganic systems (as for example in peroxidase and catalase mechanisms1001).
Hydroxide and oxide1002 are especially important as ligands for iron(III), both in simple mono-

and polynuclear species in hydrolyzed iron(III) solutions and in more complicated environments,
as in biomineralization1003 and other natural processes.1004 The extreme slowness of attainment of
equilibrium in certain alkaline iron(III) systems needs to be borne in mind, for this may take days,
sometimes even years, depending on the pH and the nature and concentrations of other species
present.1005,1006 Oxide and hydroxide are important as bridging ligands in bi- and polynuclear
complexes, as also, to a lesser extent, are alkoxides and phenoxide. There are many bi- and
polynuclear iron(III) complexes where bridging oxide, hydroxide, or alkoxide groups are sup-
ported by bridging carboxylates (see Section 5.4.5.4.3 below).1007 Oxide as a ligand is important in
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stabilizing high oxidation state ferrates (see Section 44.1.3) and as ligand in polyoxometallates
(see Section 5.4.5.2).

5.4.5.1.2 The aqua-ions—general

The aqua cations Fe2þaq and Fe3þaq are included in several general reviews1008–1011 of aqueous
solutions, in a comprehensive book1012 and review1013 on aqua-cations, and in a review of ionic
radii in aqueous solution.1014

A primary hydration number of 6 for Fe2þ in aqueous (or D2O) solution has been indicated by
neutron diffraction with isotopic substitution (NDIS),1015 XRD,1016,1017 and EXAFS,1018 and for
Fe3þ by NDIS1019 and EXAFS.1018 Fe—O bond distances in aqueous solution have been
determined, since 1984, for Fe(H2O)6

2þ by EXAFS1020 and neutron diffraction,1015 for ternary
Fe2þ-aqua-anion species by XRD (in sulfate and in chloride media,1017 and in bromide
media1022), for Fe(H2O)6

3þ by neutron diffraction,1019 and for ternary Fe3þ-aqua-anion species.
The NDIS studies hint at the second solvation shell in D2O solution; high energy-resolution
incoherent quasi-elastic neutron scattering (IQENS) can give some idea of the half-lives of water-
protons in the secondary hydration shell of ions such as Fe3þaq. This is believed to be less than
5� 10�9s, whereas � � 5� 10�9s for the binding time of protons in the primary hydration
shell.1023,1024 X-Ray absorption spectroscopy (XAS—EXAFS1025 and XANES) has been used
to probe the structure and speciation of chloride-containing iron(II) and iron(III) solutions over a
range of pHs, ionic strengths and Fe:Cl ratios.1020 XAS has also been used to probe the
environment, especially the short-range order, of Fe3þ during the precipitation of gels, in both
chloride and nitrate media.1026

In the solid state Fe(D2O)6
2þ has been examined in Mohr’s salt, (NH4)2SO4�FeSO4�6D2O, by

low temperature neutron diffraction. At 4.3K there is a small but significant deviation of the
FeO6 core from octahedral symmetry.

1027 Polarized neutron diffraction, at 1.5K, indicated a large
magnetic anisotropy at the iron sites.1028 A charge density study indicated that there was a drift of
charge from the S to O in the sulfate anions, from sulfate to coordinated water, and thence to the
Fe2þ. The orbital populations of the iron were calculated as dxy

1.40-dyz
1.43dzx

1.30dx2�y2
1.22dz2

0.98.1029

Spin and charge density calculations are consistent with the experimentally established magnetic
moment of 5.4 BM (at around room temperature) for Fe(H2O)6

2þ.1030

Neutron diffraction examination of CsFeIII(SO4)2�12H2O and CsFeIII(SeO4)2�12H2O at 15K
showed a small but significant difference between Fe—O bond distances, 1.994(1) Å in the sulfate,
2.002(1) Å in the selenate. This difference is attributed to the different tilt angles of the coordinated
water, 0.6� and 18.6�, respectively.1031AXRD structure determination on CsFeIII (SeO4)2�12H2O gave
Fe—O= 1.989(4) Å (at room temperature). This selenate has the 	-alum structure, whereas the corre-
sponding sulfate has the �-alum structure.1032These results have been placed in the context of X-ray and
neutron diffraction studies of structures of hydrated cations in aqueous solution.1033

FromFe—Odistances in Fe2þaq andFe3þaq ionic radii for the bare ions have been calculated (0.72 Å
and 0.64 Å, respectively) and compared with established crystal radii.1014Theoretical calculations on the
aqua-cations have estimated the effects of the d-electrons through optimization of geometry and energy
minimization.1034 SCF calculations for [Fe(H2O)x]

nþ, forx = 5, 6, and 7, and n= 2 and 3, have been
coupled withmeasured activation volumes,�V‡, for water exchange to give insight into themechanisms
involved.1035 Such considerations, complemented by consideration of measured �G‡ and �H‡, are
claimed to indicate a D mechanism for Fe2þaq, A or Ia for Fe

3þaq.1036 Ab initio quantum chemical
calculations on the exchange of water molecules between the primary hydration shell of Fe2þ and bulk
solvent, using a model in which the secondary hydration shell and bulk water form a dielectric
continuum, are also claimed to be consistent with dissociative activation.1037 There is some measure
of disagreement between these theoretical approaches and the usual interpretations of those who
determine activation volumes, for the theoretical ruling out of Id exchange in these systems is rather at
variance with the view that the mechanism of water exchange at Fe2þaq (�V‡=�4 cm3 mol�1) is
close to the Ia/Id borderline, at FeOH

2þaq Id. Ia water exchange at Fe
3þaq seems generally acceptable.

Kinetic parameters (k, �H‡, �S‡, �V‡) for water exchange at Fe3þaq and at FeOH2þaq have been
compared with those for other metal(III) centers (Ga, Ti, Cr, Ru, Rh, Ir).1038

Activation volumes for the Fe2þaq/Fe3þaq and Fe2þaq/FeOH2þaq self-exchange reactions are
�11.1 cm3 mol�1 and þ0.8 cm3 mol�1, respectively.1039 The Marcus cross-relation has been
modified to allow for significant nonadiabaticity in the Fe2þaq/Fe3þaq couple,1040 and theoretical
calculations carried out on the H/D isotope effect on Fe2þaq/Fe3þaq self-exchange.1041
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5.4.5.1.3 Aqua- and hydroxo-iron(II)

(i) Oxidation of Fe2þaq

Oxidation of Fe2þaq in solution by ozone, at pH 0–2, showed evidence for an oxygen atom transfer
mechanism with FeIVO2þ as a transient intermediate en route to Fe3þ. The rate constant at 298K is
8� 105 dm3mol�1 s�1.19 The activation energy for O—O bond breaking in the primary Fenton
reaction intermediate, viz [FeII(H2O)5(H2O2)]

2þ has been estimated; subsequent intermediates
include [FeIV(H2O)4(OH)2]

2þ and [FeIV(H2O)5O]
2þ.1042 Reaction of Fe2þaq with t-butyl hydroper-

oxide is a modified Fenton system.1043 Reaction of Fe2þaq with alkyl hydroperoxides and carbon
monoxide produces acyl radicals RC�O; MeC�O reduces Fe3þaq much more quickly than does
�Me.1044 Oxidation of Fe2þaq by Br2

�� has k= 4� 106 dm3mol�1 s�1 at 293K and �V‡=þ2.6 cm3
mol�1 (and is therefore Ia in character). Similar reactions of aqua-polyaminocarboxylate and aqua-
phosphate species have activation volumes ranging down to �4.2 cm3 mol�1, suggesting a modest
range of interchange mechanisms from slightly dissociative to slightly associative. The correlation
observed between k and�V‡ for these reactions shows that varying the nature of the ligand effects on
reactivity and mechanism are coupled.959 Added salt effects, up to 4.0mol dm�3 KCl, 6.0mol dm�3

NaClO4, have been examined for Fe
2þaq reduction of tris-oxalatocobaltate(III).583

(ii) Solution properties

In contrast to Fe3þaq, there is very little hydrolysis or polymerization of Fe2þaq in aqueous
media, though there has been a claim for the existence of [FeII(OH)4]

2� in strong NaOH
solution.18 The partial molal volume of Fe2þaq has been derived over the temperature range
288.2–318.2K. The value at 298.2K, �22.7 cm3 mol�1, differs slightly from values published
earlier.1045 Gibbs energies of transfer, �Gtr(Fe

2þ), have been calculated for transfer to methanol–
water1046–1048 and to acetonitrile–water mixtures.1049 The methanol–water values provoked
disagreement, entailing as they must rather indirect methods of estimation; the acetonitrile–
water values are in the context of �Gtr values for numerous other M

nþ ions. Enthalpies
of transfer, �Htr(Fe

2þ), to ethanol–water mixtures, again in the context of other �Htr(M
nþ),

should be regarded with caution (see Table 8 footnote b; �Htr(Fe
2þ) could also be estimated

from, e.g., �Htr(Ni
2þ) or �Htr(Cu

2þ) in binary aqueous solvent mixtures for several other
cosolvents).1050

(iii) Complex formation

The marked dependence of kf on the charge of the incoming group, but small dependence on its
nature (for a given charge) supports a dissociative interchange (Id) mechanism.

1051 The activation
volume of þ6.1 cm3 mol�1 for formation of FeNO2þaq also indicates an Id mechanism, though
the very small negative value for the activation entropy (�S‡f=�3 JK�1mol�1) suggests that the
interchange must be, as expected, very close to the dissociative/associative boundary.871,872

The stability constant (log �2= 5.4) for complex formation between Fe
2þaq and [Cr(en)2(OH)]2

þ

indicates effective hydroxide bridging between the FeII and CrIII centers.1052 [Cr(tren)(OH)(H2O)]
2þ

may be used as a substitution-inert model for labile Fe2þaq, as in a study of iron uptake by
ferritin.1053

5.4.5.1.4 Aqua- and hydroxoaqua-iron(III)

(i) General

A review of iron(III) in aqueous solution covers hydrolysis and polymerization, the formation
and dissociation of binuclear species, and kinetics and mechanisms of water exchange and
complex formation.1054 Kinetic and equilibrium data for hydrolytic reactions of iron(III) have
been conveniently assembled.1055 Reviews of hydrolysis of Fe3þaq, and subsequent precipitation
of hydrated oxide-hydroxide species,1056–1058 cover a very wide range of media, from geochemistry
to biology to human metabolism.169,170,1059 Added anions or pH variation can affect which form
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of iron(III)—Fe2O3, 	-, �-, or �-FeO(OH), or polynuclear anion-containing species—precipi-
tates.1060 This has been investigated for chloride, nitrate, and sulfate,1061–1063 complementing
earlier studies on anion effects on products and time-scales for their precipitation.1005,1064

The pKa of Fe
3þaq is affected by the presence of anions due to their interactions with the

aquacation; formation quotients have been estimated.1065 Fe3þaq is hydrolyzed to a much smaller
extent in 80% (w/w) DMSO þ water than in water.928 Molecular dynamics simulation of iron(III)
and its hydrolysis products successfully matched the known pK1 value, but was unsuccessful in
reproducing pK2.

1066

The reaction volume (�V�) for Fe3þaq ! FeOH2þaq þ Hþaq is þ4.8 cm3mol�1 (extrapolated
to zero ionic strength; �V� decreases significantly with increasing ionic strength, to reach a value
of þ1.6 cm3mol�1 at I= 2.0mol dm�3.1067 Laser flash photolysis kinetics indicate the formation of
hydroxyl radicals in the primary photoprocess of FeOH2þaq photolysis.1068

Layered double hydroxides are materials of current interest; iron-containing versions include
Fe3þ/Ni2þ and Fe3þ/Mg2þ with carbonate as intercalated counterion and Fe3þ/Ni2þ with
sulfate.1069 It is also possible to intercalate [Fe(CN)6]

4� (see Section 5.4.2.1.1), though appa-
rently tris-oxalatoferrate(III) is reluctant to intercalate, at least into Al3þ/Mg2þ layered double
hydroxide.1070

Hydroxide is rarely found coordinated to Fe3þ in a mononuclear octahedral complex, but has
been demonstrated in the purple salt [Fe(tnpa)(OH)(OOCPh)]ClO4, where tnpa is the tetradentate
tripodal ligand tris(6-neopentylamino-2-pyridylmethyl)amine, (203); the hydroxide is cis to the
benzoate ligand.465

(ii) Complex formation

Kinetics and mechanisms of complex formation have been reviewed,1054 with particular attention
to the inherent Fe3þaqþL� vs. FeOH2þaqþHL proton ambiguity.1071 Table 11 contains a
selection of rate constants and activation volumes for complex formation reactions from
Fe3þaq and from FeOH2þaq, illustrating the mechanistic difference between Ia for the former
and Id for the latter. Further kinetic details and discussion may be obtained from earlier
publications265,1072 and from those on reaction with azide,1073 with cysteine,1074 with octane-
and nonane-2,4-diones,1075 with 2-acetylcyclopentanone,1076 with fulvic acid,265–267 and with
acethydroxamate and with desferrioxamine. For the last two systems the various component
forward and reverse reactions were studied, with values given for k and K;1077 �H‡ and �S‡; �H�

and �S�;1078 �V‡ and �V�.1079 Activation volumes are reported and consequences of the proton
ambiguity discussed in relation to the reaction with azide. For the reactions of FeOH2þaq with
the salicylate1080 and oxalate1081 complexes cis-[Co(en)2(NH3)(sal)]

2þ, [Co(tetraen)(sal)]2þ(tetraen=
tetraethylenepentamine), and [Co(NH3)5(C2O4H)]

2þ both formation and dissociation are retarded in
anionic micelles.
The reaction volume, �V�, for formation of the monoacethydroxamate (ahdx) complex from

Fe3þaq is þ9.3 cm3mol�1 (for Fe3þaq þ ahdxH ! [Fe(ahdx)(H2O)4]
2þ þ Hþ); �V� values for

formation of Fe(NCS)2þaq and of Fe(OH)(NCS)þaq from Fe3þaq1082 and from FeOH2þaq1083

are þ10.0 cm3mol�1 and þ17.1 cm3mol�1, respectively.
The kinetics of reaction of Fe3þaq, of FeOH2þaq, and of Fe2(OH)2

4þaq with variously proto-
nated forms of phosphate, phosphite, hypophosphite, sulfate, and selenite have been investigated,
mainly at 283K. The formation mechanism from the dimer is somewhat complicated, e.g., by
formation of mononuclear complexes, probably via �-hydroxo-�-oxoanion di-iron intermediates,
after the initial Id complexation step.

1055

(203)
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(iii) Oxidation by Fe3þaq

Fe3þaq reacts with chloranilic acid to give iron(II) chloranilate.1084 Fe3þaq reacts with promazine,
(204), to give the promazine radical cation complex of Fe2þ. The volume profile for this combined
substitution and electron transfer reaction has been established.1085 The activation volumes for
the forward and reverse reactions are �6.2 cm3mol�1 and �12.5 cm3mol�1; the respective activa-
tion entropies1086 are �67 JK�1mol�1 and �125 JK�1mol�1. Both pairs of values indicate a
major contribution from electrostriction effects, especially in the back reaction. Kinetic studies
of Fe3þaq oxidations have included those of ascorbic acid,1087 of hydroxylamine,1088 and of
[Co(sep)]2þ.1089 Kinetic parameters (k, �H‡, �S‡) have been determined for Fe3þ oxidation of
[VO(salen)], [VO(salenOR)] with R=H, O(CH2)nMe with n= 2, 5, 9, or 11, and binuclear
complexes in which two [VO(salen)] units are bridged by —O(CH2)nO— where n= 3, 6, 10, or
12. The mononuclear complexes react by outer-sphere electron transfer; oxidation of the binuclear
complexes proceeds through an intermediate adduct with the Fe3þ.1090 For anaerobic Fe3þaq
oxidation of cysteine the kinetics of formation of a transient blue species, presumed to be
FeIII(cyst), and of onward reaction to FeII and cystine, have been established.1074,1091Fe3þaq catalyzes
S—O bond cleavage in phenyl phosphatosulfate, [C6H5OPO2—O—SO3]

2�, in contrast to M2þaq
cations, which catalyze P—O bond cleavage.1091 Fe3þaq also catalyzes autooxidation
of sulfur(IV).1093 The effects of various alkyl substituents on Fe3þaq oxidation of a range of
ferrocenes in cationic and nonionic micellar systems suggest that the ferrocenes are located within
the micelles.1094

(204)

N

S

CH2CH2CH2NMe2

(iv) m-Oxo- and m-hydroxo-aquairon(III) species

In relation to the long-standing argument over [FeIII(�-O)FeIII]4þ vs. [FeIII(�-OH)2Fe
III]4þ in

hydrolyzed iron(III) solutions, EXAFS provided evidence in favor of [(H2O)4Fe-
(�-OH)2Fe(OH2)4]

1095 but Mössbauer spectroscopy suggested the �-oxo-dimer form.1096 Fe3þ

Table 11 Rate constants and activation volumes for complex formation from the hexa-aqua- and hydroxo-
aqua forms of iron(III), in aqueous solution at 298.2 K.

kf (dm
3mol�1 s�1) �V‡ (cm3mol�1)

Ligand Fe3þaq Fe(OH)2þaq Fe3þaq Fe(OH)2þaq

Desferrioxamine (dfoH4
þ) 3.8 3,000 �5 þ 4

Acethydroxamic acid 4.8 5,700 �6 þ 5
Cysteine 11,400
HN3 4,000 6,800
Cl� 4.8 5,500 �5 þ 8
NCS� 122 23,200 �6 þ 9
Cl3CCO2

� 63 7,800
Cl2HCCO2

� 118 1,900
ClH2CCO2

� 1,500 4,100
SO4

2� 2,300 11,000
FeOH2þ 6.8 670
Fe(dfoH2)

2þ 1.3 1,600
[Co(NH3)5(salH)]

2þ 5.6 770
[Co(en)2(NH3)(salH)]

2þ 5.1 766
[Co(NH3)5(C2O4H)]

2þ 4,600

References to the rate constants and activation volumes in this table are cited in the text.
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on a Nafion membrane seems to be predominantly [FeIII(�-O)FeIII]4þ, but there is evidence for
significant amounts of [FeIII(�-O2H3)Fe

III]5þ.1097 IQENS has proved of value for examining
polynuclear hydroxospecies of AlIII and ZrIV, so could perhaps usefully be applied to FeIII.1098

The half-life of Fe2(OH)2
4þ at room temperature is a few seconds. An improved model for the

kinetics of dissociation of this dinuclear cation recognizes significant participation by Fe2(OH)3
3þ

at higher pHs, thus clearing up earlier slight anomalies in this area.1099 Phosphate ester hydrolysis
at the di-iron center of uteroferrin has now been shown to involve nucleophilic attack by bridging
hydroxide (as proposed but not conclusively demonstrated for several M—OH—M-containing
catalytic species) rather than by hydroxide bonded to just one Fe.1100

Tetranuclear species are believed to play a key role in the growth of species of higher nuclearity,
both for iron(III)1101 and for mixed iron(II)/iron(III) systems.1102 Assessment of the physical and
chemical properties of aqueous solutions of Fe3þ, Al3þ, and Ga3þ suggested that the tridecamer
[FeO4{Fe(OH)2(H2O)}12]

7þ— cf. the now well-established Al13 species of this formula—may be a
component under certain conditions.1103

5.4.5.1.5 Alkoxides; phenoxide

The sterically encumbered alkoxide ligand PhMe2CO
– forms a binuclear complex [Fe2(OC-

Me2Ph)6] containing two tetrahedral Fe
3þ linked by two alkoxide bridges.1104 A pair of ethoxides

bridge the Fe3þ ions in the 2-propanenitronate, pn, complex [(pn)2Fe(�-OEt)2Fe(pn)2].
1105

The sterically hindered dianionic bidentate phenoxide ligand (205) gives several tetrahedral
iron(II) complexes, e.g., [FeII(205)(THF)2], [Fe

II(205)(py)2], [Fe
II(205)(bipy)], and [FeII(205)(2,6-

xylylNC)2]. The first of these is prepared from FeCl2 and (205)H2 in tetrahydrofuran; the others
are prepared from the dimer [Fe2(205)2]. The 2,6-xylylNC complex is low-spin, the others high-
spin. There is also a five-coordinate iron(III) complex, red-black [Fe(205)(bipy)Cl], whose struc-
ture is intermediate between trigonal bipyramidal and square pyramidal.437

5.4.5.1.6 Dioxygen, peroxide, and superoxide

Interaction of dioxygen species with Fe2þaq and with Fe3þaq has been very briefly reviewed.1106

In relation to oxo-, peroxo-, and superoxo-complexes as models for intermediates in oxygenase
activity, a brief report on a 2000 symposium on activation of oxygen summarizes the then-current
situation in the search for a mechanism common to mono- and dinuclear iron sites, mono- and
dinuclear copper sites, and copper–iron sites.1107 The outline proposals comprise:

Mnþ via Mðnþ1Þþ �OOH then Mðnþ3Þþ¼ O ð3Þ

Mnþ ���Mnþvia Mðnþ1Þþ �O2 �Mðnþ1Þþ then Mðnþ2Þþ
O

O

Mðnþ2Þþ ð3Þ

The preparation of a novel mononuclear iron(III)–t-butylperoxo-complex, end-on coordinated,
with bis(6-pivalamido-2-pyridylmethyl)(2-pyridylmethyl)amine, bppa= (206), to FeIII,466 was fol-
lowed by the isolation of a similar complex containing hydroperoxide. The latter reacts by O—O
bond cleavage and a [(bppaH2)Fe

III—O�] intermediate.467

(205)

O O SiPh3Ph3Si
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In contrast to the numerous Id mechanisms mentioned elsewhere in this chapter for substitution
at hydroxoiron(III) species, substitution by H2O2 at [Fe(Rtpen)(OMe)]2þ (Rtpen= (207);
R= alkyl, phenyl, or benzyl), to form the relatively stable [Fe(Rtpen)(�1-OOH)]2þ, is, like complex
formation from Fe3þaq, Ia in character. [Fe(Rtpen)(�

1-OOH)]2þ complexes can also be generated
from iron(II) in solution.125 The purple iron(III) hydroperoxo complexes are converted into blue
iron(III)-�2-peroxo species on addition of base.1109

The electronic spectrum of Fe—O2 in a hemerythrin derivative has been reported.
1110 Further

references to reactions of iron porphyrins with dioxygen species appear in Section 5.4.3.7.2.

(206)

N

R

R

N
R =

N

N
N

N

N N

(207)

R

NHCOCMe3

5.4.5.2 Inorganic Oxoanions

There are two closely related aspects here, concerning species where an oxoanion such as sulfate
or chromate forms a recognizably classical coordination complex and polyoxometallates where
one, two, or many iron centers are incorporated in a multi-oxide-bridged polynuclear complex.

5.4.5.2.1 Oxoanion complexes of Fe2þ and Fe3þ

(pyH)[Fe(HPO4)2(H2O)2] and (imH2)[Fe(HPO4)2(H2O)2] have layered structures with alternating
FeO6 octahedra and PO4 tetrahedra.

1111 AlP2O8
3� chains can be assembled into 3D structures

through the use of transition metal cations such as Fe2þ, which bind parallel chains into layers by
complexing with phosphate groups.1112 The Fe—O bond distance to coordinated nitrate in
[FeIII(oep)(NO3)] is 2.016(3) Å.

767

Equilibrium constants for formation of iron(III) complexes of several oxoanions, of phos-
phorus, arsenic, sulfur, and selenium, have been reported.1055 The kinetics and mechanism of
complex formation in the iron(III)-phosphate system in the presence of a large excess of iron(III)
involve the formation of a tetranuclear complex, proposed to be [Fe4(PO4)(OH)2(H2O)16]

7þ.1113

The high stability of iron(III)-phosphate complexes has prompted suggestions that iron-contain-
ing mixed hydroxide or hydroxy-carbonate formulations be tested for treatment of hyperpho-
sphatemia.1114

The weakly ferromagnetic (TN= 25K) Fe(MePO3)�H2O has a structure consisting of alternate
organic and inorganic layers. The former consists of the methyl groups of the anion, the latter of
six-coordinated Fe2þ cations, with their attendant five phosphonate-oxygens and one water.1115

[Fe2{O3P(CH2)3PO3)}2]�2H2O, believed to have a pillared structure, is also weakly ferromag-
netic.1116

Information on the formation and decomposition of iron(III)–sulfur(IV) complexes, in the
presence and absence of dioxygen, is vital to the understanding of iron-catalyzed autooxidation
of sulfur(IV).1093,1117 The kinetics and mechanism of formation of mono-, bis-, and tris-sulfito-
iron(III) from Fe3þaq/FeOH2þaq, have been established, together with estimates of their stability
constants1118 and with kinetic data on their two-stage redox decomposition.1119,1120 Stability
constants for the Fe3þ/sulfate system in water have been measured, with a speciation diagram
presented.1121 Extraction of iron(III) from aqueous sulfate-containing solutions by Primene 81R
(a mixture of primary aliphatic amines R1R2R3CNH2; 12 to 14 carbon atoms) may involve
transfer of a binuclear sulfato-complex [Fe(OH)(SO4)]2.

1122

Coordinated perchlorate occurs in the binuclear complexes [(H2O)(tpa)Fe(�-O)Fe(tpa)(ClO4)]-
(ClO4)3 (tpa= tris(2-pyridylmethyl)amine)1123 and [(ClO4)(quaterpy)Fe—O—Fe(quaterpy)
(ClO4)]�8.5H2O.632 It is bidentate in the latter, bonded to seven-coordinate Fe2þ.
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Iron(III)-pyrophosphate looks promising as an alternative to iron(III)-carbohydrate prepar-
ations for parenteral administration for treatment of anemia.1124 Kinetics of removal of iron from
transferrin (tf) by pyrophosphate (pp) were found to be biphasic under certain conditions, with
the rapid first phase attributed to the formation of a pp—Fe—tf—CO3

2� intermediate.1125 A later
study of the kinetics of removal of iron from transferrin employed pyrophosphate and tripodal
phosphonates such as nitrilotris(methylenephosphonic acid), N(CH2PO3H2)3. For the tripodal
ligands there are parallel first-order and saturation pathways, with the latter dominant (contrast
the exclusively first-order reaction of ferritin with nitrilotriacetate); for pyrophosphate the paths
are roughly equal in importance. The saturation kinetics suggest that tf-Fe-phosphonate inter-
mediates play an important role in the kinetics.1126

Fe2þ complexes of trimetaphosphate and of atp react with Br2
�� with rate constants of

3� 106 dm3mol�1 s�1 and �5� 106 dm3mol�1 s�1 at 293K; activation volumes are þ0.3 cm3 mol�1
and þ0.7 cm3 mol�1, respectively.959
Novel species developed for molecular switching have magnetic Fe3O4 particles linked to the

control moiety by derivatized silicate linkages. Two of the control units themselves contain iron,
in a ferrocene derivative and in a heme derivative.1127

5.4.5.2.2 Polyoxometallates

A review of polyoxometallates, covering magnetism, new materials, and high nuclearity mixed
valence clusters, contains a few brief mentions of iron.1128 ‘‘Keplerates,’’ very large polyoxome-
tallates, link molecular characteristics to bulk properties, for example the water-soluble Fe30Mo72
cluster containing 30 high-spin iron(III) centers is transitional between a molecular and a bulk
magnet.1111 Smaller clusters, such as FeIII8, Fe

III
10 (so-called ‘‘ferric wheels,’’ see Section

5.4.5.4.3), FeIII17, Fe
III
19 species, with their variety of magnetic behaviors, form the transition

towards mononuclear species.1130

A few iron atoms may be incorporated into large polyoxoanions, generally those with high
tungsten content and often with a few group 15 atoms, e.g., P, occasionally As, Sb, or Bi, or
group 16 (Se, Te). The isomers (	1 and 	2) of [P2W17O61]

10�, so-called lacunary anions, can act as
ligands for a wide variety of metal centers, ranging from Ca2þ to MoVI and including Fe3þ.1131

The spectroelectrochemistry of these Fe3þ complexes has been compared with that of Fe3þ com-
plexes of related molybdenum-containing polyoxoanions such as 	2-[P2W15Mo2O61]

7�.1132 These
species often contain water coordinated to Fe3þ, with one H2O per iron in the complex anions just
mentioned. This coordinated water may under certain conditions be deprotonated to give species
such as [Fe(OH)P2W17O61]

8�.1133 Cyclic voltammetry was carried out on all these species.
The tetranuclear [FeIII4(H2O)2(PW9O34)2]

6� anion contains planar Fe4 units, with each Fe
octahedral—half the Fe3þ ions have one coordinated water. This anion can be partially reduced
to a mixed valence FeII/FeIII form; there is no evidence for FeII!WVI IVCT in the electronic
spectrum of the reduced form.1134 The sodium salt of [FeIII4(H2O)2(P2W15O56)2]

12� crystallizes
from 2mol dm�3 NaCl at pH �3 in a form containing discrete, well separated, anions, but
crystallization from 1mol dm�3 NaCl at pH �1 gives a form in which hydrated Naþ ions associate
strongly with the anions to give a 1D polymeric structure.1135 These two anions are reported to be
effective catalysts for oxidation of hydrocarbons by hydrogen peroxide.
Similar antimony- and bismuth-containing polyoxoanions often have three waters coordinated

to each incorporated Fe3þ. Thus in the [FeIII2(H2O)6(Sb2W20O70]
8� anion1136 and in its bismuth

analogue1137 the (M2W20O70)
14� units may be considered as fac-tridentate ligands completing the

octahedral coordination shell of the fac-[Fe(H2O)3]. [Fe
III
4(H2O)10(�-MW9O33)2]

n�, M=As or Sb
with n= 6 or M= Se or Te with n= 4, consist of a pair of (�-MW9O33) units joined by a central
pair and a peripheral pair of Fe3þ ions. All the Fe3þ ions are octahedral, the peripheral pair each
with three water ligands, the central pair each with two. Reduction of the iron centers, monitored
by cyclic voltammetry and controlled potential coulometry, occurred in four discrete steps.1138

[Fe(208)2]Mo4O13 contains a 2D bimetallic oxide network, consisting of chains of tetrahedra
and octahedra. These inorganic layers are linked by the bidentate tris-pyridyltriazine ligands
(208), though due to geometrical constraints each linking unit is limited to three metal atoms,
viz Mo—tpytrz—Fe—tpytrz—Mo. Each Fe is octahedral, with an O4N2-donor set.

476

The environment and oxidation state of iron in borosilicate glasses has been probed by IR,
Raman, and Mössbauer spectroscopies,1139 in lead vanadate (Pb2V2O7) glasses by XRD and IR
and Raman spectroscopies.1140
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5.4.5.3 Organic Oxoanions

Thermal decomposition of mixtures of iron(II) and iron(III) oxalates, giving �-Fe2O3, has been
studied by XRD, Mössbauer and FTIR spectroscopy.1141 A standard addition kinetic method for
the simultaneous determination of FeII and FeIII is based on the vastly different rates of complex
formation of FeII and FeIII with gallic acid;144 this study is complemented by kinetics of forma-
tion of gallate (3,4,5-trihydroxybenzoate) complex.1142

5.4.5.3.1 Iron(II)

Iron(II) trifluoroacetate can be prepared by photolysis of Fe(CO)5 in CF3CO2H/(CF3CO2)2O. It
presumably contains bridging trifluoroacetate ligands like its manganese analogue.1143 Fe—O
distances in catena-[Fe(�-oxalate)(bipy)]n are 2.092(3)–2.162(4) Å,

500 very similar to those in
[Fe(bipy)3][Fe2(oxalate)3], where Fe—O= 2.122(2) Å, 2.128(2) Å.494

5.4.5.3.2 Iron(III)

Iron(III) citrate,1144 or iron(III) ammonium citrate, is the usual vehicle for administering supple-
mentary iron to an iron-deficient patient, for inducing iron-overload in rats or other creatures
prior to testing the efficacy of iron chelators, or for introducing the isotope 59Fe for metabolic
tracer studies. Stability constants for the aqueous iron(III)–citrate system have been estab-
lished.1145 The 2:1 complex is claimed to be the dominant species in iron(III)/citrate/DMF
systems.1146 There has been a very qualitative study of the incorporation of iron into transferrin from
iron citrate.1147 Iron(III) citrate reacts relatively slowly with the aluminum(III)–transferrin com-
plex to give the thermodynamically strongly favored combination of iron(III)–transferrin with
aluminum(III) citrate.1148 The mechanism of iron uptake from citrate complexes in cells has been
briefly discussed.167 An octa-iron citrate complex appears in Section 5.4.5.4.3 below.
Iron–gluconate complexes are sufficiently stable not to cause iron toxicity (in contrast to

Fe2þaq, Fe3þaq, and complexes of low stability) and are safe and effective in hemodialysis.1149 There
is information on iron transfer between gluconate and transferrin.1150 Dithionite releases Fe3þ

from gluconate.1151

Alkali metal salts of tris-maleato-ferrate(III) are high spin; the isomer shifts of their Mössbauer
spectra reflect the electronegativity and polarizing power of the cations.1152

XRD and EXAFS studies of [FeIII(O2CCH2COCH2CO2)(H2O)2X], X=Cl, Br, show the
oxodiacetate to be terdentate and planar, giving a mer complex. with the central ether-O trans
to X�.1153

The quantum yield for formation of iron(II) in the photoreaction of tris-oxalato-ferrate(III) in
ethane-1,2-diol–water mixtures increases as the viscosity of the medium decreases. This result is
ascribed to the ease of movement of an oxalate anion radical away from the iron.1154 A study of
the synthesis and magnetic properties of the hydrate of the �-squarate di-iron(III) complex (209)
and its �-oxalato and �-hydranilate (2,5-dihydroxy-1,4-benzoquinonate) analogues has revealed
that bridging oxalate is particularly effective in transmitting antiferromagnetic coupling between
Fe3þ ions as much as 5 Å apart. The intramolecular Fe—Fe distance in (209) is 7.8 Å, but the nearest
intermolecular Fe ���Fe distances are 6.6 Å.1155 The bis(ethylenedithio)tetrathiafulvalene (bedt-
ttf, (51)) compound [bedt-ttf][Fe(C2O4)3(H2O)]�PhCN was the first molecular superconductor
containing a paramagnetic metal ion. It contains alternate layers of bedt-ttf cations and of

(208)

N

N

N

N

N

N
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[Fe(C2O4)3]
3� anions with associated water and PhCN.1156 The tetrathiafulvalene derivatives

(ttf)7[Fe(C2O4)3]2�4H2O and (ttf)5[Fe(C2O4)3]�2C6H5Me�2H2O are semiconductors with stacked
structures.1157

Humic acid binds Fe3þ predominantly or exclusively through carboxylate groups, though there
may be a very small amount of ligation by phenolate. Some qualitative observations on stabilities
and complex formation and dissociation reactivities are available for humic acid1158 and for fulvic
acid.265–267

Tris-(3,5-di-isopropylsalicylato)iron(III) is a serviceable scavenger for t-butylperoxyl radicals,
though it is not as effective as bis-(3,5-di-isopropylsalicylato)manganese(II).1159 An electrochemi-
cal study of salicylate and of 2,3- and 3,4-dihydroxybenzoates focused on DMF as solvent.1160

By use of appropriate sterically demanding carboxylates it is possible to generate four-, five-,
and six-coordinated mononuclear iron(III) complexes. Ligand flexibility and electronic properties
provide fine-tuning. These complexes are subunits of the models for di-iron(II) sites in metallo-
proteins mentioned in the following section.1161

Most bi- and polynuclear complexes of organic oxoanions contain bridging oxide or hydroxide
in addition to bridging carboxylate, and are dealt with at appropriate points in the following
section.

(209)

(MeO)(salen)Fe Fe(salen)(OMe)C OC

C

C

O

O

O

5.4.5.4 Binuclear and Polynuclear Complexes

5.4.5.4.1 Di-iron complexes

(i) m-Oxide

It has long been known that whereas oxidation of [Fe(phen)3]
2þ in solution gives blue

[Fe(phen)3]
3þ, reaction of an iron(III) solution with 1,10-phenanthroline gives a brown solution.

In 1936 this was, on the basis of analysis and of conductimetric and magnetic measurements,
proposed1162 to be a dihydroxy-bridged species [(phen)2Fe(�-OH)2Fe(phen)2]

4þ. Many years
elapsed before XRD studies indicated that this and related cations contained bridging oxide
rather than hydroxide, as in [(phen)2ClFe(�-O)FeCl(phen)2]Cl�nH2O,1163 [(H2O)(phen)2Fe(�-O)-
Fe(phen)2(H2O)](NO3)4�5H2O,1164 and [(H2O)3(phen)Fe(�-O)Fe(phen)(H2O)3](NO3)4�H2O.1165
The di-iron(III) complex [Fe2(�-O)(bpia)2Cl2]Cl2�7MeOH, where bpia is (1-methylimidazol-2-

ylmethyl)bis(2-pyridylmethyl)amine, has a linear Fe—O—Fe bridge.1166 Simple �-oxo-di-iron
complexes,1167 of which the bis-iron(III) complexes [Fe2(�-O)(diimine)4(H2O)2]

4þ provide examples,
can act as models for the structure and catalytic activity of di-iron sites in proteins (e.g., in
methane monooxygenase) and also as catalysts for oxygen transfer to hydrocarbons or sulfur.
[Fe2(�-O)(phen)4(H2O)2]

4þ was obtained as a result of an electrochemical study of [Fe(phen)3]
2þ/3þ

in aqueous solution.1168 Subsequently the other members of the group [Fe2(�-O)(diimine)4L2]
nþ,

where diimine= phen, bipy, or 4,40-Me2bipy and L=H2O, Cl
�, or CF3CO2

�, and the slightly
different acetate complex [Fe2(�-O)(�-O2CMe)(diimine)4L2]

nþ (210), were synthesized, character-
ized, and assessed as alkane oxidation catalysts.1169 The use of the hindered ligand (�)-4,5-pinene-
2,20-bipyridine (211) in place of bipy in [Fe2(�-O)(bipy)4(H2O)2]

4þ gives a much improved
catalyst for stereoselective oxidation of organic sulfides by H2O2.

1170 The electrochemistry of
[Fe2(�-O)(bipy)4(solv)2]

4þ (solv=H2O or MeCN)1171 has been investigated in acetonitrile.
Electrochemical or chemical reduction of [Fe2(�-O)(bipy)4(solv)2]

4þ in acidic acetonitrile generates
[Fe(bipy)2(MeCN)2]

2þ.486

Complexes with a double oxide bridged core, [Fe2(�-O)2], are known.
1172
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(ii) Supported m-oxide—general

There is a single FeIII(�-O)FeIII bridge in the tris(2-pyridylmethyl)amine (tpa) complex
[(H2O)(tpa)Fe(�-O)Fe(tpa)(ClO4)](ClO4)3. Treatment of this red complex with triethylamine
gives a green complex containing �-O2H3 as well as �-O; this complex promotes the hydrolysis
of acetonitrile, giving, in a matter of hours, an acetamido bridge supporting the oxide bridge,
[(tpa)Fe(�-O)(�-MeCONH)Fe(tpa)](ClO4)3.

1123 Dichloro, [Cl(tpa)Fe(�-O)Fe(tpa)Cl](ClO4)2, and
�-sulfato, [(tpa)Fe(�-O)(�-SO4)Fe(tpa)](ClO4)2, derivatives can be prepared from the parent bis-
aqua complex. Fe ���Fe distances are 3.565(2) Å in the dichloro complex, 3.389(2) Å in
[(H2O)(tpa)Fe(�-O)Fe(tpa)(OH)](ClO4)3.

1173

The reaction between [FeII2(�-OH)2(tmpma)2]
2þ, tmpma= tris(6-methyl-2-pyridylmethyl)amine,

and dioxygen follows a simple second-order rate law. A mixed valence superoxo-containing
intermediate is suggested en route to the final oxo-peroxo-bridged product, [FeIII2(�-O)(�-O2)-
(tmpma)2]

2þ.1174 Another oxo-peroxo-bridged species also has an acetate bridge and the hexa-
pyridyl ligand (212) both providing a fourth bridge and occupying the remaining coordination
sites on both iron atoms. This thermally stable complex catalyzes alkane oxidation.1175

N

N

N
N

(212)

N

N

Specific oxide plus carboxylate and oxide plus alkoxide complexes are detailed below.

(iii) m-Alkoxide; m-oxide plus m-alkoxide

The binuclear complex [Fe2(OCMe2Ph)6] contains two alkoxide bridges,
1104 while in the dimer

[Fe2(heidi)2(H2O2)2] the metal ions are bridged by alkoxide bridges derived from the heidi2�,
N(CH2CH2OH)(CH2CO2

�)2.
1176 Bridging oxide supports bridging alkoxide in [Fe5(�5-

O)(OEt)13]
1104 and in [Fe9O3(OEt)21]�EtOH.1177

(iv) m-Carboxylate

Di-�-2,6-di(p-tolyl)benzoatedi-iron(II) complexes provide structural and functional models
for enzymes such as ribonucleotide reductase and methane monooxygenase hydroxylase.1178,1179

A valence-delocalized iron(II,III) analogue (S= 9/2) has Fe ���Fe= 2.698 Å,1180 while an iron(III,IV)
species has been generated by dioxygen oxidation.1181 Similar complexes with two bis-mesityl-
phenylcarboxylate bridges also model the iron-containing site of nonhem di-iron enzymes.1182

(diimine)2Fe Fe(diimine)2

O O

O

C
CH3

(210)

N N

(211)
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(v) �-Oxide with m-carboxylate

There are many bi- and polynuclear iron(III) complexes where bridging oxide is supported by
carboxylates.1007 Combinations of Fe—O—Fe plus carboxylate bridges occur in model com-
pounds for proteins and in biomineralization.268 Electronic spectra of [Fe(�-O)(�-O2CR)2Fe]
complexes have been reviewed briefly.1110 [Fe2(�-O)(�-O2CMe)2(bipy)2Cl2] is both an alkane
activation catalyst and a bio-model.1183

Many LFeIII(�-O)(�-O2CR)2Fe
IIIL complexes have terdentate, triazamacrocyclic, or triazatri-

podal ligands L. Examples include species with L=HB(pz)3, R=Me;1184 with L= tacn,
R=Me;1185 with L= bis(2-benzimidazolylmethyl)amine, R=Me, Ph;1186 with L=N,N-bis(2-ethyl-
5-methylimidazol-4-ylmethyl)aminopropane (213), R=Ph;1187 with L= N-alkyl-N,N-bis(2-pyridyl-
methyl)amine, alkyl=Me, Bz, adamantyl for R=Ph, also several other R for alkyl=Me;1188 and
with L= bis((1-methylimidazol-2-yl)methyl)amine (214), R=Ph. In this last case hydrogen-bonding
between lattice water and �-oxo in the hydrated form results in a significant decrease in
FeIII ���FeIII interaction.1189 Tetrakis(picolyl)propane-1,3-diamine and its butane-1,4-diamine ana-
logue each contain two terdentate chelating units and can thus provide the groups L on both iron
atoms, giving further bridging (see also Section 5.4.5.4.3 below).1190

(213)

N

N

H3C

NPrn
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An unusual variant is to have both carboxylates in the same molecule, as in the m-phenylene-
dipropionate (mpdp, (215)), which can support an oxide bridge as shown schematically in (216).
Complexes containing such iron–iron bridging include [Fe2(�-O)(�-�-mpdp){HB(pz)3}2] and
[Fe2(�-O)(�-mpdp)(bipy)2Cl2].

1191

(vi) m-Hydroxide with m-carboxylate

Binuclear iron(II) complexes in which a hydroxide bridge is supported by the dinucleating
bis-carboxylate ligand dibenzofuran-4,6-bis(diphenylacetate), (217), have proved useful models
for hemerythrin.1192 The nature of the binuclear iron center in hemerythrin itself, and in
other metalloproteins, has been reviewed,1193 the binding of O2, NO, N3

�, and NCS� to the
iron of hemerythrin discussed,1194 and the volume profile for hemerythrin reacting with O2
established.825,826 Bulky tolyl-substituted carboxylate ligands, both bridging and terminal, and

(215)
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bulky benzyl-substituted ethane-1,2-diamine terminal ligands, stabilize the [Fe2(�-OH)2(�-O2CR)]
core and provide a goodmodel for methanemono-oxygenase hydroxylase.1195 The iron(III,IV) species
mentioned in the �-carboxylate paragraph above has two bridging hydroxides in addition to the
two carboxylate bridges. This quadruple bridging results in a short Fe ���Fe distance of 2.84 Å.1181

(vii) m-Carboxylate with m-alkoxide or m-phenoxide

A di-iron(III) complex containing two methoxide bridges supporting one acetate bridge has been
synthesized as a model for the active site of purple acid phosphatases; the ligand completing the
coordination shell of each Fe3þ is [(2-hydroxybenzyl)(2-(imidazol-2-yl)ethyl)]amine, (218), in mer
geometry. The iron atoms are weakly antiferromagnetically coupled; Fe ���Fe is 3.105 Å—there is
a useful table of 24 Fe ���Fe distances in complexes of this type in this publication).1196 Bis-
mesitylphenylcarboxylate ligands act as terminal ligands and provide a supporting bridge to two
isopropoxide bridges in [Fe2(2,6-mes2C6H3CO2)3(OCHMe2)2], which is a mixed valence species
crystallizing in two slightly different forms with short Fe ���Fe distances of 2.624 Å and 2.749 Å.1197

(217)

O CPh2CO2O2CPh2C
NH

OH

(218)

N
HN

Several complexes contain bridging carboxylates supporting a phenoxide bridge. The phenoxide
is generally part of a polyatomic ligand which also contains pyridine or imidazole groups which
also bond to the two iron atoms. Examples are provided by the mixed valence species
[Fe2(bimp)(�-O2CR)2]

2þ, where bimpH= (219) and R=Me, Et, or Ph. An X-ray structural
determination of the BPh4

� salt of the complex with R=Me indicated a trapped-valence (class I)
species; the Fe to phenoxide-oxygen distances are 2.13 Å and 1.95 Å for the FeII and FeIII atoms,
respectively. The ESR and Mössbauer properties of this group of compounds are markedly
affected by the natures of R, of the anion, and of any solvent of crystallization present.1198 Spectro-
scopic and magnetic properties of heterobimetallic species containing cores such as —FeIII(O2C-
Me)2(bpmp)Zn

II— , where bpmp= 2,6-bis[(bis(2-pyridylmethyl)amino)-methyl]-4-methyl-phenoxide,
contribute to the elucidation and understanding of the properties of mixed valence FeIIIFeII

analogues.1199 A terminal phenoxide from each ligand supports two carboxylate bridges in
[FeIII2L2(O2CR)2] (220), where X=H, Cl, Br for R=Me and a range of R for X=Br. The Fe
distance is 2.957(1) Å in the complex with X=Br, R=Me, similar in the others.1200

The phenoxide unit can be at the center of ligand molecule which has two terminal terdentate
units, as in (221).1201 The main incentive to develop such complexes was that it proved possible to
generate mixed valence FeIIFeIII species, which had proved impossible to prepare from simpler
LFe(�-O)(�-O2CR)2FeL species. Other examples of mixed valence complexes with bis-terdentate-
phenoxide bridging ligands include species [FeIIFeIII(L)(�-O2CR)2] with L= 2,6-bis[bis(2-pyridyl-
methyl)aminomethyl]-4-methyl-phenoxide and O2CR= benzoate, acetate,1202 or propionate1203

and with L=N,N0-(2-hydroxy-5-methyl-1,3-xylylene)bis[N-(carboxymethyl)glycine] with O2CR=
acetate1204 (the FeIII2 form had been characterized earlier 1205). Mössbauer spectra and near-IR
bands which may be assigned to IVCT transitions support a Robin and Day334,335 class II
assignment. More recently Raman spectroscopic evidence has been obtained for the formation of
a simpler trapped-mixed-valence complex [(tmtcn)FeII(�-O)(�-O2CPh)2Fe

III(tmtcn)] on oxidation
of [(tmtcn)FeII(�-OH)(�-O2CPh)2Fe

II(tmtcn)] (tmtcn= 1,4,7-trimethyl-1,4,7-triazacyclononane)
by dioxygen.1206
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(viii) m-Carboxylate with other m-ligands

The two iron centers may be linked by using a hexadentate ligand containing two tridentate
chelating moieties sufficiently separated to permit them to coordinate to both iron atoms. The bis-
triazacyclononane ligand (222), btacn, can perform this function, forming the complexes [Fe2(�-
O)(�-O2CMe)2(�-btacn)]

736 and [Fe4(�-O)2(�-btacn)2(O2CMe)4]
4þ.737 The latter complex may

serve as a model for hemerythrin. The di-iron complex [FeIII2(�-bpman)(�-pcxc)2]
2þ, where

bpman= 2,7-bis[bis(2-pyridylmethyl)aminomethyl]-1,8-naphthyridine, (223), and pcxc= 1-phenyl-
cyclohexane-carboxylate, is of particular interest in that it exhibits two reversible one-electron
waves in its cyclic voltammetry. The Fe���Fe distance in this complex (in its FeIII2 form) is
3.74 Å, in its hydroxo analogue [FeIII2(�-bpman)(�-pcxc)(�-OH)]

2þ 3.22 Å.1207
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5.4.5.4.2 Oxotri-iron complexes

Trinuclear complexes [Fe3O(O2CR)6L3]
nþ, with planar triangular [Fe3(�3-O)] cores, are of con-

siderable interest in relation to factors determining intramolecular communication between metal
centers.1208 The usual oxidation states are FeIII3O and FeIII2Fe

IIO, giving cationic (1þ) and
uncharged complexes, respectively. This group of complexes can be tailored in many ways—R
may be, e.g., Me or Ph, or a long alkyl chain,1209 L may be, e.g., H2O or (substituted) pyridine,
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R and L may be isotopically substituted (H vs. D;1210 16O vs. 18O1211), for the cationic FeIII3O
þ

complexes the counterion may be varied, and for the uncharged FeIII2Fe
IIO complexes there is often

solvent of crystallization to provide another variable. A further attractive feature of these complexes is
that they can be studied by a variety of instrumental techniques, including XRD and X-ray scattering,
inelastic neutron scattering (INS),1212–1216, calorimetry,1217,1218magnetic measurements (many exhibit
spin cross-over behavior), and NMR, ESR, Mössbauer, and IR-Raman spectroscopy.1219 Much
information may therefore be obtained on structural and dynamic properties, particularly in relation
to iron–iron interaction, the extent of delocalization, and rates of intramolecular electron transfer in
the mixed valence FeIII2Fe

IIO complexes. These are affected not only by the nature of R and L, but
also by the nature of the counterion (for FeIII3O

þ complexes) and solvent of crystallization. Lattice
dynamics associated with ligand motion and with movements of the solvate molecules,1220 and of
counterions when present, are sometimes manifested as phase transitions, and usually have effects on
rate constants for intramolecular electron transfer.1221 The importance of solvate molecules is also
apparent from the fact that [Fe3O(O2CMe)6(4Etpy)3]�4Etpy is a spin cross-over compound, but
[Fe3O(O2CMe)6(4Etpy)3] itself is valence-localized at all temperatures.

1222 Electrochemical reduc-
tion of a wide range of complexes of this type has been documented.1223

Many references cover several aspects and techniques. Thus a combination of XRD, vibrational
spectroscopy, and solution redox chemistry was employed in studying electron delocalization in
the mixed valence complexes [Fe3O(O2CMe)6L3], L=H2O or py;1224 different time-scales for
different techniques permit qualitative estimates of rates even when precise rate constants may
not be obtainable.1225 2H NMR, Mössbauer spectroscopy, and XRD combined to delineate the
role of benzene of crystallization in [Fe3O(O2CMe)6(4Mepy)3]�C6H6,1226 further combined with
H/D isotope effects in the examination of the role of lattice dynamics in determining intramole-
cular electron transfer rates in mixed-valence [Fe3O(O2CPh)6(py)3].py.

1210 Determination of the
structure of [Fe3O(O2CMe)6(4Etpy)3]�4Etpy at 163K and at 298K showed that the Fe3 triangle
changed from an isosceles to an equilateral triangle—this and information on Fe—O bond
distances showed that the valence-localized representation FeIII2Fe

IIO applied at the lower
temperature, but that the three iron atoms were identical, i.e., the complex was valence-deloca-
lized (class III in the Robin and Day classification334,335) at 298K.1222 A XRD examination of
[Fe3O(O2CPh)6(py)3]ClO4�py at 233K indicated three-fold symmetry, but INS at 1.5K showed
two inequivalent sets of iron centers. This situation is ascribed to ‘‘spin frustration,’’ arising from
the fact that antiferromagnetic coupling is forbidden for the three half-integral spins located at the
corners of an equilateral triangle.1227,1228 Heat capacities and phase transitions correspond to the
onset of intramolecular electron transfer and orientational reorganization of the solvent molecules
which are generally present in the lattices of this type of compound and play an important
role in their properties. Transition entropies of 28 JK�1 mol�1, 31 JK�1 mol�1, 14 JK�1 mol�1,
and 15 JK�1mol�1 have been determined for [Fe3O(O2CMe)6(py)3]�CHCl3 (for which
�H= 5.1 kJmol�1),1229 [Fe3O(O2CMe)6(py)3]�py,1217,1218 [Fe3O(O2CMe)6(3Mepy)3]�3Mepy,1230
and [Fe3O(O2CMe)6(3Mepy)3]�PHMe,1229, respectively.
A further variant is the extension from planar triangular homonuclear [Fe3(�3-O)] cores to

heteronuclear [Fe2M(�3-O)] or [FeM2(�3-O)] cores,
1211,1212,1231 as in, for example, [Fe2CoO(O2C-

Me)6(3Clpy)3]�0.25(3Clpy)�0.25Me2CO�0.5H2O1232 or [FeZn2O(O2CMe)6(py)3]�py— though
there is a linear arrangement of the three metals in [FeIIZn2(O2CMe)6(py)2].

456

In the cation of triaquahexakis(�2-betaine)-�3-oxotri-iron(III) bis-tetrachloromanganate trichlor-
ide hexahydrate each betaine is in the dipolar zwitterionic form and links pairs of iron atoms.1233 The
perchlorate heptahydrate of this trinuclear cation contains a perfectly coplanar central Fe3O core.

1234

So-called basic iron(III) benzoate reacts with H2O2 to give a product [{Fe3O(O2CPh)5-
(H2O)2}(�4-O2)(�2-O2CPh)2] in which a peroxide anion and two benzoates bridge two Fe3O
cores.1235 In the presence of iminodiacetate, ida, NH(CH2CO2

�)2, one can prepare M4[Fe6(�3-
O)2(�2-OH)6(ida)6]�nH2O (M=Na, K), again containing only oxide and hydroxide bridges—the
core consists of two Fe3O units joined by six hydroxide bridges, (224).

1236 Similarly the oxoiron
core of [Fe6O3(O2CMe)9(OEt)2(bipy)2](ClO4) consists of two Fe3O units, this time joined by a
tetrahedral oxide ligand.1237

5.4.5.4.3 Other polynuclear complexes

In contrast to the numerous tri-iron complexes in the preceding section, the bis(2-pyridylmethyl)-
glycine complex [Fe3(O2CMe)3(bpmg)3] has a space at the center of the Fe3 triangle. This can
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accommodate another iron, to give a tetranuclear species in which the central iron is bonded to
three pairs of carboxylate oxygens.1238 The dipivaloylmethane complex [Fe4O(dpm)6]�2C6H5Me
has an [Fe4(�4-O)] core.

1239 The tetrakis(picolyl)diamine ligands (225) give tetranuclear complexes
in which two [Fe2(�-O)(�-O2CMe)2(225)6]

2þ units are linked by the aliphatic chains, the choice of
n= 3 or 4 in (225) permitting tuning of the Fe ���Fe distance.1190 N,N,N0-tris(2-pyridyl)-N0-(2-
hydroxybenzyl)-1,3-diaminopropanol bridges support both oxide and acetate bridges in a tetra-
nuclear complex with features reminiscent of purple acid phosphatase.1240 The unusual �4-OHO
entity occurs in the core of the tetranuclear clusters [Fe(�4-OHO)(�-OH)2(O2CMe)4(bipy)4]

3þ and
its phen analogue. These complexes have a S= 0 ground state, with strong antiferromagnetic
interaction between the iron atoms.1241

A species with a ‘‘butterfly’’ tetra-iron [Fe4(�3-O)2]
8þ core (226)1242 is believed to be an

intermediate in the reaction of [Fe3(�3-O)2(�-O2CPh)6(H2O)3](O2CPh) with pyridine, whose
final product is [Fe6(�3-O)2(�-OH)2(O2CPh)12(py)2]. This hexanuclear product contains the core
shown in (227). The Fe2Zr2 core in [Fe2Zr2(�3-O)2(�-O2CPh)6(OBu

t)4(py)2] is similar to (226),
with the Zr atoms at the wing tips of the butterfly.1243
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[Fe6O2(O2CR)6(hmp)6](NO3)2, hmpH= 2-(hydroxymethyl)pyridine and R=Ph or But, contains
an octahedral Fe6O2 core in which the two oxides bridge opposite faces (cf. the [(Fe3O)2] core of
(224) above); [Fe8O4(O2CPh)11(hmp)5] and [Fe8O4(O2CMe)12(hmp)4] have [Fe8(�3-O)4] cores. All
these hmp complexes have S= 0 ground states.1244Hydrolysis of the 1,4,7-triazacyclononane complex
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[Fe(tacn)Cl3] at pH 9 in the presence of bromide gives [Fe8(�3-O)2(�2-OH)12(tacn)6]Br8�9H2O.1245The
essentially flat Fe8 unit has an S= 10 ground state and shows superparamagnetic behavior.

1246 ESR
spectra have been obtained for single crystal samples of this molecular magnet.1247All the iron atoms
in [Fe8O5(O2CMe)8(tren)4] are octahedrally coordinated. Each iron of the square Fe4O core is �-O,
�-O2CMe linked to its neighbors, with each of the four peripheral (tren)Fe units bonded to a core
�-O2CMe and linked to a core Fe through another �-O2CMe.

1248

[Mn8Fe4O12(O2CMe)16(H2O)4]�2MeCO2H�4H2O contains nonplanar rings of alternating Fe3þ
and Mn3þ ions linked by �3-O and �-O2CMe ligands; [Mn

IV
4O4]

8þ cubane units lie inside these
rings. The marked Jahn-Teller distortions of the Mn3þ ions permit their distinction from the Fe3þ

centers. The magnetic and redox properties of this species were examined in detail.1249

The synthesis, structure, andmagnetic properties of an octairon(III) citrate complex, [Fe8(�3-O)2(�-
OH)2(citrate)6(O2CMe)2(imidazole)2]

8�, have been described. This complex consists of two equivalent
tetranuclear units linked by two citrates; the Fe ions are antiferromagnetically coupled in a four
S= 5/2 spin system.1250 [Fe9O(citrate)8(H2O)3]

7� has a three-layer citrate-bridged structure.1251

Acetate and chloroacetate bridges, along with methoxide bridges, hold together the cyclic
decanuclear ‘‘ferric wheel’’ complexes [{Fe(OMe)2(O2CR)}10] with R=Me1252 or CH2Cl.

1253,1254

The former was obtained on refluxing [Fe3O(O2CMe)6](H2O)3]Cl in methanol for several hours,
the latter prepared from basic iron chloroacetate plus iron(III) nitrate. The ten iron atoms in each
of these species are approximately coplanar, the species having essentially D5d symmetry. [Fe(O-
Me)2(PhCOCHCOPh)]12 afforded the first example of a dodecanuclear ‘‘ferric wheel’’.

1255 Reac-
tion of [NEt4]2[Fe2OCl6] with sodium benzoate followed by sodium 6-chloro-2-pyridinonate
(clpd), in acetonitrile, gave another decanuclear complex, [Fe10Na2(O)6(OH)4(O2CPh)10(clpd)6-
(Me2CO)2], this time with a compact oxo-iron core approximating to two Fe6O6 hexagonal prisms
sharing a square face. Other polynuclear iron complexes containing such distorted Fe6O6 hex-
agonal prismatic units include the benzoate derivatives [Fe11O6(OH)6(O2CPh)15]

1256 (a ferritin
model which is soluble in acetonitrile, in acetone, and in DMF1257) and [Fe16MO10-
(OH)10(O2CPh)20] (M=Mn, Co).1258 The 6-chloro-2-pyridinonate-containing complex
[Fe10Na2(O)6(OH)4(O2CPh)10(clpd)6(Me2CO)2], with its S= 11 ground state, is potentially a
single-molecule magnet.1259 In the decanuclear complex [Fe10(�3-O)3(�4-O)3(O2CNEt2)17Cl] all
carbamates are bridging, the chloride is terminal, and the irons are five- or six-coordinated.1260

[Fe10Cl8O4(OMe)14(MeOH)6]�2MeOH, which includes no polydentate ligands, contains iron in
four different coordination environments.1261

The mineralized core of ferritin can be modeled by mixed valence species such as [FeIII4-
FeII8O2(OMe)18(O2CMe)6]�4.67MeCN, whose 3D close-packed layer structure mimics ferritin.
This compound can be prepared by oxidizing a methanolic solution of iron(II) acetate and lithium
methoxide with a slow stream of dioxygen; it can be reduced to give [FeIII2Fe

II
10O2-

(OMe)18(O2CMe)6]
2�.1262

There are both oxide and hydroxide bridges in [Fe17(�3-O)4(�3-OH)6(�2-OH)10(heidi)8-
(H2O2)12]

3þ and in [Fe19(�3-O)6(�3-OH)6(�2-OH)8(heidi)10(H2O2)12]
þ, obtained as nitrates from

slow crystallization from slightly basic solution containing pyridine and heidi2�, N(CH2CH2OH)-
(CH2CO2

�)2.
1176,1263 Fe19 clusters are also obtained when N(CHRCH2OH)(CH2CO2

�)2 with
R=Me or Et is used instead of heidi itself; such clusters can be considered as molecular
magnets.1264 Controlled hydrolysis of iron(III) solutions containing iminodiacetates such as
(228) has produced disc-shaped Fe17 and Fe19 aggregates, with an iron-oxide-hydroxide core
surrounded by an organic shell; the phenol derivative (229) gives the smaller but similar complex
[Fe4O(OH)3(229)2]

3�.1265
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O2CH2C

O2CH2C

(229)

HO
N

R

CH2CO2
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R = H, Me, Et

The magnetic properties of large oxo-iron clusters, with auxiliary hydroxide, methoxide, or
carboxylate bridging or terminal ligands, have been reviewed.1266
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5.4.5.5 Diketones and Hydroxyketones

5.4.5.5.1 b-Diketones and hydroxyketones—general

(i) b-Diketones

The structure of [Fe(MeCOCOCHCOMe)3] has been determined,
1267 of [Fe(acac)]3 redetermined

at 20K (Fe—O= 1.977 to 2.004 Å).1268 Iron(III) forms mainly 1:1 and 1:3 complexes with
acetylacetone and with benzoylacetone in DMF; their reduction has been monitored electrochem-
ically.1146 Solubilities, and derived transfer chemical potentials, of [Fe(acac)3] in various binary
aqueous solvent mixtures give a measure of preferential solvation.1269 Rate constants have been
determined, at 283K, for formation of 2,4-octanedione and 2,4-nonanedione complexes of
iron(III).1075

The complex [FeII(bpca)2][Fe
II(hfac)2]2, where Hbpca= bis(2-pyridylcarbonyl)amine, (230),

consists of a pair of high-spin tris-�-diketonate units bridged by a low-spin N6 entity.
462 [FeII

(hfac)2] can bridge through the pyridyltriazine 3,5,6tptz, (231), to molybdenum(0), in
Mo(CO)4(

3,5,6tptz),478 and rhenium(I) in ReCl(CO)3(
3,5,6tptz).479

Controlled methanolysis of FeCl3 in the presence of �-diketones and of LiOMe or NaOMe in
anhydrous methanol gives cyclic hexanuclear yellowish–red cationic clusters [MFe6(OMe)12L6]

þ

(LH= e.g., PhCH2COCH2COCH2Ph ; M=Li, Na), in which the Fe6(OMe)12 unit accommodates
the alkali metal cation, both in the solid state and in solution.1270,1271

(ii) Hydroxyketones

Iron(II) chloranilate trihydrate contains zigzag chains in which bidentate chloranilate anions
bridge octahedral iron centers, each of which has two cis water ligands. Iron(III) chloranilate is
dinuclear, with one chloranilate bridge.1084

Iron(III) complexation by 5-nitrotropolone1272 follows the usual mechanistic pattern, Ia at
Fe3þ, Id at FeOH

2þaq. Dinuclear Fe2(OH)2
4þaq, like FeOH2þaq, reacts by an Id mechanism.

Curcumin (232) and its diacetyl derivative form complexes with Fe3þ whose stabilities approach
that of Fe3þ-desferrioxamine, hence their suggested use for treatment of iron overload—a topic
which dominates the following section devoted to two specific classes of hydroxyketones, viz
hydroxypyranones and hydroxypyridinones.223
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5.4.5.5.2 Hydroxypyranones and hydroxypyridinones

(i) Introduction

Several hydroxypyranones, such as maltol (233), allomaltol (234), kojic acid (235), meconic acid
(236), pyromeconic acid (237), and comenic acid (238) are natural products; maltol is of con-
siderable importance in the food industry. They form stable iron(III) complexes, but are more
important as starting materials for the preparation of hydroxypyridinones and their complexes.
1-Hydroxy-2(1H)-pyridinone (239) (tautomer of 2-hydroxy-pyridine-N-oxide), 1,4-dihydroxy-2-
pyridinone (tautomer of 2,4-dihydroxy-pyridine-N-oxide), 3-hydroxy-2(1H)-pyridinone (240),
3-hydroxy-4(1H)-pyridinone (241), and a range of their derivatives, also all form stable iron
complexes which are generally of higher thermodynamic stability than the corresponding hydro-
xypyranonate complexes. The hydroxypyridinones were first developed for analysis, but have
subsequently assumed a major role as potential and actual chelators for the introduction or
removal of iron in cases of iron deficiency or overload. Their role in the control of iron levels in
the body is documented in Section 5.4.1.11.3 above.
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(ii) Preparation of ligands for complexes

The preparation of metal complexes from hydroxypyridinones is usually simple and straightfor-
ward—the more difficult task is generally the synthesis of the required ligand. There may also be
difficulties in separating complex from ligand, especially for the more lipophilic complexes;
sublimation, used in the case of N-n-hexyl, may be more successful than recrystallization.1273

3-Hydroxy-4-pyridinones are for the most part accessible from hydroxypyranones. Reagents
developed for analytical and separation purposes (preparative methods1274 may be traced back
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to 19641275) included (242)1276 and (243)1277 from maltol and (244)1278 from kojic acid. 3-Hydroxy-
4-pyridinones for pharmacological investigations have generally been prepared from maltol or, more
recently, ethylmaltol, often by a seven-stage method based on benzyl-1279 or methoxy-1280,1281

protection of the 3-hydroxy group. N-Aryl,1274,1282 N-benzyl,1283 and N-carboxyalkyl1284 ligands
can often be prepared by direct reaction,210,1285 though many hours of refluxing may be required.
The attachment of pharmacologically attractive fluorine-containing groups, such as —CH2CF3 or
—CH2CH2C6F13,

1286 to the ring nitrogen is harder, but may be achieved by the use of such
solvents as dimethyl sulfoxide or acetonitrile.1287 However this method may fail through Schiff
base formation dominating over the required Michael reaction.210 Occasionally a one-pot synthe-
sis of a tris-3-hydroxy-4-pyridinonato-iron(III) complex, e.g., from methylamine, maltol, and
FeCl3, is successful.

1288 3-Hydroxy-4-pyridinones can also be prepared from maltose or lactose.969

There has been much tailoring of these ligands and their complexes to optimize such properties
as structure, stability, inertness, solvation, and targeting.1289,1290 This may be exemplified by the
development of ester prodrugs for targeting the liver,1291,1292 and the introduction of hydrophilic
substituents to promote iron mobilization.210 Tailoring has generally involved substituents on the
ring-nitrogen, though attention has also been paid to varying the substituents on ring carbons.
Thus 2-(10-hydroxyalkyl)- and 2-amido-derivatives of 3-hydroxypyridin-4-one have been found to
be more effective at binding Fe3þ over the pH range 5–8.1293–1295 Higher denticity normally
increases stability, so potentially tetradentate (245)1296 and hexadentate, (246)1296 and
(247),178,1297,1298 hydroxypyridinonate ligands have been synthesized for complexing iron(III).
The tetradentate ligands form various complexes of stoichiometry 1:1, 1:2, and 2:3 (see Section
5.4.3.5.7 for similar Fe2L3 complexes of tetradentate bis-diimine ligands).
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5.4.5.5.3 Preparations, properties, and structures

The crystal structure of mer-tris(3-hydroxy-2-methyl-4H-pyran-4-onato)iron(III), [Fe(malt)3], has
been determined, and variable-temperature Mössbauer data reported for this complex.195 The
report of the preparation and characterization of tris(1-hydroxy-2-pyridinato)iron(III) includes a
crystal structure determination. Its 6-CONMe2 derivative is considerably more soluble than the
parent complex, but has significantly lower stability.198 Tris(3-hydroxy-2-pyridinonato)iron
(III)1299 and some N-alkyl derivatives1300 have been prepared; the crystal structure of the iron(III)
complex of the N-butyl ligand was solved. A full range of properties, including crystal structure
(partial1301 and complete1302), mass spectrum, magnetic susceptibility, IR-Raman spectrum,
and cyclic voltammetry (in MeCN) has been reported for the key compound [Fe(L1)3], tris(1,2-
dimethyl-3-hydroxy-4-pyridinonato)iron(III).1299 Other reported crystal structures include those
of tris(1-ethyl-2-methyl-3-hydroxy-4-pyridinonato)iron(III) trihydrate,1303 tris(1-CH2CH2OMe-
2-methyl-3-hydroxy-4-pyridinonato)iron(III),1304 tris(1-(40-methylphenyl)-2-ethyl-3-hydroxy-4-pyri-
dinonato)iron(III),1305 and the iron(III) complex of the hexadentate ligand (247).1306

EXAFS studies on tris-maltolatoiron(III) in the solid state and in solution, and on [Fe(L1)3]
hydrate, pave the way for detailed investigation of the hydration of complexes of this type in
aqueous media.1307 Solubilities and transfer chemical potentials have been determined for tris-
maltolatoiron(III) in methanol–water,1308 and for tris-ethylmaltolatoiron(III) in alcohol–water
mixtures1309 and in isobutanol, 1-hexanol, and 1-octanol.660 Solubility maxima in mixed solvents,
indicating synergic solvation, is relevant to trans-membrane transport of complexes of this type.
Solubilities of tris-ethylmaltolatoiron(III) and of [Fe(L1)3] have been determined in aqueous salt
solutions (alkali halides; NH4

þ and NR4
þ bromides).1310

Job plots have established the stoichiometry of several iron(III)-3-hydroxy-2-methyl-4(1H)-
pyridinone systems in aqueous solution.1311 Stability constants have been determined for
1,2-dimethyl-,1312,1313 1,2-diethyl-,1314 and several other 3-hydroxy-4-pyridinonato-iron(III) com-
plexes.1304,1315,1316 These data supplement and update the long-standing set of log �3 values for
this type of complex.1317 Tris(1,4-dihydroxy-2-pyridinonato)iron(III) and tris(1-hydroxy-4-meth-
oxy-2-pyridinonato)iron(III) have stability constants (log �3) similar to that for tris-maltolato-
iron(III).1318 Stability constants have also been measured for complexes of hydroxypyridinonate
ligands from allomaltol (234) and pyromeconic acid (237).1293 Stability constants for the iron(III)
complexes of 1-hydroxy-2-pyridinonate (239), 3-hydroxy-2-pyridinonate (240), and 3-hydroxy-4-
pyridinonate (241), are given by log �3= 26.9, 29.6, and 35.1, strongly favoring the 3,4-isomer.
These values are of a similar order of magnitude to that for complexation of Fe3þ by the natural
product mimosine ((248); log �3= 34.8

1319,1320). They suggest that the effectiveness of hydroxy-
pyridinones for sequestering iron(III) should lie between monohydroxamates and dicatecholates.
However their relatively high acidities makes them relatively more effective than hydroxamates or
catecholates at pHs in the vicinity of 7.198 The stabilities of hexadentate complexes containing
three 3-hydroxy-2-pyridinonate units (log K1= 28.8)

1321 are, surprisingly, lower than for their
bidentate analogues (log �3� 32). Presumably there is a steric or conformational problem
associated with binding all six donor atoms of the hexadentate ligand to the metal. A recent
iron/aluminum comparison of stability constants1322 collated log �n (n= 1, 2, 3) values for the
iron complexes of several 3-hydroxy-4-pyridinone ligands. The iron(III)-3-hydroxy-2-methyl-4-
pyridinonate system has been used to demonstrate an improved approach to the calculation of
stability constants and establishment of speciation diagrams using nonlinear regression analysis.1323

N-Hydroxypyrimidinones, e.g., (249), and N-hydroxypyrazinones, e.g., (250), form stable tris-
ligand iron(III) complexes, but these are of much lower stability than iron(III) complexes of
hydroxypyridinones. Stability can, as one would expect, be increased greatly by going to analo-
gous hexadentate ligands containing three N-hydroxypyrimidinone or N-hydroxypyrazinone
units.1324

Partition coefficients have been measured for tris-maltolatoiron(III) and tris-ligand complexes
derived from a range of N-substituted 3-hydroxy-4-pyridinones,1317 particularly (251) with R1 and
R2 variously Me, Et, Pr,1325,1326 and for a range of complexes with alkyl (up to N-butyl) or
oxygen-containing (e.g., CH2CH2OH, CH2CH2OMe, CH2CH2CO2Et) substituents on the ligand
ring nitrogen.1327 Partition coefficients vary over a very wide range, whereas stability constants
are almost the same for practically all tris(3-hydroxy-4-pyridinonato)iron(III) complexes. Parti-
tion coefficients and stability constants for iron(III) complexes of bidentate N-alkyl and
N-CH2CONHR and two hexadentate derivatives of 3-hydroxy-2-pyridinones also show that
solvation may be varied greatly with very small variation of stability.1321 Partition coefficients
of iron(III) complexes correlate well with values for the respective ligands, over a million-fold
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range for the complexes (all log �3 values are between 36.8 and 37.2!),
1328 and with values for

gallium(III) and indium(III) analogues.1329
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The effects of iron(III) complexation on electrochemical oxidation of 3-hydroxy-4-pyridinones
has proved useful in elucidating oxidation mechanisms in these systems.1330

(i) Iron transfer and removal

The kinetics of removal of iron(III) from its complexes with the aminocarboxylate-anthraquinone
analytical reagent calcein and with the antitumor anthracycline doxorubicin by 1,2-dimethyl-3-
hydroxy-4-pyridinone (L1, (251) with R1=R2=Me) have been monitored. Rate constants for
metal removal are almost independent of the concentration of the replacing ligand, indicating
dissociative mechanisms; they are approximately 1� 10�2 s�1 for displacement from doxorubin
and between 12� 10�2 s�1 and 2� 10�2 s�1 from calcein.1331

1,2-Dimethyl-3-hydroxy-4-pyridinone,1332 1-methyl-3-hydroxy-2-pyridinone, and maltol (233)
remove iron from transferrin at rather similar rates for both steps in these biphasic reactions, but
the extent of iron removal is much greater for L1 than for the others.1333 Iron is removed
preferentially from the C-terminal site.1334 This is consistent with the general pattern in the
uptake of iron by and from transferrin,1335 where there is a small but significant, and environ-
ment-affected, difference between the affinities for Fe3þ of the C- and N-terminal sites.1336,1337

Although 1-hydroxy-2-pyridinones remove iron from transferrin (rate constants for these biphasic
reactions were measured) neither 2-hydroxy-pyridine-N-oxide nor 2,4-dihydroxy-pyridine-N-oxide
are as effective as the 3-hydroxy-4-pyridinones in competing with transferrin for iron(III).1338,1339

Aminoalkyl phosphonic acid derivatives also remove iron from transferrin in biphasic
processes.1340

An order of effectiveness has been established and a mechanism proposed for the removal of
iron from ferritin by several 3-hydroxy-4-pyridinone chelators.1341 The removal of iron from
ferritin1333 is, as one would expect, considerably slower than from calcein or doxorubicin (cf.
above) or from transferrin. Rate constants are between 1.5� 10�5 s�1 and 7.5� 10�5 s�1 for
removal of iron from ferritin by a series of hexadentate ligands each consisting of three sub-
stituted N-hydroxypyrimidinone or N-hydroxypyrazinone units, the rate decreasing with increas-
ing substituent bulk. The slowest rate approximates to that for removal of iron from ferritin by
desferrioxamine. The influence of chirality on the kinetic barrier provides insight into the detailed
mechanism of removal in these systems.1324 Slow removal of iron from ferritin by chelators
should be contrasted with rapid reductive removal.1342
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O
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(ii) Analytical applications

An early application of 3-hydroxy-4-pyridinones was to the spectrophotometric determination of
iron, either directly or by solvent extraction. More recently several compounds of this type have
developed for the determination of, e.g., niobium1343 and germanium,1344 and for solvent extrac-
tion of, e.g., tungsten1345 and tantalum,1346,1347 but the ligands involved are all potentially useful
for Fe3þ. The large number of other references to spectrophotometric determination, solvent
extraction and separation using these ligands may be traced through the references cited in the
preceding sentence.

5.4.5.6 Siderophores and Models

Siderophores130 are iron transport agents, generally hexadentate chelate ligands of low molecular
weight, produced by microorganisms to facilitate iron uptake. Their coordination chemistry, and
kinetics and thermodynamics of iron chelation and release, have been reviewed.174 Their ligating
functions are hydroxamates and catechols— sometimes two, often three, units of one or the
other, but occasionally both are present in one ligand. Thus catechol-derivatized desferrioxamines
such as (252) offer Fe3þ a choice of binding sites. In practice they bind Fe3þ through all three
hydroxamate units at low pH, but at higher pHs through two hydroxamates and a catechol.1348

Occasionally carboxylate1349 or hydroxycarboxylate259 is present in addition to catechol units,
while an amine–amide–hydroxamate combination reportedly has strong complexing ability.1350

A review on the chirality of metal centers has a number of examples from iron(III)–catechol and
iron(III)–hydroxamate systems.1351 A host–guest supramolecular assembly of ferrioxamine with
lariat ether carboxylic acids can be regarded as a model for siderophore–receptor interaction and
recognition at a membrane site.1352
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5.4.5.6.1 Catechols

(i) Monocatecholates

Diastereomeric distributions (�:�) in several tris-ligand Fe3þ complexes of chiral catecholamide
and terephthalamide ligands have been established in solution by CD and 1H NMR spectro-
scopies. The complex of (253), whose structure in the solid state was determined, exists wholly in
the � conformation in aqueous solution. Weak polar interactions determine conformational
preferences here.1353
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Alterobactin A is a cyclic mono-catechol-bis-hydroxycarboxylate bacterial siderophore with an
extremely high affinity for iron(III) (see Table 12). On hydrolysis (in the absence of iron) it gives
an acyclic derivative which forms a bis-ligand iron(III) complex.259

(ii) Biscatecholates

Stability constants for the Fe3þ complexes of the bis-catecholate ligands (254) and (255) are
log10K1= 37.6 and 36.0, respectively.

963 Rate constants for complex formation between Fe3þaq
and two synthetic chelators of the dicatecholspermidine family are, at 450M�1s�1 and
500M�1s�1,1354 similar to that for desferrioxamine.
When four Fe3þ ions are assembled with the aid of six bis-catecholate ligands into a tetrahedral

assembly then the rigidity of the resultant species is such that it is very reluctant to racemize.
Extrapolation from data on the Ga3þ analogue suggests a half-life of months.1355
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(iii) Triscatecholates

It is often difficult to measure stability constants directly for Fe3þ complexes of natural and
model siderophores, since their very high stabilities mean there is extremely little free Fe3þ in
equilibrium with the complex. It is therefore common to use the link between redox potentials and
stability constants in the two oxidation states involved in estimating values for logKFeIIIL. The
correlation of logKFeIIIL with redox potential, established over a range of 10

19 in KFeIIIL,
1356 can thus

prove useful in estimating such stability constants. Enterobactin (256), the key natural siderophore
of maximum complexing power for Fe3þ, has presented considerable difficulties in respect of
determining KFeIIIL. An improved estimate of K1 of 10

49 (for formation of [Fe(ent)]3�) was made in
1991.1357 Stability constants for Fe3þ complexes of the enterobactin hydrolysis products the linear
N-(dihydroxybenzoyl)serine linear trimer (257) and its dimer analogue are 1043 and 1036, respect-
ively. Enthalpies of formation for the Fe3þ complexes of the trimer and of enterobactin are
reported.1358 Linear hexapeptides and decapeptides bearing catechol units derived from dopa
(dihydroxyphenylalanine) form stable complexes with Fe3þ, with stability constants in the range
1038–1040.1356

The tripodal tris-catechol ligand trencam, (258), is an enterobactin analogue and is very specific
for Fe3þ compared with Fe2þ, as is reflected in the reduction potential of �1.04V (vs. NHE; for
Fe/enterobactin �0.99V). The stability constant for [Fe(trencam)] is 1043.6.1359 The macrobicyclic
tris-catechol encapsulating ligand (259) can be prepared by high dilution techniques; its analogue
(260) can be prepared much more easily on an Fe3þ template.1360 The Fe3þ is, very unusually for
this cation, in a trigonal prismatic environment.1361 Surprisingly, the stability constant for the
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Fe3þ complex of bicapped trencam, (260), is no higher (K= 1043.1) than that for [Fe(trencam)].1362

The trianionic tris-catecholate tripodal ligands from (261)1363 and (262)1364 are also enterobactin
analogues, though their Fe3þ complexes do not have quite as high stability constants as Fe3þ-
enterobactin. The complex of (262) is chiral, with the same configuration, �-cis, as natural Fe3þ-
enterobactin. The absolute configuration of the Fe3þ complex of (263) is controlled by the
chirality of the alanine residues therein — L-ala gives �, D-ala �. The stability constant of the
complexes of (263) and (264) are >1041 and 1038, respectively.1365 Variation of the groups R1 and
R2 in (265) has a large effect on their hydrophilic/lipophilic properties and those of their deep red
Fe3þ complexes. For R1=R2=H the Fe3þ complex partitions effectively completely into water,
for R1= n-decyl into an organic layer. For R1=R2=H the complex is achiral, but the other
three complexes are chiral. The steric effects which induce chirality also reduce stability—the
complex with R1=R2=H is two orders of magnitude less stable than those with R1=H or
n-decyl, R2=Ph.1366 The geometry of the cavity of the tris-catechol cage (266) is appropriate for
the encapsulation of Fe3þ,1367 indeed the stability constant for formation of the iron(III) complex
is exceptionally high, being approximately 1059.130 Increasing the size of the cavity, for example
by replacing the (267) caps of (266) by (268) or (269), reduces the stability dramatically, though
the complexes are still very substitution-inert.1368 The properties of the Fe3þ-(266) complex have
been compared with those of its nonencapsulated analogue Fe3þ-(270).1369 Reaction of the tris-
catecholatoiron(III) complex of (271) with poly(ethylene imine) gives a bicapped cage complex
with log K> 31 at pH 7.1370
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Biphasic kinetics were observed for the removal of iron from ferritin by licams, N,N0,N00-tris
(5-sulfo-2,3-dihydroxybenzoyl)-1,5,10-triazadecane (272) – Fe3þ is removed from the N-terminal
site about twice as fast as from the C-terminal site (Ea � 80 kJmol�1 for the latter process). It is
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thought that the N-terminal site may have to undergo a conformational change before releasing
its Fe3þ.1371 A catechol derivative of desferrioxamine has been found to remove iron from
transferrin about 100 times faster than desferrioxamine itself; it forms a significantly more stable
product with Fe3þ (at pH 7.4).1348 The effects of desferrioxamine and of iron(III) ammonium
citrate on the two mechanisms of iron uptake from transferrin have been described.1372

The bicapped tris-binaphthol (273), and its earlier-synthesized tris-biphenol analogue,1373 are
closely related to tris-catechol cages. The Fe3þ complex of (273) exists in � and � forms, derived
from the two enantiomers—the six hydroxy groups impose helical chirality.1374
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(iv) Polycatecholates

Several macrocyclic polycatechols, with up to six catechol units incorporated into the ring, have
been designed for possible treatment for iron overload and were prepared using high dilution
techniques. They form stable iron(III) complexes; the complex with the three-catechol ring as
ligand has log K= 38.7.1375

5.4.5.6.2 Hydroxamates

Biomimetic iron(III) tris-hydroxamates (diferric helices) have been reviewed briefly.1376

Crystals of the iron(III)–acethydroxamate complex [Fe(ahdx)3]�1.5H2O contain one molecule
of the fac isomer and one of the mer per unit cell,1377 whereas the benzhydroxamate
[Fe(bhdx)3]�3H2O crystallizes simply as the fac isomer.1378
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Iron(III) complexes of aminomonohydroxamates H2NCH(R)CONHO
� (R=H, Me) and

XC6H4CONHO
� (X= o-NH2, p-NH2) and dihydroxamates (CH2)n{CON(R)O

�} (n= 2, 3, 4, 6, 8;
R=H, Ph, o-tolyl, p-tolyl) have been synthesized. The monohydroxamates give mononuclear
complexes [FeL3] or binuclear complexes [Fe2(OH)4L2(H2O2)], the dihydroxamates three types
of binuclear complex, [Fe2(LH)2L2], [Fe2OL2], and [Fe2L3].

1379

Stability constants of acethydroxamates of Fe3þ are available.198,1312 Three iron(III)–acethydrox-
amate complexes have been identified in DMF solution.1146 Solvation of several tris-hydroxama-
toiron(III) complexes has been monitored in aqueous methanol and in aqueous t-butyl alcohol. The
transfer chemical potential trends strongly reflect the overall HLB of the complexes.1380

Kinetic and equilibrium data are available for complex formation between iron(III) and
4-MeOC6H4C(O)N(O

�)H. The formation mechanism is believed to be Ia (associative interchange)
both from Fe3þaq and from FeOH2þaq. The unusual situation of associative substitution at
FeOH2þaq here is explained by favorable hydrogen-bonding interactions.1381 Formation of
L-lysinehydroxamato–iron(III) complexes also occurs by an interchange mechanism; formation
and dissociation (acid-catalyzed) are significantly affected by charge repulsion (the ligand is
H3N

þ(CH2)4CH(NH3
þ)CON(O�)H).1382

Trihydroxamate analogues of ferrichrome have been synthesized by attaching three succinylhy-
droxamate moities to a triamine apex. The stability constants of the Fe3þ complexes of
N{CH2CH2NHCOCH2CH2CON(O

�)C6H4-4-Me}3,
1383 of N{CH2CH2NHCOCH2N(O

�)
COMe}3

1384 and of N{CH2CH2CH2NHCOCH2N(O
�)COMe}3

1385 are given by log K= 32.9,
28.7, and 30.6, respectively. Thus these complexes are much more stable than that of (274),1386

for which log K= 26.3—this lower stability is ascribed to the rigid benzene ring of (274)
making it more difficult for this ligand to interact strongly with the Fe3þ at all six donor sites.
The similar, but more flexible, tripodal ligand (275) forms an Fe3þ complex with logK� 28.564Rate
constants for incorporation of FeIII into tripodal hydroxamates containing [Ala–Ala–�-(HO)Ala]
and [Ala–Ala-�-(HO)Ala]2 units, and of Fe

III displacement of AlIII, GaIII, or InIII from their
respective complexes with these tripodal ligands, have been determined. The MIII-by-FeIII dis-
placement processes are controlled by the ease of dissociation of AlIII, GaIII, or InIII; FeIII may in
turn be displaced by from these complexes by edta (removal from the two nonequivalent sites gives
rise to an appropriate kinetic pattern).1387 Chloride and, to lesser extents, bromide and nitrate,
catalyze dissociation of model siderophore–hydroxamate iron(III) complexes through transient
coordination of the added anion to the iron.1388 The stability constants for the iron(III) and
iron(II) complexes of a recently synthesized saccharate-based trihydroxamate analogue of ferri-
chrome are 31.9 and 12.1, respectively. The pFe value (see Section 5.4.5.6.3 below) for the iron(III)
complex indicates that this trihydroxamate should be able to remove iron from ferritin.1389
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Asperchromes are, like ferrichromes, iron chelators with a cyclic hexapeptide backbone—the
iron(III) coordination geometry in asperchrome chelates is the same as in ferrichrome chelates.1390

The tripodal hybrid tris-hydroxamate/peptide ligands (276) and (277) react with Fe3þ to form
binuclear triple helical complexes. These helices are stabilized by intra-strand hydrogen-bonding, as
established in a comparison with hydroxamate-OH replaced by -OBz. The modest difference between
(276) and (277) is sufficient for the former to give a �-cis left-handed helix, the latter a right-handed
helix and in the �-cis configuration.1391 The tris-hydroxamate tripodal ligand EtC{CH2OCH2CH2-
CONHCH(iBu)CON(O�)Me}3 is a chiral ferrichrome analogue; its Fe

3þ complex has the �-cis
configuration, as does the natural complex (contrast natural Fe3þ-enterobactin, which is �-cis).1392
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Relative reduction rates of ferrioxamine, hexacyanoferrate(III) and iron(III) complexes of
edta and citrate by ferri-reductase have been established.1393

The tris-hydroxamate encapsulating ligand (278) can be assembled by high dilution acylation of
(279) with X=NHOBz by (279) with X=COCl, followed by removal of the benzyl protecting
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group.1394 The hydroxamate units of (278) are endocyclic and its cavity is sufficiently large that it
can act as a cryptand siderophore and form a stable Fe3þ complex. This has visible absorption
characteristics very similar to those of the Fe3þ complex of desferrioxamine ("423= 4,700 for
FeIII(278), "440= 2,640 for Fe

III(dfo)1395).
The first of the coprogens (fungal ‘‘sideramines’’) was reported in 1973.1396 Neocoprogen I (280)

and neocoprogen II (281) are linear tris-hydroxamate siderophores whose chelating groups are
derived from N-hydroxy-N-acylated ornithines. Neocoprogen I is the first structurally established
example of a trans tris-hydroxamate siderophore.1397 Subsequent studies have dealt with
dimethylcoprogens,1398 with hydroxycoprogens,1399 and with connections between coprogens,
fusarinines, and dimerumic acid (see next paragraph).1400
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Iron(III) complexes of synthetic dihydroxamates of 1:1 stoichiometry may be monomers or
dimers depending on the length of the spacer between the two chelating entities.1401 Alcaligin,
alcH2= (282),1402 is a dihydroxamate siderophore which readily forms binuclear complexes
[Fe2(alc)3] at pHs in the region of 7; mononuclear [Fe(alc)]

þ is formed at pH 2—behavior
analogous to that of rhodotorulic acid (283). The binuclear complex has one ligand bridging
the two Fe3þ ions, the others binding just one Fe3þ each (284).1403 Kinetic patterns for the
proton-driven dissociation of iron(III) from mononuclear and binuclear complexes of the tetra-
dentate dihydroxamate siderophores alcaligin (cyclic) and rhodotorulate (linear) have been com-
pared with each other and with the analogous process for the iron complex of desferrioxamine.
The high degree of organization of alcaligin (alc) has a marked effect on the dissociation kinetics
of [Fe2(alc)3], and causes dissociation of mononuclear [Fe(alc)(H2O)2]

þ to be very slow (�1/2 is a
matter of hours).1404 Dimerumate, the diketopiperazine–dihydroxamate ligand (285), also forms a
binuclear iron(III) complex [Fe2(285)3], which exists predominantly in the � form; for analogous
cis- and trans-fusarinine complexes the � form is slightly favored.1405 Fungal uptake of iron by
these siderophores has been monitored by the use of 55Fe.1406
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The stability constants for Fe3þ complexes of the dihydroxamate derivatives of edta (286)
and of dtpa (287), logK1= 30.2 and 29.7, respectively, are considerably higher than usual for
Fe3þ-dihydroxamate complexes.951 Stability constants for the binuclear complexes of amide-
linked dipodal dihydroxamates such as H3CCH{CONHCH2CH2NHCOCH2CH2N(O

�)COMe}2
are large (log �230� 59, equivalent to log K1� 20; pFe� 21) somewhat less than that for the Fe3þ
complexes from rhodotorulic acid (283) and of four ligands RN(O�)CO(CH2)nCON(O

�)R (all
five have log �230� 62), which in turn are slightly less than that for the Fe3þ complex of the
natural cyclic dihydroxamate siderophore alcaligin (log �230= 64.7).

1407

A multiple-path mechanism has been elaborated for dissociation of the mono- and binuc-
lear tris(hydroxamato)–iron(III) complexes with dihydroxamate ligands in aqueous solu-
tion.1408 Iron removal by edta from mono-, bi-, and trinuclear complexes with model
desferrioxamine-related siderophores containing one, two, or three tris-hydroxamate units
generally follows first-order kinetics though biphasic kinetics were reported for iron removal
from one of the binuclear complexes. The kinetic results were interpreted in terms of discrete
intrastrand ferrioxamine-type structures for the di-iron and tri-iron complexes of (288).1409

Reactivities for dissociation, by dissociative activation mechanisms, of a selection of
bidentate and hexadentate hydroxamates have been compared with those of oxinates and
salicylates.921

The marine siderophore aquachelin has two hydroxamate and one —CH(O�)CO2
� chelating

units. Photolysis of its iron(III) complex results in dechelation of the hydroxycarboxylate moiety
and reduction to iron(II).260
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R = CO[NH(CH2)5CONO CH2CH2CO)]3OH

5.4.5.6.3 Comparisons

Stability constants for iron(III) complexes of a selection of natural and model siderophores
and iron(III) chelators1312 are collected in Table 12, together with values for a few simpler
ligands for comparison. This table also gives pFe values for some systems—pFe is the
negative decadic logarithm of the concentration of free iron(III) present in a system contain-
ing total iron(III) and total ligand concentrations of 10�6 and 10�5 mol dm�3, respectively,
at pH 7.4. pFe values provide a more relevant guide than stability constants to the effect-
iveness of chelators under physiological conditions, and a better means of comparison of
bidentate and hexadentate ligands. The extensive comparison of different types of iron(III)
chelators mentioned in Section 5.4.1.11.3 details pFe values rather than stability
constants.186

Table 12 provides comparisons between some of the various catecholate, hydroxamate,
hydroxypyranone and hydroxypyridinone chelators mentioned in Sections 5.4.1.11.3, 5.4.5.5.2,
and 5.4.5.5.3 (where formulas and references may be found). It also includes data for the
tris-hydroxamate-triazacyclododecane tripod dotrmaha (289), the tris-hydroxamate tripod
trispyr1410 (290) and tris-catechol tripod caccam1349 (291) whose flexible arms permit strong
chelation, two hydroxyquinoline chelators, trensox,1411 (292) and trenpypols1412 (293), the
tetra-hydroxamate tripod cdtmaha (294), designed for chelating eight-coordinate actinides but
effective also for Fe3þ,1413 and hopobactin,1414 which is a hydroxamate analogue of enterobac-
tin. The much lower values for iron(II) complexes of some of these ligands have been
determined.1411,1415
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Table 12 Stability constants for iron(III) complexes of natural and model siderophores.

Ligand type log K1/b3 pFe

Natural siderophores
Enterobactin (256) cat3tripod 49–52 36
Alterobactin cat3tripod 49–53
Ferrichrome A hdx3tripod 29–32 25
Desferrioxamine B (22) hdx3tripod 31 27
Transferrin 34a 24

Synthetic catechols
tris-catechol cage (266) Cage 59
bicapped trencam (260) Cage 43
trencam (258) Tripod 43–44 28
caccam (291) Tripod 43 28
licams (272) Tripod 41 29
bis-catechols (255), (254) Macrocycles 36, 38
dimer, trimer (257) Linear 36, 43

Synthetic hydroxamates
Cdtmaha Tripod 48.2
Trispyr Tripod 37.6
tripods (275), (274) Tripods 26, 28
Dotrmaha Tripod 24.2
dihydroxamates of edta, dtpa (286), (287) Linear 30, 30

Hydroxypyranones and hydroxypyridinones
Ethylmaltolate 28

3-Hydroxy-2-pyridinonates
Bidentates 29–32
Hexadentates Tripod 28–29 25
3-Hydroxy-4-pyridinonates 35–37 19–22

Other synthetic siderophores
trensox 31 30
Trenpypols 30 24
Glucopyranoside ferrichrome 32 27

Simple ligands
Catechol 44.9 15.1
hbeddab 39.7
dtpa 28.0 24.6
Acethydroxamate 28.3 12.5
edta 12.2

a For binuclear [Fe2(tf)].
b hbedda=N,N0-di(hydroxybenzyl)ethylenediamine-N,N0-diacetate.

Sources, most ligand abbreviations, and formula as indicated will be found in the text, in Sections 5.4.5.5.2 and 5.4.5.6.
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5.4.5.7 Other O-donor Ligands

Tris-carbamato–iron(III) complexes [Fe(O2CNR2)3] have been prepared for R= ethyl, isopropyl,
cyclohexyl (cx), and benzyl, and binuclear �-oxo derivatives (for R=Et, cx) and various �3-oxo,
�4-oxo, and �-carbamato polynuclear complexes also obtained.1260 Iron(III) chloride reacts with
potassium 2-propanenitronate, K(pn), to give [Fe(Me2C¼NO2)3] (mean Fe—O= 2.019 Å, mean
bite angle 66.0 Å), which in ethanol gives binuclear [(pn)2Fe(�-OEt)2Fe(pn)2].

1105

Reaction of K[FeZr6Cl15]
1416 with thiocyanate in the presence of 18-crown-6 gave, most

unexpectedly, [K4(FeCl4)(18-crown-6)4][Fe4S4Cl4]. Stabilization by the crown ether is the key to
the supramolecular cation.1417

In the presence of Fe3þ it is possible to deprotonate polyphenols at physiological pHs, to give
phenolates which are good ligands for hard 3þ cations such as Fe3þ. Speciation in iron(III) —
polyphenolate systems has been discussed in relation to possible use of these ligands as iron
chelating agents.1418

The first reported low-spin iron(III) semiquinonate complex contained the 3,5-di-t-butyl-1,
2-benzoquinonate radical anion and a tetraazamacrocycle (tazm). It reacts reversibly with aceto-
nitrile to give [FeII(tazm)(MeCN)2]

2þ plus 3,5-di-t-butyl-1,2-benzoquinone.1419 The related 1,2-
iminobenzosemiquinonate (ibsq) complexes [Fe(ibsq)2X] have S= 5/2 for X=Cl and S= 3/2 for
X= I; the complex with X=Br is a mixed spin (S= 5/2, 3/2) species.1420

Varying the nature of the substituents in calixarenes determines the stabilization of iron(II) vs.
iron(III). The calixarene with one —OH and three —OCH2CONEt2 groups acts as a heptadentate
ligand towards Fe3þ. The metal is seven-coordinate, with Fe—O distances ranging from 1.792 Å for
the phenoxide oxygen to 2.495 Å.129

The fluorinated 4-quinoline antibiotic ciprofloxacin (295) is known to interact with iron-
containing drugs and mineral supplements. Stability constants have been determined for complex
formation of iron(III) with ciprofloxacin, presumably acting as a bidentate O,O-donor, in aque-
ous1421 and in micellar media.1422

(295)
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N N
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5.4.5.8 O,S-donor Ligands

Dithioxalate acts as a bridging ligand in the mixed valence salt Prn4N[Fe
IIFeIII(dto)3],

60 whose
spin properties61 are most unusual (see Section 5.4.1.4).
Kinetic and equilibrium data are available for complex formation between iron(III) and

4-MeOC6H4C(S)N(O
�)H, a system studied in relation to the possibility that some natural

siderophores may bind iron through a thiohydroxamate moiety. The Fe3þ complex of this
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thiohydroxamate ligand is more stable, at physiological pH, than that of its parent hydroxamate,
4-MeOC6H4C(O)N(O

�)H.1381

5.4.5.9 Sulfur Donors

5.4.5.9.1 Mononuclear species

Ba[Fe(SCH2CH2OH)4] has been prepared and its crystal structure established, and ESR and
Mössbauer spectra of the [Fe(SCH2CH2OH)4]

2� anion obtained in solution.1423

Solubility products have been obtained for iron(III) xanthates.1424–1426

Iron(II)-S,S-dithiophosphate complexes tend to be unstable with respect to oxidation to iron
(III), but 1,10-phenanthroline stabilizes iron(II) in the di-isopropyldithiophosphate complex
[Fe{S2P(OPr

i)2}2(phen)].
1427

Tris(N-alkylcyclohexyldithiocarbamato)iron(III) complexes have been synthesized and charac-
terized.1428 Tris(di-N-alkyldithiocarbamato)iron(III) complexes, [Fe(S2CNR

1R2)3], and their
piperidyl and pyrrolidyl analogues, have various modes of thermal decomposition, depending
on the nature of the groups on the nitrogen.1429 Both tris(N,N-dialkyldithiocarbamato)iron
(III)1430 and tris-(N-alkyl,N-hydroxyethyl-dithiocarbamato)iron(III) complexes, [Fe{S2
CN(R)CH2CH2OH}3],

1431 are spin cross-over species, with high- and low-spin forms both
present in equilibrium at room temperature. On heating they decompose, in two stages, to give
Fe2O3 as final product. [Fe{S2CN(CH2CH2OH)2}3] and its trihydrate, whose ESR and Mössbauer
spectra have been described,1432 provide the first examples of dithiocarbamato–iron(III) complexes
where the spin interconversion rate is similar to the reciprocal of theMössbauer timescale (all previously
studied iron tris-dithiocarbamates have interconverted at rates that are fast on the Mössbauer time-
scale)—for the trihydrate the upper limit for the rate constant is 107 s�1.1433 In solution bis(2-hydro-
xyethyl)dithiocarbamate forms stable 1:1 and 2:1 complexes with Fe3þ (log K1= 5.7, log K2= 4.8), but
interference with formation of the 3:1 complex (logK3� 5.8) arises from facile reduction of the metal in
the 2:1 complex, which has a half-life of about 5 minutes.1434 Molecular modeling predictions of
activation energies for the Bailar and Rây-Dutt twists for racemization of [Fe{SCN(CH2)4}3] indicate
that the former mechanism should operate,580 as deduced many years ago from comparisons of
racemization rates with rates for facÐmer isomerization for tris-dithiocarbamate complexes.
Magnetic moments, derived from NMR measurements, have been tabulated for a series of

trisdithiocarbamatoiron(III) complexes [Fe(S2CNR2)3], to show the gradual changeover from
predominantly low spin (S= 1/2; 2T2) for R= e.g., cyclohexyl through intermediate states
(R= e.g., methyl, benzyl) to predominantly high spin (S= 5/2; 6A1) for R2= pyrrolidyl.

1435 Tris-
ligand iron(III) complexes of dithiocarbamates derivatized with substituted piperazines
or piperidines are spin cross-over complexes.1436

Bis(N-methyl-D-glucaminedithiocarbamate)iron(II) and bis(2,3-dithiopropane-1-sulfonate)-
iron(II) react with S-nitrosothiols with transfer of NO to iron.1437

Diethylthiocarbamate ligands are also found in the [Fe4S4(S2CNEt2)4]
2� cluster anion.1438

In the iron(II) complex of tris(thiophenylimidazolyl)borate, FeII(tmcptimid)2 where
tmcptimid�= (296), the Fe may be considered tetrahedrally coordinated by the two tmcptimid�

ligands each bonding through two sulfurs, though there appear to be significant Fe ���H inter-
actions with nearby imidazolylborate-hydrogens. In [FeIII(tmcptimid)2]

þ the ligands are coordin-
ated through all three sulfurs (in contrast to their S,S,N-coordination to the harder CoIII), giving
octahedral Fe3þ. FeII—S bond distances are 2.381–2.409 Å in the FeII complex (slightly longer
than most FeII—S bond distances), 2.456–2.473 Å in the FeIII complex.1439
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The stabilization of Fe2þ by 1,4,7-triathiacyclononane, ([9]-ane-S3, ttcn= (297)}, has permitted
the preparation of the first authentic example of a Turnbull’s Blue, i.e., an iron(II)–hexacyano-
ferrate(III) combination, in the form of [Fe(ttcn)2][Fe(CN)6]�2H2O. This so-called ‘‘Ukrainian
Red,’’ named in honor of the country of origin of several of the authors, is a valence-trapped
(Robin and Day class I334,335) compound.336 The redox potential for the [Fe(ttcn)2]

2þ/3þ couple is
þ0.98V, in acetonitrile with respect to the ferrocene/ferrocinium couple.1440 Peroxodisulfate
oxidation of [Fe(ttcn)2]

2þ does not give the Fe3þ complex; the major product is [Fe(ttcn)(ttcn-1-
oxide)]2þ. Oxidation by lead dioxide does however yield [Fe(ttcn)2]

3þ.1441 The Fe—S bond
distances in high spin [Fe(ttcn)Cl3] are between 2.538(3) Å and 2.585(3) Å,1442 whereas in low
spin [Fe(tpmbtacn)] (where tpmbtacn is the trianionic tripodal N3S3 hexadentate ligand 1,4,7-tris
(4-t-butyl-2-thiobenzyl)-1,4,7-triazacyclononane, (197)) they are between 2.269(3) Å and 2.288(3) Å.998

The structures of (PPh4)2[Fe(mnt)3] and (PPh4)2[{Fe(mnt)2}2] have been determined; the latter
contains parallel stacks of nearly planar anions.1443 The structure of (NBu4)2[Fe(mnt)2(NO)] has
also been determined, along with the ESR spectrum of a 57Fe-enriched sample.1444 The redox
potential of [Fe(mnt)3]

2�/3�, in dichloromethane, has been placed in context with those for other
transition metal [M(mnt)x]

n�/(nþ1)� couples.1445

Tetrathiotungstate complexes of iron(III)–tetraphenylporphyrin can be prepared from
iron(III)–tpp–triflate; they undergo slow spontaneous reduction to iron(II).834

The ligand (298), coordinating through phosphorus and all three sulfurs, stabilizes iron(IV) in
[Fe(298)Cl], which is the first stable trigonal bipyramidal iron(IV) complex to be prepared.22
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5.4.5.9.2 Bi- and polynuclear complexes and clusters

Nonbiological iron–sulfur clusters have been reviewed.1446

Determination of the structure of an iron–sulfur–carbonyl–cyanide hydrogenase427,428 has been
complemented by the synthesis and structural characterization of model compounds (Et4N)2
[Fe(SPh)2(CN)2(CO)2],

420 (299),430,432,1447 and related species in which the sulfur-bridging is
provided by the tripodal thioether MeSCH2C(Me)(CH2S)2.

435

SS

FeFe
COOC

OC
CN

CN CO

(299)

Reactions of dithioxamides with Fe2(CO)9 give a number of �-S di-iron products, providing a
bridge to organometallic chemistry.1448

Flash photolysis of Roussin’s Red Salt, Na2[Fe2S2(NO)4], and of Roussin’s Black Salt,
NH4[Fe4S3(NO)7], has been described.

1449 Photolysis of [Fe2S2(NO)4]
2� has been reviewed, in
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particular the initial photoinitiated loss of NO1450 and the reverse recombination reaction, en
route to the eventual product, the anion of Roussin’s Black Salt, [Fe4S3(NO)7]

�.1451 [Fe2S2
(NO)4]

2�, [Fe4S4(NO)4], and [Fe4S3(NO)7]
� feature in a review of the synthesis, structure,

NMR spectroscopy, reactivity, and bio-relevance of Fe—S—NO complexes.1452 [Fe2S2(NO)4]
2�

and [Fe4S3(NO)7]
� have been evaluated as sensitizers for radiotherapy.242 [Fe5S4(NO)8]

� and
[Fe7S6(NO)10]

� have been prepared.1453

An Fe4S4Cl4 anion was one of the unexpected products of the reaction of K[FeZr6Cl15] with
thiocyanate.1417 A straightforward preparation of [Fe4S4Br4]

2� uses Na2S and DMF as solvent.
1454

Diethylthiocarbamates provide the terminal ligands in the [Fe4S4(S2CNEt2)4]
2� cluster anion.1438

Two Fe4S4 cores can be bridged by a variety of dithio-ligands, such as p-�SC6H4S
�, m- or

p-�SCH2C6H4CH2S
�, or �SCH2CH2S

�. Communication between the two cubane units, as judged
by comproportionation constants, is minimal for the first three (Fe���Fe between 8.8 Å and 10.4 Å;
Kc � 5.4), very small for the fourth (Fe���Fe= 7.8 Å; Kc= 15), and only significant (Kc= 5.4� 103)
when there is a direct Fe—S—Fe bridge (Fe���Fe= 4.20 Å).1455 Direct Fe—S—Fe sulfide bridging
has also been established in (Bun4N)2(Ph4P)2[(Fe4S4Cl3)2S].

1456 A report of the preparation of Fe6S6
(PEt3)4X2, X= halide or PhS�, with a prismane core is accompanied by a summary of topological
relations between various FexSy cores and conversions experimentally achieved to date.

1457

A 4-RC6H4S
� group (R=H, Me, OMe, Cl, or CF3) replaces one of the chloride ligands in

[Fe4S4Cl4]
2� via a five-coordinate intermediate, with the detailed sequence of steps acid-depen-

dent.1458 Loss of chloride is pH-dependent, with the rate depending on the electron-withdrawing
properties of the substituent R.1459 Reactions of [Fe4S4Cl4]

2� and of [Fe4S4(SPh)4]
2� with

diethyldithiocarbamate are dissociatively activated.1460 mechanisms of reaction of [Fe4S4Cl4]
2�

with ButNC depend on the pK of the protonated organic base present. For the weakest acid,
azacyclopentaneHþ, ButNC binds before proton transfer (k= 2.1� 103 dm3mol�1 s�1), but in the
presence of protonated triethylamine or lutidine ButNC or Br� attack after addition of the
first proton (k� 106 dm3mol�1 s�1) but before addition of the second (SH) proton (k�
103 dm3mol�1 s�1) to the cluster. The pKa of [Fe4S3(SH)Cl4]

2� is 18.8,1461 of [Fe4S2(SH)2Cl4]
16.6,1462 of [Fe4S3(SH)(SCHCH(OH)Me)4] 8.5.

1463 [Fe4S4(SMe)4]
n� and [Fe4S4(SPh)4]

n�, n= 2 or 3,
react with sulfonium cations [PhMeSCH2R]

þ.1464 Reaction of [Fe4(SPh)10]
2� with PhS� takes place

by initial associative attack at one of the tetrahedral Fe atoms, to give [Fe4(SPh)11]
3�, followed by

a sequence of rapid reactions to give the final product [Fe(SPh)4]
2�. In contrast the first step in

reaction of [Fe4(SPh)10]
2� cluster anions with [MoS4]

2� is, at least at low [MoS4]
2� concentrations,

dissociative in character.1465 A review of the chemistry of [Mo3S4(H2O)9]
4þ and related clusters

contains some information on substitution in mixed metal derivatives such as
[Mo3FeS4(H2O)10]

4þ.1466 [Mo3FeS4(H2O)10]
4þ can be generated in solution by reducing

[Mo3S4(H2O)9]
4þ with Fe2þaq and BH4

� or with iron wire,1467 or electrochemically in the presence
of Fe2þaq.1468 Replacement of the Fe2þ in [Mo3FeS4(H2O)10]

4þ by Cu2þ takes about a second; the
very slow reaction of this cluster cation with Ni2þ gives not [Mo3NiS4(H2O)10]

4þ but rather
[Mo3S4(H2O)9]

4þ.1469

Fe4S4 clusters with bulky 2,4,6-tri-isopropylbenzylthiolate (tipbt) ligands are HiPiP models.
However they, unlike HiPiP, are not stable in solution in the [Fe4S4]

3þ, i.e., [Fe4S4(tipbt)4]
3�,

state.1470 Other synthetic HiPiP models include the 2,6-bis(acylamino)benzenethiolate (babt)
derivatives [Fe4S4(babt)4]

2� and [Fe2S2(babt)4]
2�, modeling bacterial (Fe4S4) and plant (Fe2S2)

ferredoxins. In these models protection of the Fe—S bonds by NH ��� S hydrogen-bonding both
prevents ligand exchange and has a significant effect on redox potentials.1471 HiPiP electron
transfer proteins have particularly hydrophobic peripheries. This can be modeled by wrapping a
cyclic {N(CH2)8}4 sheath around an Fe4S4 core; the resultant complex undergoes three of the four
possible one-electron transfers in DMSO solution, with redox potentials of 0.36V, 0.85V, and
1.64V for the �/2�, 2�/3�, and 3�/4� couples, respectively.1472
The geometric and electronic structures of seventeen iron-containing derivatives of pentlandite,

Co9S8, ranging from Co8FeS8 through to such species as CoFe4Ni4S8 and Fe4Ni4AgS8, have been
discussed, with particular reference to stabilities of octahedral and tetrahedral coordination.1473

Magnetic studies and theoretical calculations on (Et4N)3[S2Mo(�-S)2Fe(�-S)2MoS2] suggest
that the anion is best regarded as a bis-[MoS4

2�] complex of iron(I).13 A group of mixed metal
clusters based on MFe3S4 cores has been developing over several decades. This group includes the
ReFe3S4

3þ core in the black crystalline solid (EtN)[ReFe3S4(SEt)(dpme)]4
1474 and earlier examples

of compounds with MoFe3S4, WFe3S4,
1475 VFe3S4(single

1476 and double cubane clusters1477) and
NiFe3S4

1478 cores. These and related species may be regarded as complexes of the various metal
ions Mnþ with ligands Fe3S4L4. The relative reactivities of the Fe and Co sites of CoFe3S4 have
been established.1479
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There are many clusters of high nuclearity (i.e., 5 or more metal ions), e.g., [Fe6S6(PEt3)4L2],
[Fe6S6(PEt3)6]

�, [Fe7S6(PEt3)4Cl3],
1457,1480 [Fe6S6L6]

3� (L=Br or 4-MeCHO),1481 [Fe8S8(PR3)n] and
[Fe12S12(PR3)n] species derived from [Fe4S4(PR3)n] precursors.

1482 There are also several analogues
with heteronuclear cores, e.g., [Fe4MS6(PEt3)4Cl] with M=V or Mo,1483 [Fe3Mo2S5 (PEt3)5(ccat)2]
and [Fe6Mo2S8(PR3)6(ccat)2] (ccat= tetrachlorocatecholate)

1486,1487 and [Fe18Na2S30]
8�.1488 In this

type of system the nature of the nonbridging ligands, of the counterion for charged species, and of
the solvent can be of great importance in determining the nature and geometry of the FenMmSx core.
There are usually several possible geometries of very similar energies, often with small kinetic
barriers to interconversion. Product control by the nature of the phosphine ligands in the Fe4S4
! Fe8S8! Fe12S12 series mentioned above provides a good example.
A tetranuclear Fe3Co cluster with a central �4-S ligand appears in [Fe3Co(�

4-S)(�5-
C5H5)(CO)11], (300).

1489

(300)

Fe S Co(CO)3

Fe

Fe

OC COCO

OC
CO CO

5.4.5.10 Selenium and Tellurium Donors

A straightforward preparation of [Fe4Se4Br4]
2� uses Na2Se, with DMF as solvent.

1454 Selenium
can replace sulfur in a few high-nuclearity iron–sulfur clusters, e.g., [Fe6Se6(PEt3)4Cl2]

1480 and
[Fe20Na9Se38]

9�.1488 The synthesis, spectroscopic and magnetic properties, and structure of an
Fe4Te4 cluster, specifically [Fe4Te4(SPh)4]

3� in the form of its Et4N
þ salt, have been reported.1490

5.4.6 GROUP 17 DONORS

The dependence of Fe—X bond length on the nature of the halide X and on the oxidation state
and coordination number of the iron in about 300 species containing FeXn units has been
documented.1491

5.4.6.1 Fluoride Complexes

The kinetics of FeF2
þ formation have been monitored over the pH range 1.9–4.0; the kinetic

pattern is not simple.1492 The volume of the [FeF6]
3� anion is referenced in Section 5.4.1.1 above.

The F� ligand in a series of complexes trans-[Fe(R-salen)(MeOH)F] stabilizes the Fe3þ with
respect to photoredox processes in comparison with Cl�, Br�, or I� analogues; quantum yields
are lower for the F� complexes.931

The octaethylporphyrin complex [Fe(oep)(OClO3)] reacts with [Cu2F2(bnpy)2]
2þ (bnpy=N,

N-bis(2-(2-pyridylethyl))benzylamine) to give [(oep)FeFCu(bnpy)2(OClO3)]
þ in acetone,

[(oep)FeFCu(bnpy)2(MeCN)]
2þ in acetonitrile. Crystal structures have been determined for

these two fluoride-bridged species and for [Fe(oep)F]�CHCl3. This last was prepared by refluxing
[Fe(oep)]2O with HF in CH2Cl2, though the crystal used for the structure determination was
grown from CHCl3/pentane.

1493

5.4.6.2 Chloride Complexes

Both FeCl2 and FeCl3 form ionic liquids on mixing with 1-butyl-3-methylimidazolium chloride, with
FeCl2 forming [FeCl4]

2�, FeCl3 forming [FeCl4]
� and, when the FeCl3 is in excess, some [Fe2Cl7]

�.1494
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5.4.6.2.1 Iron(II)

Tetrahedral [FeIILCl] with L= hydrotris(3-isopropyl-4-bromopyrazolyl)borate has Fe—Cl=
2.224(2) Å.686 Five-coordinated FeII in Fe(301)Cl2 has Fe—Cl= 2.26–2.32 Å.

503,506

N

(301)

X = NRR', 2,5-dimethylpyrrolyl, 2,6-diisopropylphenyl

MeMe

N N

X X

Crystallization of FeCl2 from aqueous HCl in the presence of 1,4-dimethylpiperazine (dmpipz)
but in the absence of air afforded (dmpipzH2)[Fe

II
2Cl4(H2O6)]Cl2. This anion contains two

octahedral Fe2þ centers bridged by two chlorides; Fe—Clterminal= 2.449(1); Fe—Clbridge=
2.511(1) Å.1495 The 1,4,7-trimethyl-1,4,7-triazacyclononane complex of formula Fe(tmtacn)Cl2
is, in the solid state, [Fe2Cl3(tmtacn)2][FeCl3(tmtacn)]—whose anion can be generated by reacting
FeCl4

2� with tmtacn.424 The structure of K3Na[FeCl6] has been determined at 9.5, 84, and
293K.1496

Equilibrium constants for the displacement of acetonitrile from complexes [FeL4(MeCN)2],
where L4=(Ph2PCH2CH2PPh2)2, P(CH2CH2PPh2)3, or N(CH2CH2PPh2)3 by chloride, bromide,
or thiocyanate suggest steric control.910

5.4.6.2.2 Iron(III)

The crystal structures and magnetic behavior of the hexachloroferrates(III) of [Cr(en)3]
3þ and

[Co(en)3]
3þ have been described.1497 FeIII—Cl bond distances in [FeCl6]

3� are 2.40 Å, whereas
FeII—Cl in [FeCl6]

4� is 2.51 Å.1498 The tetrachloroferrate(III) anion is often the counterion for
cationic iron complexes, as for example in the preparation of [Fe(diimine)2Cl2] [FeCl4],

689 and
of complexes of 1,5,9-tris(2-pyridylmethyl)-1,5,9-triazacyclododecane,728 thiopurine,983and the
carbothiamide derivative of 2,20-bipyridyl (200).489 High-spin binuclear [Fe2OCl6]

2�, which
may be prepared by reacting iron(III) chloride in toluene with a secondary amine,1499 is a
convenient starting material for, e.g., pyrazolylborate and decanuclear oxoiron(III) complexes,
and again is encountered as a counterion for cationic iron complexes, e.g.,
[FeII(thiazole)6]

2þ,725 and again the 6-carbothioamide derivative of bipy.489 A crystal structure
determination for [Fe(bipy)3][Cl3FeOFeCl3] showed the di-iron anion to have ffFe—O—
Fe= 148.9(7)�.1163

The bis-(ethylenedithio)tetraselenafulvalene (bets) derivative (bets)2FexGa1�xCl4 is a supercon-
ductor with an insulating magnetic ground state.1500 Gas phase and fragmentation behavior of
binuclear species [Fe2Cln]

þ, with n= 1 to 6, has been probed by sector-field mass spectrometry.
An ionization energy of 10.85 eV has been determined for Fe2Cl6 from photoionization experi-
ments, and enthalpies of formation derived for the series of [Fe2Cln]

þ cations—�Hf for [Fe2Cl6]
þ

is 389 kJmol�1.1501

Laser Raman spectroscopic examination of molten FeCl3�6H2O identified trans-
[FeCl2(H2O)4]

þ and [FeCl4]
� as the predominant components, consistent with the relatively

high conductivity of the melt.1502 trans-[FeCl2(H2O)4]
þ has been observed in aqueous iron(III)/

chloride solutions by X-ray absorption spectroscopy, which has also been claimed to identify
tetrahedral [FeCl4]

� in media containing 15mol dm�3 chloride.1020 The trans-[FeCl4(H2O)2]
�

anion, generated in solution by air oxidation of FeCl2 in HCl, has been isolated as its dab-
coH2

2þ(dabco= diazabicyclo[2.2.2]octane) salt, [FeCl5(H2O)]
2� as its enH2

2þ salt.1503 trans-
[FeCl4(H2O)2]

� has also been obtained as its dmpipzH2
2þ(dmpipz= 1,4-dimethylpiperazine) salt,

and mer-[FeCl3(H2O)3] isolated in the form of [trienH2][FeCl3(H2O)3]Cl2.
1495 The volume of

[FeCl4]
� has been estimated as 0.155 nm3.93
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There appears to be a relatively fine balance between mer and fac geometries for octahedral
trichloroiron(III) complexes. Thus it was established some time ago that [Fe(phen)(solvent)Cl3]
adopted the fac geometry for solvent=H2O or MeOH,

1504 but mer for solvent=DMF.1505 The
geometric and steric demands of terdentate ligands such as 1,3,5-trimethyltriazacyclohexane,1506

1,3,5-trithiacyclononane,1442 di(2-pyridyl)methylamine,1507 and bis(2-pyridylmethyl)amine1508,1509

enforce fac geometry; the strong preference of terpy (302) for planarity results in mer geometry for
[Fe(terpy)Cl3] (see below). Trichloro{2,6-bis(N-2-pyridylethyl)iminomethyl)-4-methylphenolate}
iron(III) ((303), N,N,O-coordinated) is mer,925 as is [Fe(py)3Cl3] (which has Fe—Cl=
2.326 Å for Cl trans to Cl, 2.326 Å for Fe—Cl trans to N).457 The iron(III) complexes of
unsymmetrically substituted tris(2-pyridylmethyl)amine (tpa, (304)) tripodal ligands,
[Fe(305)Cl3] and [Fe(306)Cl3] are again perforce mer; they have Fe—Cl bond distances between
2.279 and 2.313 Å.468 Structures of the iron(III) complexes mer-[Fe(pyrazole)3Cl3], mer-[Fe(N-
methylimidazole)3Cl3], mer-[Fe(terpy)Cl3], mer-[Fe(2,4,6tptz)Cl3] (

2,4,6tptz= (307)), and trans-
[Fe(3-methylpyrazole)4Cl2]Cl have been determined.510 Fe—Cl bond distances lie between
2.315 Å and 2.387 Å for Cl trans to Fe—Cl, between 2.249 Å and 2.315 Å for Fe—Cl trans to
N. The structure of trans-[Fe(imidazole)4Cl2]Cl�THF�H2O has also been reported.698

NN N

(302)

N N

CH3

NN O

(303)

N

N
N

N

(304)

N

N
N

N

Br

(305) (306)

N

N
N

NMeO
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(308)

N N

S S
N

N

N

N

N

N

(307)

Benzoylacetone-S-n-propylisothiosemicarbazonatodichloroiron(III) contains five-coordinated
iron(III), with Fe—Cl= 2.244(1) Å and 2.258(1) Å for the axial and in-plane chlorides in the
distorted square-pyramidal structure adopted by its ethanol solvate.974 The chloro-iron(III) com-
plex of the dianion of 6,60-bis(2,20-diphenyl-2-sulfanylethyl)-2,20-bipyridine (308) is pentacoordin-
ated (distorted square pyramid) with axial chloride unusually distant from the metal (Fe—
Cl= 2.306(3) Å).529 The terimine complexes [Fe(309)Cl2] also contain five-coordinated iron(II),
with Fe—Cl distances between 2.248 and 2.311 Å for the complexes with NR1R2=NMe2, NPh2,
and NMePh.505 [Fe(310)(bipy)Cl] is also a five-coordinate iron(III) complex, with Fe—
Cl= 2.249 Å,437 as is [Fe(311)Cl2], whose geometry is closer to square pyramidal than to trigonal
bipyramidal. The Fe—Cl bond distances in [Fe(311)Cl2] are 2.321(2) Å and 2.329(2) Å.474 In
contrast [Fe(NMe3)2Cl3]

1510 and [Fe(4CNpy)2Cl3]
1511 are close to being trigonal bipyramidal,

with ffN—Fe—N= 179.3�, 175.6�, respectively. Fe—Cl bond distances are 2.207(1) Å and
2.228(2) Å in [Fe(Me3N)2Cl3], 2.204(1) Å, 2.216(1) Å and 2.229(1) Å in [Fe(4CNpy)2Cl3]. The Fe—
Cl bond distance in five-coordinate [bis(5-bromosalicylidene)benzene-1,2-diimine]chloroiron(III) is
2.2356(8) Å, in six-coordinate trans-[bis(5-bromosalicylidene)benzene-1,2-diimine]chloroaquairon(III)
significantly longer at 2.3926(8) Å.924

(309)

X = NRR', 2,5-dimethylpyrrolyl, 2,6-diisopropylphenyl

N
MeMe

N N

X X

(310)

O O SiPh3Ph3Si

(311)

N

N

N

N
N N

An EXAFS examination of FeClþaq indicated Fe—Cl= 2.26 Å and Fe—O= 2.05 Å in the
[FeCl(H2O)5]

2þ cation; log K1= 3.8 (0.4).1025 A set of best estimates of stability constants for
the Fe3þ/Cl� system in aqueous solution1512 and the formation enthalpy and entropy for FeClþ

formation have been reported.1513 The �H� and �S� values are derived from determinations of

Iron 525



K1 over the range 298–398K. Partition coefficients for HFeCl4 between water and 1-octanol or
dibutyl ether depend markedly on HCl and LiCl concentrations. For dibutyl ether as organic
phase there is also a dependence of partition coefficient on Fe3þ concentration as there is
significant polynuclear complex formation in the ether layer. [FeCl4]

�, in the form of its Et3BzN
þ

salt, acts as a bifunctional or phase transfer catalyst for hydrosilylation of phenylacetylene.110

5.4.6.3 Bromide Complexes

Fe(pz)2Br2 has the layer structure shown as (312); Fe—Br= 2.572 Å;
475 compare FeBr2, which has

the CdI2 structure, with Fe—Br= 2.636(2) Å.
1514

(312)

N N

N N

Fe

FeFe

Fe

N

N

N

N

Br

Br

Br Br

Br
Br

Br

Br

XRD examination of concentrated aqueous solutions of FeBr2 suggested that in a 2.7mol dm
�3

solution the average number of bromides coordinated to the Fe2þ was 0.325, at an average
Fe—Br distance of 2.605 Å, while at 4.5mol dm�3 there were on average 0.747 Br� per Fe2þ, at
an average distance of 2.621 Å.1022

Crystallization of FeBr2 from aqueous HBr in air in the presence of 1,4-dimethylpiperazine
(dmpipz) gives (dmpipzH2)[FeBr4]2; in the presence of trien the double salt (trienH2)[FeBr4]Br is
obtained.1495 Structures have been reported for Ba[FeBr4]2

1515 and for its parent FeBr3, which has
the BiI3 structure with pairs of bromide ligands bridging the Fe

3þ ions, all of which are
octahedrally coordinated.1516

5.4.6.4 Iodide Complexes

The photochemistry of iron(III)–iodide complexes has been reviewed.1517 The synthesis and
properties of high-purity FeI2 are relevant to the use of mixtures of this compound with halides
of other metals, in other words the use of iodo–iron(II) complexes, in medium-pressure discharge
lamps. The enthalpy of dissociation of Fe2I4 of 130 kJmol

�1 (at 693K) gives an idea of the
strength of the iodide bridges in the dimer.1518

FeI3, first isolated in the pure state as recently as 1988 as a black, fairly stable solid (though
unstable in solution),1519 reacts with iodide to give the previously characterized complex
[FeI4]

�.1520 Iodide appears stable coordinated to iron(III) in ternary porphyrin complexes such
as (12,17-diethoxycarbonyl-2,3,6,7,11,18-hexamethylcorrphycenato)-iodo-iron(III), where FeIII—
I= 2.600 Å,851 though it is oxidized by the mono-oxidized form of �-oxo-di-iron(III) bis-tetra-
phenylporphyrin.841 Remarkably, iodide has been reported coordinated to iron(V), in
[Fe(313)I].30

N

S

N

S

(313)
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The combined bulk of iodide and of N,N,N0N0-tetramethylethylenediamine makes Fe2þ tetra-
hedral in [Fe(tmen)I2].

442

5.4.7 HYDRIDE AND DIHYDROGEN COMPLEXES

[FeH6]
4� is a low-spin Fe2þ (d 6) complex;1521 hydride comes between bipy and cyanide in the

spectrochemical series for this ion.1522

The hydride and the cyanide ligands in trans-[Fe(H)(CN){Ph2P(CH2)nPPh2}2], n= 2 or 3, can
be protonated to give, e.g., the trans-[Fe(H2)(CN){Ph2P(CH2)nPPh2}2]

þ and trans-
[Fe(H2)(CNH){Ph2P(CH2)nPPh2}2]

2þ cations.905,906

The hydride/dihydrogen complexes trans-[Fe(H)(H2)(R2PCH2CH2PR2)2], R=Me, Et, Pr, can
be prepared by reversible protonation of the dihydride complexes cis-[Fe(H)2(R2PCH2CH2PR2)2]
in alcoholic solution. The �2-H2 can be readily and rapidly replaced by Cl

�, Br�, or excess of
diphosphine.1523 The Ph2PCH2CH2PPh2 and Ph2PCH2CH2PEt2 analogues have also been
described, and their NMR spectra reported along with NMR data on [Fe(H)(Cl)(Ph2PCH2CH2-
PEt2)].

1524

cis-[Fe{P(CH2CH2PMe2)3}(H2)] reacts with EtNCS, PhNCS, or PhNCO to give cis-
[Fe{P(CH2CH2PMe2)3}(SCHNEt)H], cis-[Fe{P(CH2CH2PMe2)3}(SCHNPh)H], or cis-
[Fe{P(CH2CH2PMe2)3}(OCHNPh)H].

907 cis-[Fe(H)(H2){P(CH2CH2PPh2)3}]
þ is unexpectedly stable.

The H and H2 ligands can be distinguished at low temperatures, but at room temperature the structure
is more akin to a trigonal bipyramid with an H3 ligand, bent or triangular, in the axial position trans to
the bridgehead phosphorus.909 The [FeH3(PR3)4]

þ cation interconverts between this seven-coordinate
form and six-coordinate cis-[FeH(H2)(PR3)4]

þ.914

5.4.8 ABBREVIATIONS

Abbreviations for ligands which make only one appearance are generally defined at the appro-
priate point in the text; ligand abbreviations which appear in more than one place are listed and
defined below.

ahdx= acethydroxamate
bipy= 2,20-bipyridyl, (70) (4,40-bipyridyl is abbreviated as 4,40-bipy)
bipym= 2,20-bipyrimidine, (52)
bipz= 2,20-bipyrazine, (40)
bmi= biacetylbismethyleneimine, MeN¼CMeCMe¼NMe
bsb= bidentate Schiff base with diimine chelating group, (73)
btz= bithiazole (2,20- (96) and 4,40- (97) isomers indicated as 2,2

0
btz and 4,4

0
btz)

btzn= 2,20-bi-thiazoline, (112)
cat= catenate or catechol
cmi= cyclohexanedionebismethyleneimine, (105)
CTAB= cetyltrimethylammonium bromide
cyclam= 1,4,8,11-tetraazacyclotetradecane
cyclen= 1,4,7,10-tetraazacyclododecane
cyst= cysteine
dab= (substituted) 1,4-diazabutadinene, (74)
dfo= desferrioxamine
dien= diethylenetriamine
dmg= dimethylglyoxime
dota= 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetate, (173)
dppe= 1,2-bis(diphenylphosphino)ethane
dppp= 1,2-bis(diphenylphosphino)propane
dto= dithiooxalate
dtpa= diethylenetriaminepentacetate
edda=N,N0-ethylenediaminediacetate
edta=N,N,N0,N0-ethylenediaminetetraacetate
en= 1,2-diaminoethane
glygly= glycylglycine
gmi= glyoxalbismethyleneimine, MeN¼CHCH¼NMe
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Hb= hemoglobin
hbedda=N,N0-di(hydroxybenzyl)ethylenediamine-N,N0-diacetate
hedta=N-(hydroxyethyl)ethylenediamine-N,N0,N0-triacetate
hfac= hexafluoroacetone
hxsb= hexadentate Schiff base with diimine chelating units, e.g., (76)
hxsbh= hexadentate Schiff base, (76), from pyridine-2-carboxaldehyde and trien
imid= imidazole
L1= 1,2-dimethyl-3-hydroxy-4-pyridinone, (24)
Ln= lanthanide
Mb=myoglobin
Me2bsb= bidentate Schiff base (73) with R1=Ph, R2= 3,4-Me2C6H3
mmi=methylglyoxalbismethyleneimine, MeN¼CHCMe¼NMe
nta= nitrilotriacetate
oep= octaethylporphyrin
phen= 1,10-phenanthroline, (71)
pic= 2-picolylamine= 2-(methylamino)pyridine
py= pyridine
pz= pyrazine
pzc= pyrazine carboxylate
sal= salicylate
salen=N,N0-ethylene-1,2-salicylidiniminate, (37)
sb= Schiff base with diimine chelating unit, (73)
SDS= sodium dodecyl sulfate
tacn= 1,4,7-triazacyclononane
terpy= 2,20,60,200-terpyridyl, (72)
tpa= tris(2-pyridylmethyl)amine, (58)
tpp= tetraphenylporphyrin
tptz= tri(20-pyridyl)-1,2,4-triazine (2,4,6- (66) and 3,5,6- (67) isomers indicated as 2,4,6tptz and
3,5,6tptz)
tren= tris(2-aminoethyl)amine=N,N-bis(2-aminoethyl)-1,2-ethanediamine
trien= 1,8-diamino-3,6-diazaoctane
tsb= terdentate Schiff base with terimine chelating unit, (69)
ttcn= ttcn= 1,4,7-triathiacyclononane (297)
ttpz= 2,3,5,6-tetrakis(2-pyridyl)pyrazine
tu= thiourea

SOLVENT ABBREVIATIONS

DMAC=N,N0-dimethylacetamide
DMF=N,N0-dimethylformamide
DMSO= dimethylsulfoxide
MeCN= acetonitrile
THF= tetrahydrofuran

OTHER ABBREVIATIONS

IVCT= intervalence charge-transfer
LMCT= ligand-to-metal charge-transfer
MLCT=metal-to-ligand charge-transfer
MRI=magnetic resonance imaging
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J. Chem. Soc., Faraday Trans. 1 1988, 84, 2703.
364. Blandamer, M. J.; Burgess, J.; Duce, P. P.; Elvidge, D. L.; Guardado, P.; Hubbard, C. D.; Ibechem, J. J. Chem. Soc.

Faraday Trans. 1992, 88, 215.
365. Al-Alousy, A.; Alshehri, S.; Blandamer, M. J.; Blundell, N. J.; Burgess, J.; Cowles, H. J.; Radulović, S.; Guardado,
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Transition Met. Chem. 1993, 18, 179.
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397. Gotor, R. P.; López, P.; Pérez, P.; Jiménez, R.; Sánchez, F.; Burgess, J. Transition Met. Chem. 2002, 27, 127.
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649. Burgess, J.; Radulović, S.; Sánchez, F. Transition Met. Chem. 1987, 12, 529.
650. Linert, W.; Fukuda, Y.; Camard, A. Coord. Chem. Rev. 2001, 218, 113.
651. Migron, Y.; Marcus, Y. J. Phys. Org. Chem. 1990, 4, 310.
652. Apostoluk, W.; Tłaczała, T.; Duda, L. L. Polish J. Chem. 2000, 74, 321.
653. Tłaczała, T.; Bartecki, A. Monatsh. 1997, 128, 225.
654. Shraydeh, B.; Burgess, J. Spectr. Lett. 1993, 26, 129.
655. Shraydeh, B.; Burgess, J. Monatsh. 1993, 124, 877.
656. Linert, W.; Bauer, G.; Jameson, R. F.; Taha, A. J. Coord. Chem. 1997, 42, 211.
657. Al-Alousy, A.; Burgess, J. Inorg. Chim. Acta 1990, 169, 167.
658. Gameiro, P.; Maia, A.; Pereira, E.; de Castro, B.; Burgess, J. Transition Met. Chem. 2000, 25, 283.
659. Blandamer, M. J.; Burgess, J.; Shraydeh, B. J. Chem. Soc. Faraday Trans. 1993, 89, 531.
660. Ahmed, S.; Burgess, J.; Capper, G.; Fellowes, N. C.; Patel, M. S. Polyhedron 1993, 12, 1145.
661. Burgess, J.; Patel, M. S.; Tindall, C. Spectr. Lett. 1993, 26, 1469.
662. Burgess, J.; Lane, R. C.; Singh, K.; de Castro, B.; Gameiro dos Santos, A. P. J. Chem. Soc. Faraday Trans. 1994, 90,

3071.
663. Gameiro, P.; Pereira, E.; Garcia, P.; Breia, S.; Burgess, J.; de Castro, B. Eur. J. Inorg. Chem. 2001, 2755.
664. Garcia, P.; Marques, J.; Pereira, E.; Gameiro, P.; Salema, R.; de Castro, B. Chem. Commun. 2001, 1298.
665. Kotowski, M.; van Eldik, R.; Razak bin Ali, M.; Burgess, J.; Radulović, S. Inorg. Chim. Acta 1987, 131, 225.
666. Alousy, A.; Blundell, N. J.; Burgess, J.; Hubbard, C. D.; van Eldik, R. Transition Met. Chem. 2002, 27, 244.
667. Razak bin Ali, M.; Burgess, J.; Smith, A. E. Transition Met. Chem. 1988, 13, 107.
668. Burgess, J.; Shraydeh, B. Polyhedron 1992, 11, 2015.
669. Blundell, N. J.; Burgess, J.; Hubbard, C. D. Inorg. Chim. Acta 1989, 155, 165.
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676. Beck, M. T. In Coordination Chemistry in Solution; Högfeldt, E., Eds.; Swedish National Research Council: Lund,

1972, p 241.
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921. Boukhalfa, H.; Thomas, F.; Serratrice, G.; Béguin, C. G. Inorg. React. Mech. 2001/2002, 3, 153.
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962. Fábián, I.; Diebler, H. Inorg. Chem. 1987, 26, 925.
963. Sun, Y.; Martell, A. E.; Motekaitis, R. J. Inorg. Chem. 1986, 25, 4780.
964. Fitzsimmons, B. W.; Hume, A.; Larkworthy, L. F.; Turnbull, M. H.; Yavari, A. Inorg. Chim. Acta 1985, 106, 109.
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546 Iron
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1444. Möller, E.; Sieler, J.; Kirmse, R. Z. Naturforsch. 1997, 52B, 919.
1445. Best, S. P.; Clark, R. J. H.; McQueen, R. C. S.; Walton, J. R. Inorg. Chem. 1988, 27, 884.
1446. Ogino, H.; Inomata, S.; Tobita, H. Chem. Rev. 1998, 98, 2093.
1447. Le Cloiret, A.; Best, S. P.; Borg, S.; Davies, S. C.; Evans, D. J.; Hughes, D. L.; Pickett, C. J. Chem. Commun. 1999,

2285.
1448. Siebenlist, R.; Frühauf, H.-W.; Kooijman, H.; Veldman, N.; Spek, A. L.; Goubitz, K.; Fraanje, J. Inorg. Chim. Acta

2002, 327, 66.
1449. Bourassa, J.; DeGraff, W.; Kudo, S.; Wink, D. A.; Mitchell, J. B.; Ford, P. C. J. Am. Chem. Soc. 1997, 119, 2853.
1450. Bourassa, J.; Lee, B.; Bernard, S.; Schoonover, J.; Ford, P. C. Inorg. Chem. 1999, 38, 2947.

Iron 551



1451. Bourassa, J. L.; Ford, P. C. Coord. Chem. Rev. 2000, 200-202, 887.
1452. Butler, A. R.; Glidewell, C.; Li, M.-H. Adv. Inorg. Chem. 1989, 32, 335.
1453. Lewin, M.; Fisher, K.; Dance, I. Chem. Commun. 2000, 947.
1454. Rutchik, S.; Kim, S.; Walters, M. A. Inorg. Chem. 1988, 27, 1513.
1455. Stack, T. D. P.; Carney, M. J.; Holm, R. H. J. Am. Chem. Soc. 1989, 111, 1670.
1456. Challen, P. R.; Koo, S.-M.; Dunham, W. R.; Coucouvanis, D. J. Am. Chem. Soc. 1990, 112, 2455.
1457. Snyder, B. S.; Reynolds, M. S.; Noda, I.; Holm, R. H. Inorg. Chem. 1988, 27, 597 .
1458. Henderson, R. A.; Oglieve, K. E. J. Chem. Soc., Dalton Trans. 1999, 3927.
1459. Dunford, A. J.; Henderson, R. A. Chem. Commun. 2002, 360.
1460. Henderson, R. A. J. Chem. Soc., Dalton Trans. 1999, 119.
1461. Gronberg, K. L. C.; Henderson, R. A. J. Chem. Soc., Dalton Trans. 1996, 3667.
1462. Almeida, V. R.; Gormal, C. A.; Gronberg, K. L. C.; Henderson, R. A.; Oglieve, K. E.; Smith, B. E. Inorg. Chim.

Acta 1999, 291, 212.
1463. Davies, S. C.; Evans, D. J.; Henderson, R. A.; Hughes, D. L.; Longhurst, S. J. Chem. Soc., Dalton Trans. 2001,

3470.
1464. Daley, C. J. A.; Holm, R. H. Inorg. Chem. 2001, 40, 2785.
1465. Cui, Z.; Henderson, R. A. Inorg. Chem. 2002, 41, 4158.
1466. Hernandez-Molina, R.; Sokolov, M. N.; Sykes, A. G. Acc. Chem. Res. 2001, 34, 223.
1467. Shibahara, T.; Akashi, H.; Kuroya, H. J. Am. Chem. Soc. 1986, 108, 1342.
1468. Dimmock, P. W.; Dickson, D. P. E.; Sykes, A. G. Inorg. Chem. 1990, 29, 5920.
1469. Shibahara, T.; Asano, T.; Sakane, G. Polyhedron 1991, 10, 2351.
1470. Lenormand, A. P.; Iveson, J.; Jordanov G. Inorg. Chim. Acta 1996, 251, 119.
1471. Ueyama, N.; Yamada, Y.; Okamura, T.-A.; Kimura, S.; Nakamura, A. Inorg. Chem. 1996, 35, 6473.
1472. Okuno, Y.; Uoto, K.; Yonemitsu, O.; Tomohiro, T. J. Chem. Soc., Chem. Commun. 1987, 1018.
1473. Burdett, J. K.; Miller, G. J. J. Am. Chem. Soc. 1987, 109, 4081.
1474. Ciurli, S.; Holm, R. H. Inorg. Chem. 1991, 30, 743.
1475. Christou, G.; Garner, C. D. J. Chem. Soc., Dalton Trans. 1980, 2354.
1476. Kovacs, J.; Holm, R. H. Inorg. Chem. 1987, 26, 702, 711 .
1477. Hauser, C.; Bill, E.; Holm, R. H. Inorg. Chem. 2002, 41, 1615.
1478. Ciurli, S.; Yu, S.-B.; Holm, R. H.; Srivastava, K. K. P.; Münck, E. J. J. Am. Chem. Soc. 1990, 112, 8169.
1479. Zhou, J.; Scott, M. J.; Hu, Z.; Peng, G.; Münck, E.; Holm, R. H. J. Am. Chem. Soc. 1992, 114, 10843.
1480. Snyder, B. S.; Reynolds, M. S.; Papaefthymiou, G. C.; Frankel, R. B.; Holm, R. H. Polyhedron 1991, 10, 203.
1481. Kanatzidis, M. G.; Salifoglou, A.; Coucouvanis, D. Inorg. Chem. 1986, 25, 2460.
1482. Goh, C.; Segal, B. M.; Huang, J.; Long, J. R.; Holm, R. H. J. Am. Chem. Soc. 1996, 118, 11844.
1483. Nordlander, E.; Lee, S. C.; Cen, W.; Wu, Z. Y.; Natoli, C. R.; Cicco, D.; Filipponi, A.; Hedman, B.; Hodgson, K. O.;

Holm, R. H. J. Am. Chem. Soc. 1993, 115, 5549.
1484. Cen, W.; MacDonnell, F. M.; Scott, M. J.; Holm, R. H. Inorg. Chem. 1994, 33, 5809.
1485. Chen, C.; Wen, T.; Li, W.; Zhu, H.; Chen, Y.; Liu, Q.; Lu, J. Inorg. Chem. 1999, 38, 2375.
1486. Demadis, K. D.; Campana, C. F.; Coucouvanis, D. J. Am. Chem. Soc. 1995, 117, 7832.
1487. Han, J.; Koutmos, M.; Al Ahmad, S.; Coucouvanis, D. Inorg. Chem. 2001, 40, 5985.
1488. You, J.-F.; Papaefthymiou, G. C.; Holm, R. H. J. Am. Chem. Soc. 1992, 114, 2697.
1489. Xu, F. H.; Sun, W.; Yang, S. Y.; Yin, Y. Q. Polyhedron 1996, 15, 4169.
1490. Barbaro, P.; Bencini, A.; Bertini, I.; Briganti, F.; Midollini, S. J. Am. Chem. Soc. 1990, 112, 7238.
1491. Serezhkin, V. N.; Serezhkina, L. B.; Sidorina, N. E. Russ. J. Coord. Chem. 2000, 26, 500.
1492. Weerasooriya, R.; Aluthpatabendi, D. Toxicol. Environ. Chem. 1999, 69, 1.
1493. Lee, S. C.; Holm, R. H. Inorg. Chem. 1993, 32, 4745.
1494. Sitze, M. S.; Schreiter, E. R.; Patterson, E. V.; Freeman, R. G. Inorg. Chem. 2001, 40, 2298.
1495. Troyanov, S. I.; Feist, M.; Kemnitz, E. Z. Anorg. Allg. Chem. 1999, 625, 806.
1496. Figgis, B. N.; Solbolov, A. N.; Kucharsk, E. S.; Broughton, V. Acta. Crystallogr. 2000, 56C, e228.
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5.5.1 INTRODUCTION

Like most fields of coordination chemistry, that of low-oxidation-state ruthenium and osmium
has grown enormously since the review in Comprehensive Coordination Chemistry (CCC), pub-
lished in 1987,1,2 and there has been a huge growth in the area of [Ru(bpy)3]

2þ and related
polypyridine chemistry. This review covers the coordination chemistry of MII and MII (M¼Ru
and Os). The page limitation of this review is such that a fully comprehensive coverage of the
literature from the mid-1980s to mid-2002 is impossible, and only a terse discussion of each topic
has been possible. While this is regrettable, it is unavoidable. Organometallic complexes (defined
as those with M�C bonds) are excluded except for orthometallated complexes, e.g.,
cyclometallated polypyridine ligands. Emphasis is placed on articles published in widely access-
ible journals. Where practical, the chapter is subdivided into sections by (i) oxidation state of the
group 8 metal, and (ii) by ligand donor atom. In the case of hydrides and dihydrogen complexes,
ambiguity in oxidation state arising from H� or H2 ligand coordination means that all such
complexes are treated in one section with no specification of metal oxidation state.

A number of reviews have been published that survey the general coordination chemistry of
ruthenium and osmium.3–15 The chemistry and thermodynamics of ruthenium and its inorganic
compounds and aqueous species have also been reviewed.16

5.5.2 RUTHENIUM(III) AND OSMIUM(III)

5.5.2.1 Nitrogen-donor Ligands

5.5.2.1.1 Monodentate ligands

The water exchange in [Ru(NH3)5(H2O)]3þ has been studied using quantum chemical methods,
with both free and hydrated ions being investigated.17 EPR spectroscopic data have been reported
for [M(NH3)5(H2O)][CF3SO3]3 (M¼Ru, Os) over a range of temperatures for solid powders and
frozen solutions; variable-temperature 1H NMR spectra of [M(NH3)5(H2O)][CF3SO3]3 in propane-
1,2-diol carbonate, and resonances for the axial and equatorial NH3 ligands and for the H2O
ligand have been assigned.18 Syntheses of cis- and trans-[RuCl2(NH3)4]Cl have been reported;
the complexes are useful precursors to a variety of disubstituted RuIII and RuII complexes.19
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Reactions of [RuIIICl(NH3)5]Cl2 with appropriate o-substituted pyridines are efficient methods of
preparing [RuII(NH3)4L]2þ where L¼ 2-acetylpyridine or 2-benzoylpyridine and for which an N,O
chelating mode is confirmed from NMR spectroscopic data.20 The complexes [Ru(NH3)5L][PF6]n
(n¼ 3 or 2; L¼CH2¼CHCN, HO2CCH2CN, EtCN) have been prepared and characterized;
hydrolysis of the RuIII-coordinated RCN ligand gives rise to a coordinated amide.21,22 Ammine
complexes [Ru(NH3)5L]2þ containing cyanamide ligands (e.g., L�¼ (1)–(4)) have been prepared and
characterized by electronic absorption spectroscopy and cyclic voltammetry; the Ru3þ/Ru2þ couple
shifts to more positive potential with increasing conjugation of the R group in [RNCN]�. Adduct
formation between 18-crown-6 and the ammine complexes [Ru(NH3)5L]3þ (L¼ 4-aminopyridine
or dimethylaminopyridine) leads to a blue shift of the LMCT band, and a negative shift of the
Ru3þ/Ru2þ potential, leading to the conclusion that it is possible to tune the redox potential by
second-sphere coordination to 18-crown-6.23–25 Related RuII and mixed valence complexes have
also been studied (see Section 5.5.3.1.1).

NCN NCN NCN NCN

(1) (3)(2) (4)

The EPR powder spectra of the low-spin complexes [Os(NH3)5L][CF3SO3]3 (L¼H2O or (5))
have been analyzed; the negative sign obtained for the axial splitting when L¼ (5) has been
rationalized in terms of OsIII!L backbonding. Crystal field parameters have also been
derived.26 The spectral and electrochemical properties of [Ru(NH3)5L]nþ (RuIII or RuII;
L�¼RCO2

�; R¼ 4-py-N-Meþ or L¼RCONH�; R¼Ph, 4-py-N-Meþ, 4-py-N-Hþ) have been
studied in detail as a function of pH; the carboxamido RuIII complexes are weak bases and are
deprotonated only in strongly acidic solution.27

N S
S

5

N

( )

The complex trans-[Ru(NH3)4{P(OEt)3}(H2O)]3þ has been synthesized by oxidation of the
corresponding RuII species; electrochemical oxidation is quantitative and reversible. In aqueous
solution, the RuIII species decays at a rate that is inversely proportional to [Hþ]; aged solutions
contain mainly trans-[Ru(NH3)4{P(OEt)3}(H2O)]2þ.28,29

Ruthenium(III) complexes involving heterocyclic ligands include trans-[RuCl4(im)2]
�

(im¼ imidazole). In D2O, Cl� displacement occurs to give, first, [RuCl3(D2O)(im)2] and, after
longer periods, [RuCl2(D2O)2(im)2]

þ and then [RuCl(D2O)3(im)2]
2þ. 1H NMR spectroscopy has

been used to monitor these changes, despite the paramagnetic nature of the complex. Similar
reactions occur with 4-methylimidazole complexes, and the steps can be reversed (although not
quantitatively) by addition of KCl. The effects of changing the solvent to CD3OD and dmso-d6

have been studied and the structure of [RuCl2(dmso-d6)2(im)2] (formed by reductive decay of the
corresponding RuIII species) has been determined.30 The kinetics of aquation of trans-
[RuCl4(im)2]

� to [RuCl3(H2O)(im)2] have been reported.31 In related work, the aquation of
[Him]2[RuCl5(im)]32 and trans-[RuCl4(5-NO2im)2] (5-NO2im¼ 5-nitroimidazole) were reported.33

The potential tumor-inhibiting properties of trans-[Him][RuCl4(im)2] have been investigated31 and
it has been found that [Him][RuCl4(im)2] and [Hind][RuCl4(ind)2] (ind¼ indazole) bind at a
higher rate to poly(dG)�poly(dC) than to poly(dA)�poly(dT); aquation of the complexes is a
prerequisite to binding.34 trans-[RuCl4(ind)2]

� exhibits tumor inhibition;35,36 various salts have
been prepared with the aim of optimizing water solubility for clinical trials. The structure of
[PPh4][RuCl4(ind)2] has been determined.35 In, for example, THF, [Hind][trans-RuCl4(ind)2] is
converted to mer-[RuCl3(ind)3], the structure of which has been confirmed.36 NMR and EPR
spectroscopic studies of trans-[Ru(NH3)4(im)L]nþ (RuIII with L¼ isonicotinamide, pyridine,
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imidazole, NH3, Cl�, SO4
2�) reveal that �-bonding by the trans ligand has a marked effect on the

d(�)–im(�) orbital mixing. From the EPR data, a description of the frontier d(�) orbitals involved
in electron transfer is given. The reduction potentials and energies of the im!RuIII CT transi-
tions show a linear correlation with the �-donor/acceptor ability of L. The crystal structure of
trans-[Ru(NH3)4(im)2]Cl3 has been determined.37

By using [RuCl2(PPh3)2(bpy)]Cl as a precursor, the complexes [RuCl3(PPh3)L2]�4H2O (L¼ im,
Meim) have been prepared; crystallographic data for [RuCl3(PPh3)(Meim)2]�4H2O confirm mer-
Cl and cis-imidazole ligands.38

Section 5.5.3.1.1 should be consulted for NO complexes of RuII or RuIII.

5.5.2.1.2 Didentate ligands

The reaction of [NH4]2[OsBr6] with 1,2-ethanediamine (en) gives the OsIV complex cis-[Os(enH)2-
(en)]Br2; the OsIII complex [Os(en)3]Br3�2H2O is isolated from the filtrate. The redox chemistry
of these complexes has been studied.39 Oxidative addition of N,N0-diphenylamidines to
[MCl2(PPh3)3] (M¼Ru, Os) first gives [MIIICl2(PhNCRNPh)(PPh3)2] (M¼Ru, R¼H, Ph;
M¼Os, R¼H, Me, Ph). Longer reaction times yield [RuIIICl(PhNCRNPh)2(PPh3)] or OsIV

species.40

A few reports focus on tris(2,20-bipyridine)ruthenium(III) chemistry; the bulk of the bpy
discussions comes in Section 5.5.3.1.2. [Ru(bpy)3]

3þ is a powerful oxidant and oxidizes cobalt(II)
macrocyclic complexes; laser flash photolysis has been used to follow the kinetics of the electron
transfer reactions between [Ru(bpy)3]

3þ and [CoL]2þ (L¼ [14]aneN4, C-meso-Me6[14]aneN4,
[14]tetraeneN4, [15]aneN4 and 1,4,8,11-tetramethylcyclam) and the results considered in terms
of Marcus theory.41 The complexes [Ru(bpy)n(4,4

0-X2bpy)3�n]
3þ (X¼Me, OMe, NH2, NMe2)

show quite intense LMCT absorptions in the red/near IR region. The intensity of the LMCT
absorption increases as the donor strength of X increases, and the results are analyzed in terms of
donor strength and Hammett substituent parameters.42 Polymeric, water-soluble oxides that act
as chloride oxidation catalysts are produced by hydrolyzing [Ru(4,40-Me2bpy)Cl3(H2O)] and
[Ru(tpy)Cl3] (tpy¼ 2,20:60,200-terpyridine). The polymer formed from [Ru(4,40-Me2bpy)Cl3(H2O)]
exhibits high turnovers for electro- and chemical catalysis and is proposed as a potential compon-
ent of photoconversion systems.43 Reactions of RuCl3�xH2O with bpy or phen (phen¼ 1,
10-phenanthroline) in methanoic acid yield [RuCl3(bpy)(CO)] or [RuCl3(phen)(CO)], both of
which contain CO trans to an N-donor atom.44

The complex mer-[RuCl3(6)(dmf)] has been prepared and structurally characterized; it is a
useful precursor to a range of mixed ligand complexes of RuIII.45

N

O

N

O
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5.5.2.1.3 Macrocyclic ligands

Reaction of the RuIII macrocyclic complex [RuLCl2]
þ (L¼ 1,5,9,13-tetramethyl-1,5,9,13-tetraaza-

cyclohexadecane) with NO2
� results in a disproportionation of the initial [RuIIILCl(NO2)]

þ, the
final products being trans-[RuIVL(O)Cl]þ and [RuIIL(OH)(NO)]2þ.46 The reaction between
[Ru(OEP)Me] (H2OEP¼ octaethylporphyrin) and 2,2,6,6,-tetramethylpiperidine-1-oxyl (TEMPO)
produces [Ru(OEP)CO]. There is clear evidence that the CO ligand is derived from the axially
bound CH3 group, making this reaction an important example of CH3 to CO transformation.47

A number of RuIII and OsIII complexes of 1,4,7-triazacyclononane (tacn) are covered with
related MII complexes in Section 5.5.3.1.20.

5.5.2.1.4 Di- and trinuclear complexes

The dinuclear complexes [{Cl4(dmso-S)Ru}2(�-L)]2� and [{Cl3(dmso-S)(dmso-O)Ru}2(�-L)] (e.g.,
L¼ pyrazine, pyrimidine, 4,40-bipyridine) have been studied with the aim of probing their anti-
neoplastic properties. At 298K and pH 7.4, [{Cl4(dmso-S)Ru}2(�-L)]2� retains a dinuclear core
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but hydrolysis results in the formation of [{Cl3(H2O)(dmso-S)Ru}2(�-L)]2�. Reduction to mixed
valence dinuclear species occurs readily at physiological pH.48

The RuIII complex [{(NH3)5Ru}2(�-L)]4þ where L2� is 1,4-dicyanamido-2,3,5,6-tetra-
methylbenzene(2�) has been studied with emphasis on its temperature-dependent magnetic
properties and long-range antiferromagnetic coupling between the metal centers.49 A related
complex, [{(NH3)5Ru}2(�-L)]4þ, in which L2� is 4,40-dicyanamidobiphenyl has also been prepared
and characterized.50

A significant number of studies involve dinuclear species of the type [{(bpy)2(H2O)Ru}2-
(�-O)]4þ (‘‘blue ruthenium dimer’’) and its role as a water oxidation catalyst. Water oxidation is
a complex stepwise process, with a redox system cycling between five different oxidation states of
the catalyst.51 There is evidence for a mechanism in which activation of solvent water by
hydrogen bonding to the �-O atom plays a key role.52 Further mechanistic studies have involved
EPR and Raman spectroscopic studies.53,54 Oxidation of water to O2 by the mixed valence species
[{5,50-(HO2C)2bpy}2(H2O)RuIII(�-O)RuIV{5,50-(HO2C)2bpy}2(OH)]4þ has also been reported.55

The oxidation of [{(bpy)2(H2O)Ru}2(�-O)]4þ by bromate in aqueous HClO4 occurs by parallel
acid-independent and acid-dependent pathways.56 The complexes [{(4,40-Cl2bpy)2(H2O)Ru}2-
(�-O)]4þ and [{(5,50-Cl2bpy)2(H2O)Ru}2(�-O)]4þ undergo reversible one-electron oxidations
to the RuIII/RuIV species followed by a reversible step to RuIV/RuV. The latter is an active
catalyst for oxidation of H2O to O2. Reduction of [{(4,40-Cl2bpy)2(H2O)Ru}2(�-O)]4þ or
[{(5,50-Cl2bpy)2(H2O)Ru}2(�-O)]4þ produces [RuL2(H2O)2]

2þ (L¼ 4,40-Cl2bpy or 5,50-Cl2bpy).
57

Immobilization of the water oxidation catalysts on electrode surfaces has been explored. Electro-
polymerization studies of a series of complexes [{(Xbpy)2(H2O)Ru}2(�-O)]4þ (Xbpy is a function-
alized bpy ligand) in noncoordinating CH2Cl2 electrolyte have been carried out. In related
work, [{L2(H2O)Ru}2(�-O)]4þ where L¼ 4-(4-pyrrol-1-ylbutyl)-4-methyl-2,20-bipyridine or 4,40-
di-tert-butyl-2,20-bipyridine have been synthesized and their electropolymerization carried out to
give functionalized polypyrrole-modified electrodes.58,59

The electrochemical oxidation of [{(bpy)2(NH3)Ru}2(�-O)]4þ releases N2. Oxidation of the ruthe-
nium species initially gives [{(bpy)2(NH3)Ru}2(�-O)]5þ followed by irreversible five-electron oxidation
and Hþ loss.60 The RuIII complexes [{(bpy)2LRu}2(�-O)(�-O2CMe)2]

2þ have been prepared as
perchlorate salts for L¼ im, 1- and 4-Meim. Structural data for L¼ 1-Meim confirm a trans arrange-
ment of imidazole and oxo ligands. The complexes exhibit reversible one-electron oxidation and
reduction processes.61 The interaction of [{(bpy)2(H2O)Ru}2(�-O)]4þ with DNA results in reductive
cleavage of the complex to form [Ru(bpy)2(H2O)2]

2þ and the rate of reaction increases in the presence
of Mg2þ. [Ru(bpy)2(H2O)2]

2þ has the ability to oxidize DNA with strand scission.62

The RuIIIRuIII complex [{(tpy)(C2O4)Ru}2(�-O)]�8H2O has been prepared and structurally,
spectroscopically, and electrochemically characterized; the Ru–O–Ru bridge angle is 148.5�. In
strong acid, [{(tpy)(C2O4)Ru}2(�-O)] converts to [{(tpy)(H2O)2Ru}2(�-O)]4þ. Electrochemical
studies include the observation of pH-dependent cyclic voltammograms; in contrast to the
redox activity of [{(bpy)2(H2O)Ru}2(�-O)]4þ, that of [{(tpy)(H2O)2Ru}2(�-O)]4þ does not seem
to show a stable RuIVRuIV species.63 For the trinuclear [(bpy)2(H2O)Ru(�-O)Ru(bpy)2-
(�-O)Ru(bpy)2(H2O)]6þ, the isolated complex is a RuIIIRuIVRuIII species, but electrochemical
studies in aqueous solution over a pH range �0.16 to 13.9 show that seven valence-state
combinations from RuIIRuIIRuII to RuIVRuVRuIV can be accessed.64

5.5.2.2 Phosphorus-, Arsenic-, and Antimony-donor Ligands

The predominant coordination chemistry of group 15 donors with Ru and Os concerns metal
oxidation states of �2. For the þ 3 oxidation state, limited examples have been reported in recent
years. [PMePh3][trans-RuCl4(PPh3)2]

65, mer-[OsBr3(SbPh3)3]
66 and [OsBr2(PPh3)2(MeCO2)]

67 have
been prepared and structurally characterized. Oxidation in dilute HNO3 of the corresponding
OsII complexes gives [trans-OsL2X2][BF4] (X¼Cl, Br; L ¼ 1,2-(PMe2)2 C6H4, 1,2-(PPh2)2 C6H4,
1,2-(PPh2)2C6F4, 1,2-(AsMe2)2C6H4, 1,2-(PMe2)(AsMe2)C6H4, 1,2-(AsMe2) C6F4,
Ph2PCH2CH2PPh2, Me2PCH2CH2PMe2 and Ph2AsCH¼CHAsPh2; OsIV species result if concen-
trated HNO3 medium is used.68 A related series of RuIII complexes has been reported,69 as have
[trans-OsL2I2][BF4] and [trans-OsL04I2][BF4] compounds for L¼ didentate P,P- or As,As-donor
and L0 ¼PMe3, AsMe3 or SbMe3; the crystal structures of [trans-Ru{1,2-
(AsMe2)2C6F4}2Br2][BF4]

69 and [trans-Os(AsMe3)4I2][I3]
70 have been determined. Complexation

of the water-soluble bisphosphine (7) with RuIII gives [Ru(7)2Cl2]Cl which is also water soluble.71
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5.5.2.3 Oxygen-donor Ligands

5.5.2.3.1 Monodentate ligands

Spectrophotometric methods have been used to follow the kinetics of aquation and anation of
[RuCl4(H2O)2]

�, [RuCl3(H2O)3], [RuCl2(H2O)4]
þ and [RuCl(H2O)5]

2þ over a temperature range
288–318K.72 The aqua-ammine complex [Ru(H2O)3(NH3)3]

3þ has been prepared and isolated as
the trifluoromethanesulfonate salt.73

During attempts to prepare fac-[OsCl3(PPh3)3], recrystallization from methanol resulted in
the isolation of [OsCl3(PPh3)2(MeOH)]. The MeOH ligand is labile and the latter complex is
a useful precursor to a range of [OsCl2(PPh3)2L] complexes where L� is an O,O0-donor
ligand.74

Interest in ruthenium halo-sulfoxide complexes has increased with the discovery of their
potential for anti-tumor activity. The dmso ligand and its derivatives can be O- or S-bonded
and coordination to RuIII and OsIII is covered here and in Section 5.5.2.4.1. A simple route to
[Ru(dmso-O)6]

3þ starting from RuCl3�xH2O has been described; O-coordination is confirmed by
a crystal structure determination of the CF3SO3

� salt.75 The complexes mer,cis-[RuCl3(dmso-S)
(R2SO-O)L] (L¼NH3, imidazole, pyrazole, indazole, pyridine or isoquinoline) have been pre-
pared by treating [RuCl3(dmso-S)3] with L in CH2Cl2. The crystal structure of mer,cis-
[RuCl3(dmso-S)(dmso-O)(NH3)] confirms the ligand arrangement and the linkage isomerism
that accompanies the substitution reaction. Treatment of the Naþ salt of trans-[RuCl4(dmso-S)2]

�

with the same ligands L yields trans-[RuCl4(dmso-S)L]� with retention of the S-coordination
mode.76

5.5.2.3.2 Didentate ligands

Reaction between [Ru(PPh3)3Cl2] and 3-chloroperbenzoic acid yields [Ru(PPh3)2Cl2(O2CC6H4-
3-Cl)]; the carboxylate ligand is O,O0-bonded with each O-donor trans to a Cl atom.77 Again
starting from [Ru(PPh3)3Cl2], the complexes [Ru(PPh3)2Cl2L] have been prepared where HL is
salicylaldehyde, 2-hydroxyacetophenone or 2-hydroxynaphthylaldehyde; each L� ligand acts as
an O,O0-chelate. If HL is used in a twofold excess, RuII products are obtained.78 Although
K3[Ru(ox)3]�5.5H2O has been known since 1931, studies on the pure compound have been few.
The solid-state structure has now been determined and confirms K3[Ru(ox)3]�5.5H2O to be
isomorphous with its RhIII and IrIII analogs.79

�-Ketonate complexes of RuIII are reported in a number of papers. The parent complex
[Ru(acac)3] has been subject to a polarized neutron diffraction study at 4.18K, to powder neutron
diffraction studies and to single-crystal structure determinations at 293K, 92K, and 10.5K. The
structure is disordered at all temperatures.80 Measurements of the magnetic susceptibilities (at
2.5K and 300K) have been made along different crystal axis directions, and the results analyzed.81

An investigation of the relationships between ionization potentials and half-wave potentials of a
series of tris(�-ketonate)RuIII complexes has been reported,82 and the electrochemical properties
of [Ru(acac)3] in chloroaluminate molten salt media have been reported. The reduced species
[Ru(acac)3]

� can react with AlCl4
�; reduction by bulk electrolysis of a small amount of [Ru-

(acac)3] in the melt yields [RuCl6]
3�.83

Treatment of RuCl3�xH2O with Hacac gives trans-[Ru(acac)2Cl2]
� (the first trans-bis(acac)

complex to have been made). The complex anion is a precursor to a range of RuIV, RuIII, and
RuII trans-bis(acac) complexes including trans-[RuII(acac)2L2] where L¼MeCN or pyrazine (pyz);
the cis analogs result from direct reaction between [Ru(acac)3] and MeCN or pyz (see also Section
5.5.3.4.1).84 The reaction of [Ru(acac)3] with molten 1,3-diaminobenzene yields complexes (8)–(10).
Their formation involves Ru-mediated oxidative di- and trimerization of 1,3-diaminobenzene.85

Structural data for [Ru(acac)3] and [Ru(3-Bracac)3] (H-3-Bracac¼ 3-bromopentane-2,4-dione)
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have been reported.86 Protonation of [RuL3] (L¼ acac� and derivatives) in MeCN leads to
[RuL2(MeCN)2]

þ.87 The RuII complexes [RuL2(MeCN)2] (L¼ acac� and derivatives) have been
used as precursors to mixed �-diketonate RuIII complexes.88 The mechanisms of the interconversions
between the three isomers of [Ru(acac)(tfpb)2] (Htfpb¼ 4,4,4-trifluoro-1-phenyl-1,3-butanedione)
have been studied in dmf at 363K, 383K, and 403K. The data are consistent with a bond-rupture
mechanism through trigonal–bipyramidal intermediates.89 Starting from [Ru(3-Iacac)3] (H-3-
Iacac¼ 3-iodopentane-2, 4-dione), the alkyne-functionalized complexes [Ru(3-Me3SiC	Cacac)3]
and [Ru(3-HC	Cacac)3] may be prepared. The latter has been polymerized; 1H NMR spectro-
scopic data are consistent with a chain-like polymer and electrochemical data indicate that
there is only short-range Ru�Ru communication.90 Peroxide oxidation of Na[Ru(hfac)3]
(Hhfac¼ 1,1,1,5,5,5-hexafluoroacetylacetone) yields [Ru(hfac)3]; from either the RuII or
RuIII complex, cis-[Ru(hfac)2 (MeCN)2] can be prepared. Treatment of cis-
[Ru(acac)2(MeCN)2]

þ with hfac� gives [Ru(acac)2(hfac)], from which the RuII complex cis-
[Ru(acac)(hfac)(MeCN)2] has been prepared.91 Measurements of the rates of electron transfer
cross-reactions between [Ru(CF3COCHCOCR)3] and [Ru(CF3COCHCOCR)3]

� (R¼CF3,
Me, tBu, Ph, furyl, thienyl) have been made in MeCN using stopped-flow methods.92
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Assignment of oxidation states in quinone (Q)/semiquinone (SQ) complexes is not straight-
forward. The structural and spectroscopic characteristics of [Ru(bpy)2(DBSQ)]þ and
[Os(bpy)2(DBCat)]þ (DBCat¼ 3,5,-di-tert-butylcatechol; SQ¼ semiquinone) reveal a difference
in charge distribution between the complexes on going from Ru to Os. For Os, C�O bond
lengths of the quinone ligand are consistent with a reduced catecholate and, in line with this,
near-IR transitions and EPR spectroscopic data are consistent with an oxidation state of þ 3.
In contrast, the Ru complex appears to be somewhere between RuII-DBSQ and RuIII-
DBCat.93 The same mid-picture is concluded from structural data for trans-[Ru(4-tBu-
py)2(DBSQ)2], although it is pointed out that the result may arise from a crystallographic
disorder of a localized RuIII(SQ) (Cat) species. Related systems have also been analyzed.94 In
[Ru(PPh3)2(DBSQ)Cl2], the structural properties of the O,O0-donor ligand are consistent with
a semiquinone formulation and, therefore, RuIII. Complexes containing both 3,5,-di-tert-
butylcatechol and tetrachlorocatechol (Cl4SQ¼ semiquinone form) have also been studied,
and the structure of [Ru(PPh3)2(Cl4SQ)2] has been determined; the structural parameters are
consistent with a semiquinone form of the ligand.95 Treatment of [Ru(PPh3)3Cl2] with
1-hydroxy-2,4,6,8-tetra-tert-butylphenoxazinyl radical (HphenoxSQ) gives [Ru(PPh3)2Cl2(phe-
noxSQ)] or [Ru(PPh3)Cl(phenoxSQ)2] depending on the reactant stoichiometry. Coupling
between the radical and the S¼ 1/2 Ru center in [Ru(PPh3)2Cl2(phenoxSQ)] renders the
complex diamagnetic; [Ru(PPh3)Cl(phenoxSQ)2] is paramagnetic. The work has been extended
to a number of related complexes.96 Reaction of [Ru(NH3)5Cl]Cl2 and 3,4-dihydroxybenzoic
acid in NH4OH solution yields [Ru(NH3)4 (diox-COO)] where diox-COO¼ 3,4-diolatobenzo-
ate. [Ru(NH3)4(diox-COO)] could be formulated as [RuIII(NH3)4(cat-COO)] or [RuII(NH3)4(SQ-
COO)].97 Further complexes with catecholate, semiquinone or quinone ligands are described under
RuII in Section 5.5.3.3.

5.5.2.3.3 Tripodal ligands and polyoxometallates

Several RuV, RuIV, and RuIII complexes containing the tripodal ligand (11) have been prepared;
among these are [(11)(MeCN)RuIII(�-OH)2RuIII(NCMe)(11)]2þ and [(11)RuIII(�-OH)2-
(�-O2CH)RuIII)(11)]þ for which structural data have been reported. Application of the dimers
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as electrocatalysts for the oxidation of formaldehyde is described.98 Two reports of the substituted
Keggin ion [SiW11O39RuIII(H2O)]5� have appeared.99,100 The potassium salt has been character-
ized by spectroscopic and electrochemical methods. The H2O ligand can be replaced by NO, and
the latter reduced to coordinated N2.
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5.5.2.4 Sulfur- and Selenium-donor Ligands

5.5.2.4.1 Monodentate ligands

Ruthenium(III) and osmium(III) O-bonded dmso ligands were described in Section 5.5.2.3.1.
Synthetic and structural studies of S-bonded dmso and tetrahydrothiophene S-oxide (ttso) ligands
include those of trans-[RuCl4(dmso-S)2]

�101–103 trans-[RuCl4(ttso-S)2]
�,104 mer-[RuCl3(ttso-

S)3],
104 mer-[RuCl3(dmso-S)2(dmso-O)],103 trans-[RuCl4(dmso-S)L]� (L¼ nitrogen donor ligand,

e.g., imidazole, NH3, pyrazole),76 mer,cis-[RuCl3(dmso-S)(dmso-O)L]� (L¼ nitrogen donor
ligand, e.g., NH3, pyridine, pyrazole),76 (see also discussion in Section 5.5.2.3.1),
mer-[RuCl3(dmso-S)(Me2NCH2CH2NMe2)],

105 mer,cis-[RuCl3(1-Meim)2(dmso-S)],106 and trans-
[RuCl4 (dmso-S)(4-Etpy)]�.106 Linkage isomerism RuIIIS!O and RuIIO!S is discussed in
Section 5.5.3.4.1.

The RuIII complex mer-[RuCl3(tht)3] has been prepared and structurally characterized.107

Thiourea (tu) coordinates through the S-donor atom in [Ru(NH3)5(tu)]
3þ and does not show a

tendency to isomerize to the N-bonded form in the presence of aqueous base (contrast O- to N-
isomerization for urea); instead, the dinuclear complex [(NH3)5RuSSRu(NH3)5]

4þ forms. Struc-
tural data for [Ru(NH3)5(tu)]

3þ are consistent with significant LMCT from the filled p� S-orbital
to a vacant d-orbital on RuIII.108 The synthesis and properties of [Os(SC6F5)3(PR3)2] have been
described.109 Reactions of [Os(SR)3(PMe2Ph)2] (R¼C6F5, C6F4H) with PhCO2H or HCl yield
[OsIII(SR)2(O2CPh-O,O0)(PMe2Ph)2] or [OsIV(SR)3Cl(PMe2Ph)]; the former contains trans-thio-
late ligands.110 With MeCOSH or PhCOSH, [Os(SR)3(PMe2Ph)2] (R¼C6F5, C6F4H) reacts to
give octahedral [Os(SR)2(SOCR0-O,S)(PMe2Ph)2] (R0 ¼Me, Ph); the RS� ligands are mutually
trans.111 The complex [Os(SC6F5)3(PMe2Ph)2] exhibits an Os�F interaction involving an ortho-F
substituent of one thiolate ligand. On heating (toluene, reflux), C�F cleavage and C�S bond
formation occur to give [Os(C6F5)2(1,2-S2C6F4)(PMe2Ph)2] and [Os(SC6F5)2(1,2-S2C6F4)-
(PMe2Ph)].112 A series of complexes [Os(SC6F5)2(O2CR-O,O0)(PMe2Ph)2] (R¼Me, CF3, and
fluorinated Ph derivatives) has been made starting from [Os(SC6F5)3(PMe2Ph)2]; electrochemical
data are reported.113

The oxidation by HSO5
� of a number of thiolate complexes of RuIII occurs by a two-step

process. The first (but not the second) oxidation step is sensitive to the thiolate R group. Synthetic
and spectroscopic details are given for the complexes [Ru(NH3)4(H2O)(SR)]2þ (RS�¼C6F5,
4-MeC6H4, Ph, 4-MeOC6H4, 4-NO2C6H4) and [Ru(NH3)4(H2O)(S(O)2R)]2þ (R¼Ph, 4-ClC6H4,
4-NO2C6H4).

114

5.5.2.4.2 Didentate ligands

Nitric acid oxidation of trans-[RuL2X2] (L¼MeSCH2CH2SMe, PhSCH2CH2SPh, PhSeCH2CH2-
SePh; X¼Cl, Br) yields the corresponding RuIII complexes, isolated as the BF4

� salts.69 Thermo-
lysis of [Os(SC6F5)3(PMe2Ph)2] results in C�F cleavage and C�S bond formation and the
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production of [Os(C6F5)2(1,2-S2C6F4-S,S
0)(PMe2Ph)2] and [Os(SC6F5)2(1,2-S2C6F4-S,S

0)-
(PMe2Ph)].112 Starting from RuCl3�xH2O, Na2(1,2-S2C6H4) and PMe3, [RuIII(1,2-S2C6H4)2-
(PMe3)2]

� and its RuIV analog have been prepared. Structural data support extended �-electron
delocalization over the planar Ru(S2

0)2-units; comparisons are made with analogous Fe complexes
and bonding, spectroscopic and reactivity differences are discussed.115

Complex formation between RuIII and ligand (12) has been investigated; [Ru(12)3]
3� is easily

prepared and can be oxidized to the corresponding RuIV complex. Substitution by PPh3, py, or
im (L) occurs very slowly, and in [RuIV(12)3]

2�, it occurs with concomitant reduction to yield
trans-[Ru(12)2L2]

�.116

S

SNC

NC

(12)

5.5.2.4.3 Dinuclear complexes with bridging S2
2- ligands

The reaction of alkaline aqueous [RuL(acac)(OH)][PF6] (L¼ 1,4,7-trimethyl-1,4,7-triazacyclo-
nonane) with Na2S�xH2O or H2Se yields the dinuclear complexes [{L(acac)Ru}2(�-S2)][PF6]2 or
[{L(acac)Ru}2(�-Se2)][PF6]2. Structural parameters for [{L(acac)Ru}2(�-S2)]

2þ, the electronic
spectrum, electrochemical data and the diamagnetism of the complex all support an exchange-
coupled RuIII complex containing S2

2�. The diselenide complex is considered to have an analogous
bonding picture.117 These conclusions are important in view of the differing bonding models
proposed for similar types of complex.118 In the complex [{(13-S,S0,S00,S000) (PCy3)Ru}2(�-S2)], the
S2

2� bridge connects two homochiral Ru(13)(PCy3) units. A formal oxidation state of þ 3 can be
assigned to each Ru center, although the RuS2Ru unit is described as a delocalized four-center
six-electron �-system.119 The S2

2� bridging unit is also present in the dinuclear RuIII complex
[{(P(OMe)3)2ClRu}2(�-S2)(�-Cl)2],

120 further chemistry of which is described in Section 5.5.3.4.2.

SS

S S

(13)

5.5.2.5 Mixed-donor Atom Ligands

5.5.2.5.1 N,O-donors

The tris chelate [Ru(pic)3] (Hpic¼ picolinic acid) can be prepared from RuCl3�xH2O in the
presence of base. Electronic and EPR spectroscopic data are reported; reduction (electrochemical
and chemical) gives [Ru(pic)3]

� which, in air, reverts to the RuIII complex. The pic� ligands can
be displaced by quinolate ligands.121 Treatment of RuCl3�xH2O with (14) (HL) yields [RuL2]

þ,
isolated as the PF6

� salt. The presence of the two N,N,O-donors stabilizes the RuIII oxidation
state, and cyclic voltammetry shows that the RuIII/RuIV couple is accessible.122 Ligand (15) (HL)
forms the complexes [RuL3], [RuL2(acac)] and [RuL2(bpy)]

þ; their electrochemical properties
(compared with those of related species) indicate that there is a decrease of 0.75V in the RuII/RuIII

couple as an extra N,O-donor replaces an N,N-donor.123 A series of complexes [RuLX2(AsPh3)2]
(HL¼ 8-hydroxyquinoline, 2-aminophenol, 2-amino-3-hydroxypyridine; X¼Cl, Br) has been
reported, and their ability to act as catalysts for alcohol oxidations has been tested.124

The compounds [RuLCl2(PPh3)2] in which HL is an imine of salicylaldehyde, 2-hydroxyaceto-
phenone and 2-hydroxynaphthylaldehyde (prepared by reduction of the corresponding oxime
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in situ) have been prepared and characterized; structural data confirm a trans-arrangement of
phosphines.125 Treatment of [RuX2(PPh3)3] (X¼Cl, Br) with (16) (HL) gives [RuIIL2(PPh3)2] and
the cyclometallated product [RuIIILL0(PPh3)]; in both complexes, L� acts as an N,O-chelate,
whereas [L0]2� is a C,N,O-donor. The RuII complexes are unstable in solution with respect to
conversion to the cyclometallated species.126 In the complexes [RuL2Cl(PPh3)] where HL¼ (17), the
L� ligand is an N,O-chelate with the two N-donors mutually cis, and the two O-donors trans to each
other; EPR spectroscopic and electrochemical data have been reported for the complexes.127 The
series of OsII and OsIII complexes [OsL(L0)2]

nþ (HL¼ 8-hydroxyquinoline, 2-methyl-8-hydroxyquino-
line; L0 ¼ bpy or 2-(3-tolylazo) pyridine) has been reported; The redox stability of the metal center in
the new complexes and in [OsL3] is discussed in terms of the �-acceptor properties of the ligands.128

N

HO
N

N

HO

(14) (15)

OH

N

(16)

Me

OH NH

O

R
R = Me, Et

(17)

Benzamide and [RuH2(CO)(PPh3)2] or [RuHCl(PPh3)3] react to form dinuclear amidato
complexes featuring bridging [PhC(O)NH]� ligands; in one product, cyclometallation of the
benzene ring occurs. Related reactions have been carried out using toluamides.129

Schiff base RuIII complexes include [RuLXCl]mþ and [RuLX(CO)]nþ where H2L¼ (18) and
X¼Cl�, im, 2-Meim or the N-donor of the N-containing R group in (18). The complexes are
low-spin d5, and EPR spectroscopic data are reported.130 Work from the same researchers
has focused on the O2 affinities of RuIII Schiff base complexes (H2L is related to (18) or L is
(19)); the O2 adducts were characterized by electrochemical and spectroscopic methods and are
described as RuIV superoxo complexes.131 A comparison of the reactivity of [RuIIILCl(PPh3)]
for H2L¼ (20) and [RuIICl2L] where L is an S,N,N00,S0 or P,N,N00,P0 Schiff base ligand
related to (20), shows that with soft donor atoms and RuII, the complex is susceptible to
photosubstitution of the axial ligands; this reaction does not occur in [RuIIILCl(PPh3)]
(H2L¼ (20)).132

OH

N

HO

N
R

N

N

N

N
R

OH

N

HO

N

R = C6H4, (CH2)2, CHMeCH2, 
       CH2CH2NHCH2CH2

(18)

R = various spacers

(19) (20)

(R,R)
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Ruthenium(III) complexes with N- and O-donor atom ligands are dominated by those
containing edta4� and related ligands, and the area has been reviewed.133 The structure of
[Ru(Hedta)(H2O)] has been determined; there is one pendent CO2H group and the aqua ligand
is trans to an N-donor.134 The H2O ligand in [Ru(edta)(H2O)]� is labile and readily displaced
by a variety of ligands. The reaction of [Ru(edta)(H2O)]� with isonicotinamide (isna) has been
investigated by spectrophotometric methods over the pH range 6–10. At pH 6, isna coordin-
ates through the pyridine N-atom but as the pH (and protonation state) changes, isomerization
occurs and at pH 9, the isna ligand is bound through the amido-N atom. The process is
reversible.135 The reaction of [Ru(edta)(H2O)]� with 4-sulfanylpyridine leads to substitution,
with N-coordination of the incoming ligand being kinetically favored over the S mode, while
S-coordination is thermodynamically favored. The N-bound ligand isomerizes to the S-bound
form by a dissociative pathway.136 The kinetics of the substitutions in [Ru(edta)(H2O)]� with
adenine, adenosine, AMP, ADP, and ATP have been studied; it is proposed that the 50-nucleo-
-nucleotides bind in a rapid nucleophilic concentration-dependent step, followed by a concen-
tration-independent ring-closure.137 Stopped-flow methods have been used to investigate the
kinetics of the reaction between [Ru(Hedta)(H2O)] and thiourea. Over the pH range 1.5–8.5,
the reaction follows first-order kinetics with respect to each reactant.138 Mixed ligand com-
plexes have been prepared by treating [Ru(Hedta)Cl]� with adenine, guanine, hypoxanthine,
2,6-diaminopurine and 2-thioxanthine. Characterization data are consistent with adenine, 2,6-
diaminopurine and 2-thioxanthine coordinating through N(3) and N(9), C6NH2 and N(7), and
C6O and N(7) respectively; complexes with an M2L2 stoichiometry are proposed. Guanine and
hypoxanthine appear to form 1:1 complexes with ligand coordination through N(7).139 Com-
plex formation with adenosine, guanine, xanthosine, inosine, cytidine, and uridine has also
been studied.140 The reaction between [Ru(Hedta)(H2O)] and 2-mercaptonicotinic acid, HL,
initially yields a product in which L� is S-bonded to the Ru(edta)-unit. Deprotonation of
this compound results in a change to N,S-coordination. If the RuIII-edta precursor is in a
twofold excess, a dinuclear product is obtained.141 Reaction between [Ru(edta)(H2O)]� and
guanosine-50-monophosphate (50-GMP) has been monitored by spectrophotometric and kinetic
measurements. Stopped-flow studies carried out at pH 8 have illustrated that the reaction
between [Ru(edta)(OH)]2� and 50-GMP exhibits second order kinetics. Related RuII chemistry
is also reported; coordination of 50-GMP to the RuII(edta)-unit occurs through N(7) or N(3),
i.e., two isomers are formed.142 The kinetics of the reduction of [Ru(edta)(pyz)]� by L-ascorbic
acid and catechol is first order with respect to both [Ru(edta)(pyz)]� and reducing agent.
Mechanistic proposals involve outer-sphere electron transfer.143 There is a large difference
between the affinities of N-methylpyrazinium ion for RuII(edta) and RuIII(edta) (Equations
(1) and (2)) and this results in the irreversibility in the electrochemical responses exhibited by
the complexes:144

N NMe N NMe Ru(edta)+    [Ru(edta)(H2O)]– + H2O ð1Þ

N NMe N NMe Ru(edta)+    [Ru(edta)(H2O)]2–
+ H2O

–

ð2Þ

Treatment of [Ru(Hedta)Cl]� with CO at pH 1 yields [Ru(Hedta)(H2O)(CO)]; the complexes
K[Ru(edta)(CO)(H2O)] and K3[{Ru(edta)}2(�-CO)(�-OH)] have also been isolated. For the
dinuclear species, EPR spectroscopic results are consistent with RuIIIRuIII coupling.145 A rapid
reaction occurs between [RuIII(edta)(H2O)]� and NO at pH 5; stopped-flow kinetics have been
used to follow the process in which tightly bound RuII nitrosyl complexes are formed.146,147

When K[Ru(Hedta)Cl] and [Ru(Hedta)(H2O)] are treated with dppm, the products are
[Ru(Hedta)(dppm)] and [Ru(H2edta)(dppm)]. The structure of [Ru(H2edta)(dppm)]�dmso�H2O
has been determined and confirms a chelating dppm ligand with each P-donor trans to an
N-donor of the H2edta

2� ligand; the latter has two pendent CO2H groups. Reactions with related
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ligands, e.g., dppe and Ph2AsCH2CH2AsPh2, result in analogous complexes to those found for
dppm.148 Two pendant CO2H groups are also confirmed for [Ru(H2edta)Cl2]

�.149,150 By reacting
RuCl3�xH2O with edta-diamide in acidic solution, the salt [NH4][Ru(Hedta)Cl]�2H2O is obtained;
the ammonium ion results from hydrolysis of the amide groups. Structural data confirm Hedta3�

is a pentadentate N,N0,O,O0,O00-donor.151

Dinuclear complexes [(edta)Ru(�-L)Ru(edta)]n� (L¼ benzotriazolate, benzimidazolate;
n¼ 3, 4, 5) have been synthesized and characterized by electrochemical and spectroelectro-
chemical measurements. The benzimidazolate-bridged complex behaves as a valence-trapped
system, whereas the benzotriazolate-bridged species possesses significant electronic delocaliza-
tion. ZINDO MO methods have been used to probe the bonding in these systems.152 The
mixed-valence complex [(NC)5M

II(�-CN)RuIII(edta)]5� (M¼Fe, Ru, Os) is produced when
[M(CN)6]

4� is added to [Ru(edta)(H2O)]�. In the electronic spectra of the complexes, an
intense absorption appears between 600nm and 1,000 nm depending on M, and is assigned to an
intervalence transition from MII to RuIII. Increasing the concentration of [Ru(edta)(H2O)]� in
the reaction facilitates the formation of higher nuclearity products.153 In related work, the
reaction of [Ru(CN)6]

4� and [Ru(Hedta)(H2O)] is shown to yield the mixed-valence complex
[(Hedta)Ru(�-CN)Ru(CN)5]

4�; the mechanism for its formation is associative. The thermo-
chromism of the MMCT band is investigated.154 The kinetics of the reduction of [(edta)RuIII

(�-CN)FeIII(CN)5]
4� by L-ascorbic acid have been followed spectrophotometrically, as has the

oxidation of [(edta)RuIII(�-CN)FeII(CN)5]
5� by S2O8

2�. It is concluded that an Fe-centered
outer-sphere electron transfer mechanism operates in both processes.155 The kinetics of
substitution in [(NH3)5RuIII(edta)RuIII(H2O)]2þ by thiourea have also been investigated.156

The ligand H4pdta (propylenediaminetetraacetic acid) is a close relation of H4edta. The crystal
structure of [Ru(Hpdta)(H2O)]�H2O shows that the Hpdta3� ligand is pentadentate with a
pendent CO2H group. The kinetics of the substitution of H2O by thiourea and SCN� have
been investigated over the pH range 2–9 and as a function of temperature.157

The reactions between (21) (H5L), [RuCl2(dmso)4] and RCO2
� (R¼Ph, Me, 4-HOC6H4,

4-NH2C6H4) lead to [Ru2(�-L)(�-O2CR)2]
�. The bridging L5� ligand is symmetrically disposed

between the two RuIII centers. Magnetic measurements for the complexes reveal a strong
antiferromagnetic interaction between the metal centers. Electrochemical data indicate that
the mixed valence RuIIIRuII species is quite stable.158 Ligand (22) (H5L) behaves in a similar
manner to (21), forming [Ru2(�-L)(�-O2CR)2]

�. Magnetic and electrochemical properties of the
complexes have been studied; large antiferromagnetic coupling constants are observed.159 The
ligand L6� where H6L¼ (23) has been incorporated into the complexes [RuII

2L(H2O)2]
2�,

[RuIII
2L(H2O)2], [RuIIIRuIIL(OH)]2�, and [RuIVRuIIIL(O)]�. The RuII

2 and RuIII
2 complexes

possess structures in which each Ru center is in an edta-like coordination environment. The
effects of pH on the complexes has been discussed, and electrochemical methods have been
used to measure a comproportionation constant for the RuIIRuIII complex. Oxidation of
[RuIIIRuIIL(OH)]2� gives a metastable oxo-bridged RuIII

2 species which aquates to give
[RuIII

2L (H2O)2].
160

NN
OH

CO2H

CO2HHO2C

HO2C

N N

OH
CO2H

CO2HHO2C

HO2C

Me

(21) (22)

N N N N

CO2H
CO2HHO2C

HO2C
CO2HHO2C

(23)
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5.5.2.5.2 N,S- and S,O-donors

The conjugate base of pyridine-2-thiol (HL) is a potential N,S-donor. Oxidation of [OsL2(PPh3)2]
gives two isomers of [OsL2(PPh3)2]

þ; in [OsL2(PPh3)2][PF6]�nH2O (n¼ 1 or 0), the N2S2P2 donors
are in cis,cis,trans and trans,trans,trans-arrangements respectively.161 The OsIII complex
[Os(SR)3(PMe2Ph)2] (R¼C6F5, C6F4H) reacts with R0COSH (R0 ¼Me, Ph) to give [Os(SR)2-
(SOCR0-O,S)(PMe2Ph)2]. The crystal structure of [Os(SR)2(SOCMe-O,S)(PMe2Ph)2] has been
determined.111

5.5.2.6 Halide and Cyanide Ligands

Diffuse reflectance UV–vis spectra have been reported for RuF3 (and other d-block trifluorides),
and the spectra have been assigned.162 The chloro complexes [Ru(MeCN)nCl6�n] for n¼ 2, 3, or 4
have been prepared and isolated; the structure of Ru(MeCN)3Cl3 has been determined. The latter
complex acts as a mediator for the oxidation of cyclohexene, methylcyclohexene, 1-tetralol and
tetralin.163 The RuIII complexes [RuX4(CNtBu)2]

� (X¼Cl, Br) are produced in the reaction of
CNtBu with [RuCl6]

2� or K3[Ru2Br9]. Electronic spectroscopic and electrochemical data are
reported for the complexes.164,165 The results of Raman, resonance Raman and electronic spectro-
scopic investigations of trans-[RuBr4(MeCN)2]

� have been described, and a comparison with
trans-[RuCl4(MeCN)2]

� made.166 Electrochemical and spectroelectrochemical studies have
shown that oxidation of trans-[RuBr4(CNtBu)2]

� in MeCN results in the formation of mer,
trans-[RuBr3(CNtBu)2(MeCN)]. Reduction of [RuBr4(CNtBu)2]

� in MeCN produces mer,trans-
[RuBr3(CNtBu)2(MeCN)]�.167

The salt Rb3[Os2Br9] was the first structurally confirmed example of a diosmium confacial
nonahalide. SCF-X�–SW calculations on [Os2Br9]

3� and [Ru2Br9]
3� support increased M�M

interaction for the third (cf. earlier) row metals; comparisons have been made between the
electronic spectra of [Os2Br9]

3� and [Ru2Br9]
3�.168 Starting from [RuCl3(dppb)L] (L¼ py,

4-Mepy, dmso), electrosynthesis is a successful method of preparing [L(dppb)Ru(�-Cl)3-
RuCl(dppb)]. It is proposed that the reaction proceeds by reaction of [RuCl3(dppb)L] with its
reduced form generated at the electrode surface, and this mechanism is supported by the presence
of [Ru2Cl5(dppb)2] in the electrolysis cell.169 The structure of mer-[RuCl3(dppb)(4-Mepy)] has
been determined.169

From the results of a study of the electronic and magnetic circular dichroism (MCD) spectro-
scopic properties of the d5 complexes [M(CN)6]

3� (M¼Ru, Os), LMCT assignments have been
confirmed and earlier d–d assignments for [M(CN)6]

3� (M¼Fe, Os) have been questioned.
Attempts to measure the intraconfigurational d–d splitting of the T2g ground state of [Bu4N]3
[Ru(CN)6] were not successful.170 The kinetics of electron self-exchange in [Os(CN)6]

4�/3� have
been studied in aqueous solution using 13C NMR line-broadening methods, and a rate constant of
(8.9 � 0.5) 104 dm3 mol�1 s�1 (298K, 1mol dm�3 Naþ) has been determined. The rate constant
shows a dependence on [Naþ] and on the cation present in the electrolyte. The data are discussed
within the context of inner-sphere and solvent reorganization barriers.171

5.5.3 RUTHENIUM(II) AND OSMIUM(II)

5.5.3.1 Nitrogen-donor Ligands

5.5.3.1.1 Mononuclear complexes with simple ligands

N-donor ligands that are covered in this section are RCN, RNCN�, NH3, N2H4, NO2
�, NO,

NS, N2, and pyridine.
The complex [RuIIBr(PhCN)5]

þ[trans-RuIIIBr4(PhCN)2]
� results when RuBr3�xH2O reacts with

benzaldehyde oxime in aqueous HBr (6M) in a Ru-mediated dehydration of the oxime.172 The
cation [Ru(dppb)(RCN)4]

2þ (R¼Me, Ph) can be prepared from [Ru2Cl4(dppb)2] or
[RuCl2(PPh3)(dppb)]. Structural data for [Ru(dppb)(MeCN)4][PF6]2 have been reported.173 The
products of the reactions of [Ru2Cl4L2] or [RuCl2(PPh3)L] (L¼ dppb, diop (24) or binap (25))
with RCN (Me, Ph) depend on the reaction conditions. When RCN is present in high concentra-
tions, the main product is [RuClL(RCN)3]

þ isolated as [RuClL(RCN)3][PF6] although if sufficient
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PF6
� is present, abstraction of a second Cl� occurs to give [RuL(RCN)4][PF6]2. When no chloride

abstractor is present, [RuCl2L(RCN)2] can be isolated. When the latter is dissolved in benzene,
[Ru2Cl4L2(RCN)] is produced, while in chlorocarbon solvents, the product is
[Ru2Cl3L2(RCN)2]

þ.174

PPh2

PPh2

O O

PPh2Ph2P

HH

(25)(24)

(R,R)-diop (S)-binap

A series of complexes cis-[Ru(RNCN)2(bpy)2] (R¼Ph, 2-ClC6H4, 2,3-Cl2C6H3, 2,4,5-Cl3C6H2,
2,3,4,5-Cl4C6H, or C6Cl5) has been prepared and characterized. Their oxidation by controlled-potential
electrolysis gives the corresponding RuIII species which exhibit low-energy LMCT bands arising
from the RuIII(NCN) chromophore.175 This chromophore has also been generated by oxidation of
[Ru(RNCN)(bpy)(tpy)]þ.176 The crystal structure of [Ru(2,4-Cl2C6H3NCN)(bpy)(tpy)][PF6]�dmf
has been determined; the cyanamide ligand resides trans to one of the bpy N-donor atoms.176

The complex [Ru(NH3)5(EtCN)][PF6]2 and its RuIII analog have been synthesized and char-
acterized. Aquation of [Ru(NH3)5(EtCN)]2þ yields trans-[Ru(NH3)4(H2O)(EtCN)]2þ. The kinetics
of this process and of the reaction of [Ru(NH3)4(H2O)(EtCN)]2þ with pyrazine have been
investigated.21,22 The photolysis of [Ru(NH3)5L]2þ (L¼ 2-cyanopyridine, 3-cyanopyridine,
4-cyanopyridine) at 365nm, 404nm and 436nm in aqueous solution results in NH3 and cyanopyridine
photoaquation. Coordination of L is through the CN group and no linkage isomerization
is observed.177 Related RuII complexes in which L is N-methyl-2-cyanopyridinium, N-methyl-3-
cyanopyridinium, N-methyl-4-cyanopyridinium, N-decyl-4-cyanopyridinium, N-dodecyl-
4-cyanopyridinium, or N-benzyl-4-cyanopyridinium have also been described.178 A review of the
photochemical reactions of complexes of the type [Ru(NH3)5L]2þ has appeared.179 The photo-
sensitized aquation of [Ru(NH3)5(py)]

2þ by several dyes has been investigated under conditions
where the sensitizers absorb light. The results indicate that the excited state precursor for the
photosubstitution is in the energy range 17,000–17,700 cm�1.180

Tetracyano ligands have been used to bridge between four Ru(NH3)5 moieties. The complexes
[{Ru(NH3)5}4(�-L)]8þ (L¼ tetracyanoethene, tetracyano-p-quinodimethane, 1,2,4,5-tetracyano-
benzene, 2,3,5,6-tetracyanopyrazine) exhibit intense, long-wavelength electronic absorptions.
Oxidation to [{Ru(NH3)5}4(�-L)]10þ and reduction to [{Ru(NH3)5}4(�-L)]7þ and [{Ru(NH3)5}4-
(�-L)]6þ can readily be achieved. The species are fully delocalized with partially reduced ligands
or partially oxidized Ru centers.181 Treatment of [5,10,15,20-tetrakis(4-cyanophenyl)porphyrinato]
cobalt(II) or [5,10,15,20-tetrakis(4-cyano-2,6,-dimethylphenyl)porphyrinato]cobalt(II) with [Ru-
(NH3)5(OSO2CF3)]

2þ introduces cyano-bound pendant RuII(NH3)5 groups to the porphyrinato
complexes.182

For the complexes [Ru(NH3)5(py)]
2þ, [Ru(NH3)5(pyz)]

2þ, and [Ru(NH3)5(Hpyz)]3þ, MLCT and
oxidation processes have been the subject of a theoretical study at the ZINDO-95 level, and
transition operator calculations have been applied to [Ru(NH3)5(pyz)]

2þ.183,184 Structural para-
meters for the RuII complexes [Ru(NH3)5(py)][SO3CF3]2 and [Ru(NH3)5(PhCN)][SO3CF3]2 and
the RuIII complex [Ru(NH3)5(PhCN)][S2O6]3/2 have provided valuable input data for molecular
modeling and calculations relating to electron-transfer processes and metal–ligand coupling.185 By
combining [Ru(NH3)5L]2þ (L¼ py, pyz, 4,40-bpy) with polyether-tailed sulfonate counterions,
highly viscous, room-temperature ionic liquids have been produced. Electron self-exchange rate
constants have been obtained for the Ru3þ/2þ couples; data for the pyrazine-bridged dinuclear
melt have also been reported.186

The rate law for the oxidation of [Ru(NH3)5(HL)]2þ (HL¼ isonicotinamide) by I2 in acidic
solution contains two terms, one depending on [I2] and one depending on [I3

�] and [RuII

complex]. An outer-sphere electron-transfer mechanism is proposed for each term.187 Reduction
of [RuIII(NH3)5L]2þ (HL¼ nicotinamide or isonicotinamide) to [RuII(NH3)5L]þ is accompanied
by an isomerization from the amide-bonded L� to pyridine-bonded HL.188 Bromine oxidation of
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[Ru(NH3)5L]2þ (L¼ py, pyz), [Ru(NH3)4(bpy)]
2þ, [(NH3)5Ru (�-pyz)Ru(NH3)5]

5þ, and [(NH3)5-
Ru(�-pyz)Rh(NH3)5]

5þ is first-order in both Br2 and Ru. It is proposed that the mechanism
is outer-sphere electron transfer from Ru2þ to Br2 and that [Br2]

� is formed as a reactive
intermediate. The influence of [Hþ] has been investigated.189 The rates of bimolecular electron-
transfer self-exchange reactions for [Ru(NH3)5(py-d

5)]2þ and trans-[Ru(NH3)4(4-Mepy-d3)-
(3-Fpy)]2þ (4-Mepy¼ 4-methylpyridine, 3-Fpy¼ 3-fluoropyridine) have been studied by using
deuterium NMR line-broadening measurements. The rates of reaction decrease dramatically in
solvents that are strong Lewis bases, indicating that specific solvent–solute interactions are
involved in defining the energetics of reactant-pair association.190 The kinetics of the reaction
of [Ru(NH3)5(H2O)]2þ with a mixture of valine and tyrosine tRNAs have been studied. There is a
first-order dependence on each component, and a strong dependence on the ionic strength is
consistent with ion pairing during binding. For the binding of [Ru(NH3)5(H2O)]2þ to guanine
sites on RNA, the equilibrium association constant is 2.9 103. Aerial oxidation results in the
coordination of Ru(NH3)5

3þ. Electronic spectroscopic and electrochemical data for the system are
discussed.191

Dibenzo-42-crown-14 forms an adduct with [Ru(NH3)4(phen)]
2þ. The cation is positioned within

a cavity formed by the macrocycle and a hydrogen-bonded network exists involving the crown O
atoms and NH3 H atoms; there is also weak �-stacking between the phen rings and benzene rings of
the crown ether.192 Adduct formation between [Ru(NH3)5(pyz)]

2þ and 18-crown-6 involves hydro-
gen bonding between the trans-ammine and the cyclic ether (see also Section 5.5.3.2.1).25 Related
studies have looked at the adducts formed between mono-, di-, tri-, and tetraammine RuII complexes
and 18-crown-6,193 and the effects of going from RuII to RuIII on adduct formation between
ammine complexes and 18-crown-6.23,24,194 The interactions between [Ru(NH3)5L]2þ (L¼ pyz or
4,40-bpy) and �-cyclodextrin, �-cyclodextrin and dimethyl-�-cyclodextrin have also been investi-
gated; equilibrium constants lie in the range 20–100. Encapsulation of the ammine complex affects
the rate of electron transfer for RuII oxidation, there being a decrease in the observed rate constants.
Steric arguments are used to account for these observations.195

An efficient method of preparing [Ru(NH3)4(L)][BF4]2 where L¼ 2-acetylpyridine or 2-benzoyl
pyridine starting from [Ru(NH3)5Cl]2þ has been reported; spectroscopic and electrochemical data
are discussed.20

Ruthenium(II) and osmium(II) ammine complexes incorporating �-bonded alkene ligands
include [M(NH3)5L]2þ where M¼Ru, Os and L¼ styrene, 4-vinylbenzoic acid, dimethyl acetylene
carboxylate, 1,3-cyclohexadiene and 3-cyclohexene-1,1-dimethanol. The complexes have been
investigated by NMR spectroscopic and electrochemical techniques; there is preferential coordin-
ation of the vinyl C¼C rather than an �2-ring mode.196 In the �2-alkene complex
[Ru(NH3)5(H2C¼CHCONH2)]

2þ, linkage isomerization for the acrylamide ligand accompanies
oxidation of the metal center.197

Ruthenium ammine complexes that also contain P-donor ligands have been reviewed, and this
covers details of synthesis, characterization and reactivity.198 The photolysis (�¼ 313 nm)
of trans-[Ru(NH3)4{P(OEt)3}(H2O)]2þ, trans-[Ru(NH3)4{P(OEt)3}2]

2þ, and trans-[Ru(NH3)4-
{P(OEt)3}(CO)]2þ leads to photoaquation of NH3 in each complex. At pH 4, exclusive NH3

photoaquation occurs in trans-[Ru(NH3)4{P(OEt)3}2]
2þ, but at pH 2, photoaquation of P(OEt)3 is

observed. Both NH3 and CO photoaquation occur at pH 4 in [Ru(NH3)4{P(OEt)3}(CO)]2þ.199

For related complexes in which the phosphite ligand is P(OMe)3 or P(OC2H4Cl)3, photolabiliza-
tion of both NH3 and the P-donor ligand occurs in trans-[Ru(NH3)4(P-donor)2]

2þ, and of NH3 is
observed in trans-[Ru(NH3)4(P-donor)(H2O)]2þ. The ammine ligand in each complex is selectively
photolabilized when the samples are irradiated with light of energy corresponding to the
1A1g! 1A2g or 1A1! 1A2 transitions respectively.200 The UV–visible absorption and emission
spectra of trans-[Ru(NH3)4(P-donor)(H2O)]2þ (P-donor¼PR3 or P(OR)3) have been investi-
gated. The complexes are luminescent at 298K with emission quantum yields in the range
1.0 10�3 (for P(OiPr)3) and 8.4 10�2 (for P(OBu)3); �max(emission) is close to 408 nm for
each complex.201

The complexes [Ru(NH3)5(26)]
2þ and [Ru(NH3)5(27)]

2þ have been prepared and isolated as
PF6

� salts. Oxidation by ferrocenium ion occurs with the redox change being centered on Ru. The
solvent has a significant effect on the difference between E1/2

o(Fe3þ/Fe2þ) and E1/2
o(Ru3þ/Ru2þ)

and there is a linear relationship between this �Eo and the Gutmann solvent donor number.202

A review that surveys the preparation and spectroscopic and structural properties of hydrazine
and substituted hydrazine complexes of d-block metals has appeared.203 The syntheses of
[M(NH2OH)(CO)2(PPh3)2X][SO3CF3] and [M(NH2NH2)(CO)2(PPh3)2X][SO3CF3] (M¼Ru, Os;
X¼Cl, Br) have been detailed. Treatment of [M(NH2NH2)(CO)2(PPh3)2X]þ with Pb(OAc)4

Ruthenium and Osmium: Low Oxidation States 569



yields [M(NH¼NH)(CO)2(PPh3)2X]þ.204 The reactions between [RuH2L4] (L¼P(OMe)3,
P(OEt)3, PPh(OEt)2) and the bis(diazonium) salts [N2ArArN2][BF4]2 (ArAr¼ 4,40-C6H4C6H4,
4,40-(2-MeC6H3C6H3-2-Me), 4,40-C6H4CH2C6H4) yield [HL4Ru(�-HN¼NArArN¼NH)-
RuL4H][BF4]2. Spectroscopic data for the complexes are presented and the crystal structure of
the analogous Fe complex [H{P(OEt)3}4Fe(�-HN¼NArArN¼NH)Fe{P(OEt)3}4H][BF4]2 has
been determined, showing that the H and diazene ligands are mutually cis. The diruthenium
cations react with [RN2]

þ to produce [(RN2)L4Ru(�-HN¼NArArN¼NH)RuL4H]4þ.205 Treat-
ing [OsH2L4] (L¼P(OEt)3, PPh(OEt)2, PPh2(OEt) with methyl triflate and RNHNH2 (R¼H,
Me, Ph, 4-NO2C6H4) gives [OsH(RNHNH2)L4]

þ. In contrast, if triflic acid is added after the
methyl triflate, the complexes [Os(RNHNH2)2L4]

2þ (R¼H, Me, Ph) are isolated. Spectroscopic
data are reported, and the crystal structure of [Os(NH2NH2)2{P(OEt)3}4][BF4]2 has been deter-
mined; the hydrazine ligands are mutually cis. Related complexes including [Os(MeN¼NH)2
{P(OEt)3}4][BF4]2 and [Os(NH2NH2){P(OEt)3}5][BF4]2 have also been described.206 Reaction of
triflic acid with [RuH2L4] (L¼P(OMe)3, P(OEt)3, PPh(OEt)2) followed by treatment with excess
RNHNH2 (R¼H, Me, Ph, 4-MeC6H4, 4-NO2C6H4) leads to the formation of [RuH-
(RNHNH2)L4]

þ and [Ru(RNHNH2)2L4]
2þ. Reactions of [Ru(RCN)2L4]

2þ (R¼Me, C6H4-
Me; L¼P(OEt)3, PPh(OEt)2) with hydrazines have also been investigated and the products found
to depend on L, the hydrazine and the reaction conditions.207

The electrochemical oxidation of [Os(bpy)(tpy)(NH3)]
2þ in the presence of secondary amines in

aqueous solution (pH7) leads to [Os(bpy)(tpy)(NNR2)]
3þ which can be reduced to [Os(bpy)(tpy)

(NNR2)]
2þ. Structural data have been obtained for representative complexes. The redox chemistry

of the new compounds has been described.208

The synthesis and structure of the mixed-valence, hydrazine-bridged complex
[{P(OEt)3}2ClRu(�-N2H4)(�-Cl)(�-S2)RuCl{P(OEt)3}] has been reported.209

Azido complexes of RuII include [RuH(N3)(dmpe)2], formed by reacting NaN3 with
[RuH2(dmpe)2] (dmpe¼ 1,2-bis(dimethylphosphino)ethane). The reaction of NaN3 with [RuCl2
(depe)2] yields trans-[Ru(N3)2(depe)2] (depe¼ 1,2-bis(diethylphosphino)ethane).210 A related com-
plex is trans-[Ru(N3)2(PMe3)4]; conversion to the cis-isomer occurs and has been followed by 31P
NMR spectroscopy and cyclic voltammetry.211

A series of complexes of type [Ru(NO2)(PR3)2(tpy)]
þ has been prepared starting from

RuCl3�xH2O. Changing the PR3 ligands causes the CV responses to vary from reversible to
irreversible. Electrochemically generated [Ru(NO2)(PR3)2(tpy)]

2þ is unstable with respect to
[Ru(NO)(PR3)2(tpy)]

3þ, perchlorate salts of which have been characterized.212 The nitrite complex
[Ru(bpy)(NO2)4]

2� can be prepared conveniently from [(�6-C6H6)Ru(bpy)Cl]Cl and NO2
� in

MeOH, and the Kþ salt has been fully characterized; all nitrite ligands are N-coordinated. The
reaction of K2[Ru(bpy)(NO2)4] with pyridine results in fac-K[Ru(bpy)(NO2)3(py)] and cis-[Ru
(bpy)(NO2)2(py)2].

213 Linkage isomerism for the NO2
� ligand is exemplified in the three pairs of

complexes [Ru(NO)(NO2-N)(bpy)2]
2þ and [Ru(NO)(NO2-O)(bpy)2]

2þ, [Ru(NO)(NO2-N)L2] and
[Ru(NO)(NO2-O)L2] (L¼ pyridine-2-carboxylate), and [Ru(NO)(NO2-N)(bpy)(py)2]

2þ and
[Ru(NO)(NO2-O)(bpy)(py)2]

2þ, and equilibria involving the isomer pairs have been studied.
15N-labelling has been used to aid the investigation of the mechanisms of isomerization; no
oxygen exchange between the NO and NO2

� ligands was observed.214

Ambiguities often arise in assigning the oxidation state to the metal center when NO is
involved as a ligand. In this review, the ligand is treated as NOþ in the majority of cases,
consistent with the description of a number of bonding analyses. The complexes below are, as a
consequence, covered under ‘‘ruthenium(II).’’ The crystal structure of Na2[Ru(NO2)4
(NO)(OH)]�2H2O has been determined.215 The complex is photochromic and is excited with
blue–green light. Synchrotron X-ray single crystal diffraction and FT-IR spectroscopic data for
the ground and excited states of the low-temperature phase of Na2[Ru(NO2)4(NO)(OH)]�2H2O
have been reported.216 In the complex [Ru(NO)(NO2)2(OEt)(Me2NCH2CH2NMe2)], the NO
and ethoxy ligands are mutually trans.217

Fe
N

Fe
N

(26) (27)
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Starting from [Ru(NO)Cl5]
2�, it is possible to obtain cis-[Ru(NO)Cl4(MeCN)]� at 278K in the

absence of light. Structural characterization of this complex reveals a short N�O bond (99.8 pm)
and an Ru�N�O bond angle of 175.1�. In the light, cis-[Ru(NO)Cl4(MeCN)]� eliminates NO to
yield trans-[RuCl4(MeCN)2]

�.218 The electrochemical behavior of mer-[Ru(NO)Cl3(acac)]
�, cis-

[Ru(NO)Cl(acac)2], mer-[Os(NO)Cl3(acac)]
� and cis-[Os(NO)Cl(acac)2] has been investigated, and

each complex was shown to undergo a one-electron oxidation. Structural data confirm the ligand
dispositions.219 The low-temperature IR vibrational spectra of the light-induced metastable states
of K2[Ru(NO)Cl5] have been recorded and analyzed and the results compared with those of
Na2[M(NO)(CN)5]�2H2O (M¼Fe, Ru, Os); there is evidence for NO linkage photoisomeriza-
tion.220 The 99Ru Mössbauer effect (at 4.2K) has been measured in several ruthenium NO
complexes. The isomer shifts are similar for most of the complexes, but for K2[RuII(NO)Cl5], it
is significantly more negative, implying a strong ligand field in this complex.221

Decomposition of [(NH3)4(NO)Ru(�-S2)Ru(NO)(NH3)4]
6þ gives trans-[Ru(NH3)4(NO)-

(H2O)]3þ as one of the products. Spectroscopic and structural data support an NOþ formulation.
The substitution by Cl� of the aqua ligand in [Ru(NH3)4(NO)(H2O)]3þ proceeds much more
slowly than in [Ru(NH3)5(H2O)]3þ. Theoretical (DFT) studies have probed the extent of O(aqua)
�-donation.222 New synthetic routes to the complexes trans-[Ru(NH3)4(NO)L]3þ (L¼ imidazole,
histidine, pyridine, nicotinamide, isonicotinamide or pyrazine) have been described; in each
complex, IR spectroscopic data are consistent with a significant positive charge residing on the
NO ligand.223,224 The reduction of trans-[Ru(NH3)4(NO)L]3þ(L¼ isonicotinamide or pyrazine)
with EuII result in the formation of NO and trans-[Ru(NH3)4(H2O)L]2þ.224 It has been found
that in the series of complexes [Ru(NH3)4(NO)L]nþ where L¼ nicotinamide, isonicotinamide,
pyrazine, pyridine, imidazole, histidine, NH3, P(OMe)3, P(OEt)3, there are correlations between
the Lever parameter and (i) the potential for the reduction of Ru(NO)þ to Ru(NO) and
(ii) �(NO). The gradient and intercept from the former linear correlation are related to interligand
coupling through the Ru center and to the amount of Ru!NO backbonding.225

The preparation and properties of cis and trans-[RuCl(NO)(bpy)2]
2þ and the crystal structure

of the trans-isomer have been reported.226 Flash-photolysis (�¼ 355 nm) of aqueous cis-
[RuCl(NO)(bpy)2]

2þ releases NO and results in the formation of cis-[RuIIICl(OH)(bpy)2]
þ.227

[RuCl(NO)(bpy)2]
2þ undergoes electron transfer when it reacts with 2,2,2-trifluoroethylamine to

form [RuCl(NO)(bpy)2]
þ. The organic products are a result of nucleophilic substitution on the

intermediate 2,2,2-trifluoroethyldiazonium ion, the latter being stabilized by complexation.228 The
reaction of cis-[Ru(NO)(H2O)(bpy)2]

3þ with HCO2H yields [(bpy)2Ru(�-NO)2Ru(bpy)2]
2þ as well

as cis-[Ru(NO)(OCHO)(bpy)2]
2þ and cis-[Ru(OCHO)(H2O)(bpy)2]

þ. In [(bpy)2Ru(�-NO)2-
Ru(bpy)2]

2þ, the bridging nitrosyl ligands are assigned an NO� formulation. This dinuclear
complex exhibits two successive one-electron oxidations to give [(bpy)2Ru(�-NO)2Ru(bpy)2]

4þ;
the redox chemistry is discussed in detail.229 The reaction of NO2

� with cis-[Ru(NO)-
(MeCN)(bpy)2]

3þ produces cis-[Ru(NO2)(MeCN)(bpy)2]
þ and cis-[Ru(NO)(MeCONH)(bpy)2]

þ.
It is proposed that oxide abstraction from NO2

� to the NO ligand is a key step in the pathway
from [Ru(NO)(MeCN)(bpy)2]

3þ to [Ru(NO2)(MeCN)(bpy)2]
þ.230 The synthesis and spectroscopic

and structural characterization of trans-[Ru(NO)(OH)(bpy)2]
2þ have been reported.231 The

related complex trans-[Ru(NO)(OH)(en)2]
2þ has also been prepared, as well as cis- and trans-

[Ru(NO)X(en)2]
nþ (X¼Cl, Br, I, OAc and NCS and n¼ 2; X¼H2O and n¼ 3). For the trans

isomers, there is a decrease in the value of (NO) as the �-donor ability of X� increases; a similar
trend is not observed for the cis isomers.232

The nitrosyl complex trans-[Ru(NO)Cl(py)4]
2þ reacts with acetone in the presence of NH3 or

RNH2 to give �-imino oxime adducts. These data are consistent with a novel mechanism
involving nucleophilic attack by enamines on the bound NOþ ligand.233 The complex cis-
[Ru(NO)(NO2-O)(bpy)2]

2þ undergoes a redox-induced linkage-isomerization of the NO2
� ligand.

At 298K, the product of the one-electron reduction of cis-[Ru(NO)(NO2-O)(bpy)2]
2þ converts

rapidly to cis-[Ru(NO)(NO2-N)(bpy)2]
þ, one-electron oxidation of which yields cis-

[Ru(NO)(NO2-N)(bpy)2]
2þ. Comparisons are made between this and related thermally induced

processes.234 The crystal structure of [Ru(NO)X(OH)(bpy)(py)2]
2þ has been determined, and the

results of chemical oxidation and electrochemical reduction of cis-[Ru(NO)X(bpy)(py)2]
nþ

(X¼OH, Cl, NO2 and n¼ 2; X¼ py and n¼ 3) have been discussed.235

Nucleophiles (e.g., OH� and N3
�) react with cis-[Ru(NO)ClL2] (HL¼ 2-pyridinecarboxylic

acid) to produce [L2(NO)Ru(�-H3O2)Ru(NO)L2]
þ, the bridging unit in which is formally

{(H2O)(OH�)}. Treatment of cis-[Ru(NO)ClL2] with MeO� in MeOH leads to trans-[Ru(NO)-
(OMe)L2]. Isomerizations involving the N,O-donor sets that accompany this reaction are shown
in Equation (3).236
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In the complexes [H2L][RuCl3(NO)L] and [RuCl2(NO)L(HL)] (HL¼ 2-pyridine methanol), L�

acts as an N,O-chelate with the O-donor trans to the nitrosyl ligand, while HL is monodentate and
an N-donor. By heating [RuCl2(NO)L(HL)], [RuCl(NO)L2] is obtained, while a geometrical isomer
of this complex is produced from the reaction of hydrous nitrosylruthenium trichloride with an
excess of HL in boiling water.237 The same ruthenium(III) precursor has been used to prepare
[RuCl3(NO)L]� where HL¼ 8-quinolinol or one of its derivatives; the bromo analogs have also
been made. A structural determination of [Me4N][RuBr3(NO)L] shows that the Br� ligands are in a
mer arrangement, each Br� is cis to the nitrosyl group, and theO-donor of the chelating quinolinato
ligand is trans to the NO. The observed structural preferences are consistent with the strong
�-acceptor ability of the NO ligand.238 Three geometrical isomers of [Ru(NO)(OAc)L2] in which
HL¼ 2-methyl-8-quinolinol have been structurally characterized,239 and in related work, isomers of
[Ru(NO)ClL2] where HL¼ 2-methyl-8-quinolinol, 2,4-dimethyl-8-quinolinol, 2-ethyl-8-quinolinol
and 5-chloro-8-quinolinol have been prepared and characterized.240

The osmium(II) complexes [Os(NO)Br3(Et2S)(Et2SO-O)] and [Os(NO)Cl2(PEt2Ph)2(MeOCH2-
CH2O)] have been prepared and crystallographically characterized. In both complexes, the NO
ligand is bound in a linear mode.241 [Ru(NO)2(PPh3)3] can be prepared conveniently from
Ru(OH)3 (prepared in situ from RuCl3�xH2O), concentrated HNO3 and PPh3, or by treating an
ethanolic solution of HRu(SO4)2�6H2O with concentrated HNO3 followed by PPh3. A third
method is the reaction of AgNO3 with RuCl3�xH2O in ethanol, followed by removal of AgCl
and treatment with PPh3. The reactions of [Ru(NO)2(PPh3)3] with HX (X¼Cl, Br, I) result in the
formation of [Ru(NO)X3(PPh3)2].

242 Reactions of [M(NO){P(OEt)2Ph}4]
þ (M¼Ru, Os) (formed

by deprotonating [M(NO)H{P(OEt)2Ph}4]
2þ) with Br2, isocyanides and CO have been investi-

gated. Bromine oxidation leads to [Ru(NO)Br2{P(OEt)2Ph}3]
þ or [Os(NO)Br{P(OEt)2Ph}4]

2þ.
With RNC or CO, the products are [M(RNC)4{P(OEt)2Ph}2]

2þ (M¼Ru, Os) or
[Ru(NO)(CO)2{P(OEt)2Ph}2]

þ, respectively.243 The synthesis and spectroscopic and structural
characterization of trans-[Ru(NO)Cl(depe)2]

2þ have been described; the nitrosyl ligand is bound
in a linear mode and spectroscopic properties are consistent with NOþ character. A reversible
one-electron process at E1/2¼ 0.040V (vs. SHE) is assigned to the NOþ/NO redox couple.244 The
structure of [Ru(NO)Cl3(AsPh3)2] has been determined.245

The reaction of OsO4 with NH2OH�HCl in the presence of ox2� produces [Os(NO)(ox)2]
�,

isolated as the Kþ, PPh4
þ or AsPh4

þ salts. It is proposed that the anion possesses a square-based
pyramidal structure. Treatment of [Os(NO)(ox)2]

� with HX (X¼Cl, Br, I) produces
[Os(NO)(ox)Cl3]

2�, [Os(NO)Br4(H2O)]�, [Os(NO)Br4]
�, and [Os(NO)X5]

2� (X¼Cl, Br, I). The
ligand phen reacts with [Os(NO)X5]

2� (X¼Cl, I) to give [Os(NO)X3(phen)] or with
[Os(NO)Br5]

2� to yield [Hphen]2[Os(NO)Br5]�2H2O.246

The dinuclear complex trans-[(NO)(py)4Ru(�-CN)Ru(py)4(CN)]3þ has been prepared and spec-
troscopically characterized. Photoinduced extrusion of NO occurs when the complex is irradiated
at the donor–acceptor CT band. Electronic coupling in the complex is discussed, as well as the
results of controlled potential reduction (of NO) and oxidation (of RuII in the dicyano chromo-
phore).247 Bridging NO ligands are observed in [(acac)2Ru(�-NO)2Ru(acac)2] which formally
possesses a {Ru2(NO)2}

4þ core. The complex exhibits two one-electron reductions (one reversible
and the other irreversible) and an irreversible two-electron oxidation in which decomposition to
cis-[Ru(NO)(MeCN)(acac)2]

þ occurs.248

Treatment of [RuIIILCl2]
þ (L¼ 1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclohexadecane) with

NO2
� results in disproportionation of the initial [RuIIILCl(NO2)]

þ, and the ultimate products
are [RuIIL(OH)(NO)]2þ and trans-[RuIVL(O)Cl]þ.46

The thionitrosyl ligand features in [Os(NS)Cl3(PPh3)2], the crystal structure of which has been
determined. The phosphine ligands are mutually trans.249

Several papers have reported N2 bound to RuII or OsII. Aqueous solution studies with the aim
of preparing [Ru(H2O)5(N2)]

2þ by reaction between [Ru(H2O)6]
2þ and N2 (15N labeled) have been

described. The reaction was monitored by use of 17O and 15N NMR spectroscopies and evidence

572 Ruthenium and Osmium: Low Oxidation States



is presented for the first observation of the formation of the fully aquated N2 complex of RuII.250

trans-[RuCl2L] in which L is the macrocyclic ligand 2,5,9,12-tetramethyl-2,5,9,12-tetraazatride-
cane, reacts with Mg under an atmosphere of N2 in aqueous solution and at �298K to give
trans-[RuCl(N2)L]þ. This is the first complex of its type, and is subsequently converted into trans-
[Ru(OH)(N2)L]þ and trans-[Ru(H2O)(N2)L]2þ.251 The complex [RuH2(N2)2(PCy3)2] is formed by
the reversible reaction of N2 with [RuH2(H2)2(PCy3)2]. The latter reacts with Ph3SiH or Ph3GeH
to yield [RuH2(H2)(Ph3SiH)(PCy3)2] or [RuH2(H2)(Ph3GeH)(PCy3)2] which react immediately
with N2 to produce [RuH2(N2)2(PCy3)2]. In the case of the Ge-containing complex, a second
product is [RuH2(N2)(Ph3GeH)(PCy3)2].

252 By treating [OsH2L4] (L¼PPh2OMe, PPh2OEt,
PPh(OEt)2) with CF3SO3Me in Et2O under N2, the complexes [OsH(N2)L4][CF3SO3] are obtained
with concomitant evolution of CH4. Substitution reactions with H2, CO, and RNC have been
investigated.253

The next subsection deals with RuII and OsII complexes in which pyridine and derivative
ligands are of interest. DFT calculations have been used to probe the bonding in [Ru(CN)5L]n�

where L¼ py, pyz, N-Mepyzþ. The Ru–L dissociation energies follow the order py< pyz<
N-Mepyzþ, and this is consistent with the predicted 	-donating and �*-accepting abilities of the
heterocyclic ligands.254 Structural data for trans-[RuCl2(py)4] reveal that the compound exhibits
shorter M�N and M�Cl bond lengths than the corresponding FeII, CoII, and NiII complexes.255

The reaction of trans-[RuCl2(py)4] with TlL (HL¼ 2-ClC6H4NCNH, 2,3-Cl2C6H3NCNH, 2,4,5-
Cl3C6H2NCNH, 2,3,4,5-Cl4C6HNCNH, and C6Cl5NCNH) in dmf yields trans-[RuL2(py)4]. The
trans arrangement has been crystallographically confirmed, and spectroelectrochemical studies
have accessed the corresponding RuIII complexes.256 The syntheses of trans-[RuCl2(Hnic)4] and
trans-[RuCl2(Hinic)4] (Hnic and Hinic¼ 3- and 4-pyridinecarboxylic acid)257 and trans-[RuCl2
(dinic)4] (H2dinic¼ 3,5-pyridinedicarboxylic acid)258 from a ‘‘ruthenium blue’’ have been
described. The complexes have been characterized257,258 and there is a pH dependence on the
MLCT absorptions in the electronic spectra for the Hnic and Hinic complexes; a blue shift is
observed as the pH increases.257 The reaction of trans-[RuCl2(py)4] with an excess of NO2

� or
CN� in refluxing pyridine leads to trans-[Ru(NO2)2(py)4] or trans-[Ru(CN)2(py)4] respectively. If
trans-[Ru(NO2)2(py)4] is treated with concentrated HCl at reflux, the product is trans-
[Ru(NO)Cl(py)4]

2þ. This can be converted to trans-[RuCl(py)4(Me2CO)]þ, a labile complex that
is used as a precursor to trans-[RuCl(py)4L]þ where L is an N-donor ligand. The reaction of trans-
[Ru(NO)Cl(py)4]

2þ with trans-[RuCl(py)4(pyz)]
þ or pyrazine leads to the formation of

[Cl(py)4Ru(�-pyz)Ru(py)4Cl]2þ.259

Photolysis using near UV-vis irradiation of cis-[Ru(NH3)4(py)2]
2þ, related complexes in which

the heterocyclic ligand is 4-methylpyridine, 4-acetylpyridine or isonicotinamide (isn), and
cis-[Ru(NH3)4(isn)L]2þ (L¼ py, 4-methylpyridine, 4-acetylpyridine), results in NH3, isn and L
aquation. Detailed analysis of the observations is given.260 The photochemical behavior of
cis,cis,trans-[RuCl2(dmso)2(4-

tBupy)2] has been studied; excitation at the CT and ligand-field
absorptions results in labilization of the dmso ligand; the corresponding MeCN complexes are
produced with complete retention of configuration.261

The syntheses of [Ru(NCX)Y(bpy)(py)2]
nþ (X¼O, Y¼NO2 and n¼ 0; X¼O, Y¼ py and

n¼ 1; X¼ S, Y¼NO2 and n¼ 0; X¼ S, Y¼NO and n¼ 2; X¼ S, Y¼ py and n¼ 1) have been
reported, and the structures of representative complexes have been determined.262

A family of compounds of the general formula [RuCl2(CO)L(PPh3)2] where L is anN-heterocyclic
ligand (e.g., py, 2-CNpy, 3-CNpy, 4-CNpy, 2-Mepy, 3-Mepy, 4-Mepy, 1-Meim, 2-Meim) has been
synthesized and spectroscopically and electrochemically characterized, and a number of physico-
chemical parameter correlations are explored. The structure of [RuCl2(CO)(4-Mepy)(PPh3)2] has
been elucidated.263 Reaction of [RuH2(CO)(PPh3)3] with [C7H7][BF4] in the presence of excess py,
4-Mepy or bpy leads to the formation of [RuH (CO)(PPh3)2L2] where L¼ py or 4-Mepy, or L2¼ bpy.
Characterization of the products includes the X-ray structure of [RuH-(CO)(PPh3)2(4-Mepy)2]; the
two N-donors are mutually cis with the two PPh3 ligands mutually trans.264 The reaction of
[MHCl(CO)(PPh3)3] (M¼Ru, Os) with HgL2 (L�¼ 2-(20-pyridyl)phenyl) results in the formation
of [MCl(CO)(PPh3)2L] in which L� acts as an N,C-donor. An additional ligand can be introduced
by first abstracting Cl�; this method gives routes to [MI(CO)(PPh3)2L], [M(CO)2(PPh3)2L]þ and
[M(CO)(PPh3)L(S2CNMe2)].

265 The use of HgL2 precursors has been extended to the transform-
ations of [MHCl (CO)(PPh3)3] (M¼Ru, Os) to [MCl(CO)(PPh3)2L] in which HL¼ 2-(10-naphthyl)-
pyridine, 2-phenylquinoline and 2,3-diphenylquinoxaline. Chloride substitution by Me2NCS2

� in
[MCl(CO)(PPh3)2L] proceeds with loss of one PPh3 ligand to give [M(CO)(PPh3)L(S2CNMe2)].

266

Coordination of each L� to RuII or OsII activates it towards electrophilic substitution, and nitration
and bromination reactions are described.265,266
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Resonance Raman spectra have been reported and assigned for the ground and excited states of
[Ru(NH3)5(4,4

0-bpy)]2þ and [Ru(NH3)5(4,4
0-bpyH)]3þ.267 There has been considerable interest in

RuII complexes containing the N-methyl-4,40-bipyridinium and related ligands, and in the poten-
tial applications of some of these complexes in nonlinear optical (NLO) materials. The electronic
spectrum of the N-methyl-4,40-bipyridinium radical (MQ�) exhibits broad absorptions at 360 nm
and 600 nm assigned, respectively, to �!�* and �*! �* ligand radical transitions. Resonance
Raman spectroscopic data for MQ�, [Ru(bpy)2(MQ�)2]2þ and [Os(bpy)2(MQ�)(CO)]2þ have been
reported, and band assignments include that for the MII(d�)!MQ�(�*) MLCT transition.268 The
complexes [Ru(NH3)5L]3þ (Lþ¼N-R-4,40-bipyridinium; R¼Me, Ph, 2,4-(NO2)2C6H3),
[Ru(NH3)4(1-Meim)L]3þ (Lþ¼N-R-4,40-bipyridinium; R¼Me, Ph) and [Ru(NH3)4(4-
NMe2py)L]3þ (Lþ¼N-R-4,40-bipyridinium; R¼Me, Ph) have been prepared and characterized.
The complexes all possess donor–acceptor groups that are mutually trans, and they exhibit large,
tunable static first hyperpolarizabilities, �0, that are associated with intense, low-energy MLCT
excitations.269 The series of compounds has been extended and further explored, and trans-
[Ru(NH3)4(4-NMe2py)L]3þ where Lþ¼N-(4-acetylphenyl)-4,40-bipyridinium is found to have a
particularly large �0 value.270 The complexes in these series exhibit completely reversible switching
of large molecular quadratic NLO responses.271 More recently, the range of complexes has
included the acceptors N-methyl-2,7-diazapyrenium and N-(2-pyrimidyl)-4,40-bipyridinium.
Among the general trends that have become apparent, it is observed that for a given acceptor
ligand, the MLCT energy decreases as the donor strength of the donor ligand increases, and
follows the order py<NH3< 1-Meim. The complex exhibiting the largest �0 value is trans-
[Ru(NH3)4(1-Meim)L] where Lþ¼N-methyl-2,7-diazapyrenium.272 Salts previously observed to
exhibit large �0 values have been studied by using electroabsorption spectroscopy in butronitrile
glasses at 77K.273 The complexes trans-[Ru{1,2-(Me2As)2C6H4}2ClL]2þ (Lþ¼N-R-4,40-bipyridi-
nium; R¼Me, Ph, 4-AcC6H4, 2,4-(NO2)2C6H3, 2-pyrimidyl) have been synthesized and character-
ized, but show no evidence for ground state charge-transfer even though they are strongly dipolar
and polarizable.274

The reader is also directed to Section 5.5.3.1.21 for a discussion of miscellaneous N-heterocyclic
ligands.

5.5.3.1.2 [M(bpy)3]
2+(M =Ru or Os; bpy = 2,20-bipyridine) and related

heteroleptic complexes containing 2,20-bipyridine, 2,20-bipyrimidine, and 2,20-bipyrazine

The widespread interest in [Ru(bpy)3]
2þ chemistry necessarily leads to a substantial section

devoted to this and related complexes. Two reviews cover general aspects of 2,20-bipyridine
coordination chemistry: [M(bpy)3]

nþ (M¼Ru, Os)275 and complexes containing at least two
bpy units.276 Further reviews are given in Section 5.5.3.1.4. General methods of synthesis of
[Ru(bpy)3]

2þ include those of [Ru(bpy)3]Cl2�6H2O,277,278 [Ru(bpy)3][ClO4]2�H2O,279 and [Ru-
(bpy)3][NO3]2�6H2O,279 and a one-pot synthesis of [Ru(bpy)3]

2þ and related RuIII complexes.280

The application of microwave irradiation has been described for the preparation of a range of
RuII polypyridine complexes including [Ru(bpy)3][ClO4]2�3H2O, [Ru(bpy)3][PF6]2, [Ru(b-
py)3][SO4]. Salts of [Os(bpy)3]

2þ can be synthesized by the same method although yields
are lower than for the corresponding RuII complexes.281 The advantage of the microwave
irradiation over more traditional methods of synthesis is the reduction in reaction times from,
typically, 4 h to 20min. General procedures to tris(heteroleptic)ruthenium(II) and osmium(II)
complexes where the ligands are didentate polypyridyl species have also been described.282,283

There have been several crystallographic studies involving the [Ru(bpy)3]
2þ and [Os(bpy)3]

2þ ions:
[Os(bpy)3][PF6]2,

284 [Ru(bpy)3][PF6]2,
285 [Ru(bpy)3][ClO4]2,

286 and [Ru(bpy)3]2[W10O32]�3dmso.287 In
the latter, the cations occupy cavities in the polyoxometallate lattice and there are C�H�O hydrogen
bonds between the cations and anions. A comparison has been made between the structures of
[Ru(bpy)3][PF6]2 and [Ru(bpm)3][PF6]2 (bpm¼ 2,20-bipyrimidine).285 In the solid state, Na[Ru
(bpy)3][Ru(ox)3] has a 3D network structure that is chiral, the absolute configuration being �.288

The results of X-ray diffraction studies of aqueous solutions of sulfates or chlorides of [Ru(bpy)3]
2þ

indicate that approximately two H2O molecules are present at a distance of 350–360 pm from the RuII

center, and that 10–11 H2O molecules are in the range 530–630pm. Further high-electron density
peaks were observed in the region of 770–1,120 pm from the cation.289 The [RuL3][PF6]2�Me2CO has
been determined; the cation has a similar structure to that of [Ru(bpy)3]

2þ but the replacement of C by
N atoms in the ligands has a significant effect on the crystal packing.290
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X-ray structural data for [Ru(bpy)3]
2þ and a wide range of other polypyridyl derivatives of RuII

have been used to develop molecular mechanics parameters for these types of complex with the
MM3* force field. Correlations between coordination geometry and emission properties of the
RuII complexes have been examined.291

Spectroscopic studies of [M(bpy)3]
2þ (M¼Ru, Os) have included 1H NMR spectroscopic

investigations of the one- and three-electron reduced forms of these complexes. 1H NMR contact
shifts have been measured for [M(bpy)3]

þ and [M(bpy)3]
� and the results used to estimate spin

density distributions.292 The 99Ru NMR spectra of [Ru(bpy)3]
2þ and other polypyridyl derivatives

of RuII in MeCN have been recorded. The chemical shifts are sensitive to the coordination
environment and have been correlated with the energies of the MLCT bands for the complexes.293

NMR spectroscopy has been used to investigate the ground state interactions between
[Ru(bpy)3]

2þ and phenol or monochlorophenols in D2O; analogous studies with [Ru(bpz)3]
2þ

(bpz¼ 2,20-bipyrazine) have also been reported. There is evidence for offset face-to-face �-stacking
interactions between PhOH and the ligands. The formation constants for the 1:1 [Ru-
(bpy)3]

2þ:ArOH complexes follow the order C6H5OH< 4-ClC6H4OH< 3-ClC6H4OH< 4-
ClC6H4OH.294

Spectroscopic properties of [Ru(bpy)3]
2þ,295 and the effects of varying the diimine ligands in

[Ru(bpy)3�nLn]
2þ (L¼ diimine) on the electronic spectra and redox properties of these complexes

have been reviewed.296 The properties of the optical emission and excitation spectra of
[Ru(bpy)3]

2þ, [Ru(bpy)2(bpy-d
8)]2þ and [Ru(bpy-d8)3]

2þ and of related OsII, RhIII, and PtII and
OsII species have been analyzed and trends arising from changes in the metal d or MLCT
character in the lowest triplet states have been discussed.297 A study of the interligand electron
transfer and transition state dynamics in [Ru(bpy)3]

2þ has been carried out.298 The results of
X-ray excited optical luminescence and XANES studies on a fine powder film of [Ru(bpy)3][ClO4]2
show that C and Ru localized excitation enhances the photoluminescence yield, but that of N
does not.299

Comparisons between the electronic structures (using a ZINDO analysis) of [Ru(bpy)3]
2þ and

[Ru(bpy)(NH3)4]
2þ, and between related pairs of compounds where bpy is replaced by 2,20-

bipyrazine or 1,2-benzoquinonediimine, show that bpy is unable to accept extra electron density
from the metal center whereas the opposite is true for 1,2-benzoquinonediimine. The acceptor
properties of the 2,20-bipyrazine ligand fall between those of bpy and 1,2-benzoquinonediimine.300

Using the Fenske–Hall method, the electronic structures of [Ru(bpy)3�n(ppy)n]
(2�n)þ

(Hppy¼ 2-phenylpyridine) have been investigated. The coordinated ppy� is a C,N-donor. The
electronic structures of the heteroleptic complexes exhibit a separation of the Ru�C and Ru�N
	-bonding character. It is proposed that the observed preference for cis- over trans- and for
fac- over mer-isomers may arise from the enhanced 	-donating ability of the C atom when it is
trans to an N rather than C-donor.301

A study of the vibrational spectra of [Ru(bpy)3]
2þ has included normal coordinate analyses of

both the ground and 3MLCT excited states of the complex.302,303 The results of normal-coordinate
analysis calculations can be used to gain structural data for transient species; the method has been
applied to calculate the 3MLCT-state structure of [Ru(bpy)3]

2þ.304 Resonance Raman and
time-resolved Raman spectra of [Ru(bpy)2L]2þ and [RuL3]

2þ (L¼ 4, 40-bipyrimidine) have been
recorded and analyzed. The time-resolved Raman studies using a 354.7 nm harmonic of a 10 ns
Nd:YAG laser show that there is selective population of the bpm-localized excited state for
[Ru(bpy)2L]2þ.305 A resonance Raman spectroscopic investigation of [RuLnL

0
3�n]

2þ where L,
L0 ¼ bpy, 4,40-Me2bpy, 4,40-Br-2-bpy, and n¼ 0–3 shows that for the homoleptic complexes, the
lowest excited state has the excited electron localized on one of the ligands, and for most of the
heteroleptic complexes, the excited electron is localized on the more easily reduced ligand. For
[Ru(bpy)(4,40-Me2bpy)2]

2þ and [Ru(bpy)(4,40-Br2bpy)2]
2þ, however, the Raman data are consis-

tent with a mixture of excited-state species.306 A picosecond Raman-scattering study has been
made of the electron localization in the CT excited state of [Ru(bpy)3]

2þ.307 Resonance Raman
and time-resolved Raman spectroscopy have been used to investigate the 3MLCT populations of a
series of RuII complexes containing bpy and tetramethylbipyridine ligands,308 of complexes
containing 2-(2-pyridyl)pyrazine,309 and of RuII complexes with bpy and bpz ligands.310 Reson-
ance Raman spectra of [Ru(bpz)3]

2þ in sulfuric acid solutions of various concentrations are
consistent with protonation of all the non-coordinated N atoms; the first three protonation steps
involve successive ligands to give [Ru(Hbpz)3]

5þ.311 Resonance-enhanced Raman spectroscopy
has been used to measure the lifetimes and emission spectra (at 298 and 77K) of [RuL3]

2þ where L
is one of the polymethylene bridged ligands (28). The resonance Raman and emission spectra
differ as a function of the length of the polymethylene bridge; as n varies from 1 to 4, there is
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increased twisting about the 2,20-bond in the bipyridine ligand and therefore an increased
deviation from planarity.312 Analysis of highly resolved emission spectra of [RuLnL

0
3�n]

2þ

(L and L0 ¼ bpy, bpy-d8, bpz) doped into [Zn(bpy)3][ClO4]2 shows that there is a distinction
between the localized and delocalized MLCT transitions to the lowest excited states. For example,
localized excitation in [Ru(bpy)2(bpz)]

2þ means that only ligand-centered modes of bpz are
observed in the emission spectrum. In [Ru(bpy)2(bpy-d

8)]2þ, there is evidence for delocalization
of the excited state electron as is observed in [Ru(bpy)3]

2þ and [Ru(bpy-d8)3]
2þ.313 Related studies

at 1.3K on [Os(bpy)n(bpy-d
8)3�n]

2þ (n¼ 1, 2) doped into [Zn(bpy)3][ClO4]2 have been carried out,
and the properties of the complexes are compared with those of [Os(bpy)3]

2þ and [Os(bpy-d8)3]
2þ.

The emission lifetimes increase on deuteration, and it is concluded that, in contrast with previous
models, the excited electronic state is delocalized over the three ligands.314 Electronic absorp-
tion and ESR spectroscopic data for [RuLx(bpy)3�x]

2�n (L¼ 2-(20-pyridyl)quinoline; x¼ 1–3;
n¼ 0–3) provide evidence that the electrochemically generated electrons are localized onto
separate ligands. The compositions of the redox orbitals of the mixed-ligand systems have
been analyzed.315

N N

(CH2)n

(28)
n = 1– 4

Time-resolved IR difference spectra for the MLCT excited states in the range 1,400–1,625 cm�1

have been recorded for [Ru(bpy)3]
2þ. By comparisons with ground-state spectroscopic data and

data for the electrochemically generated [Ru(bpy)3]
3þ and [RuII(bpy.�)(bpy)2]

þ, it has been
possible to assign the new spectra; the results provide evidence for a localized
*[RuIII(bpy.�)(bpy)2]

2þ on a 100 ns timescale.316

The long lifetimes and high redox potentials of a range of ruthenium(II) complexes and in
particular [Ru(bpy)3]

2þ have important consequences for their use as photoactive redox catalysts.
This area of research is extremely active and we now focus on the decay of the excited state of
[Ru(bpy)3]

2þ (*[Ru(bpy)3]
2þ) and its quenching. Braterman et al. have described the electronic

absorption spectrum and structure of the emitting state of [Ru(bpy3]
2þ, and the effects of excited

state asymmetry.317,318 The effects of solvent on the absorption spectrum of *[Ru(bpy)3]
2þ have

been studied. In H2O, MeCN and mixtures of these solvents, the value of "(450 nm) remains the
same ((4.6� 0.4) 103 dm3 mol�1 cm�1). The ground state spectrum is essentially independent of
solvent ("(452 nm)¼ 1.46 104 dm3mol�1 cm�1).319 The studies have been extended to
*[Ru(phen)3]

2þ. For both *[Ru(bpy)3]
2þ and *[Ru(phen)3]

2þ, the decay parameters as a function
of temperature in H2O, MeCN and mixtures of these solvents are similar. The results suggest that
the nature of the localization of the electron in the excited state has little effect on the photo-
physics and electron-transfer quenching in fluid solution at 298K.320 Studies have also been made
of the 3MLCT state of [Os(bpy)3]

2þ in H2O–MeOH (or in deuterated systems), and in H2O–D2O
and H2O–dioxane mixtures. An isotope effect on the rate-constant of the nonradiative decay of
the excited state is observed in water, but the effect is only small in MeOH; the rate of decay in
H2O–D2O shows a linear dependence on the mole fraction of D2O, but there is no such
dependence on the mole fraction of MeOH in the H2O–MeOH mixtures.321 The solvent effects
of a series of linear alcohols on the nonradiative decay of *[Ru(bpy)3]

2þ have also been investi-
gated.322 The decay of the 3CT states of [Ru(bpy)2L][ClO4]2�2H2O, [Ru(bpy)2L][PF6]2�2H2O,
[Ru(biq)3][ClO4]2, [Ru(tpy)2][ClO4]2 and [Ru(tpy)2][PF6]2 has been studied for crystalline samples
over the temperature range 77–480K, and spectra compared with those of solution samples. For
the salts of [Ru(tpy)2]

2þ, it is concluded that the rate-determining step of the 3CT decay above
200K is the exoergonic intersystem crossing of 3(d–d) to the ground state.323

Time-resolved femtosecond (fs) absorption spectroscopy has been applied to investigate the
earliest events of the decay of *[Ru(bpy)3]

2þ and provides information relating to the dynamics
associated with the evolution of the Franck–Condon state to the lowest-energy excited state of
[Ru(bpy)3]

2þ. Within 300 fs of the initial excitation, the latter process is effectively complete. The
conclusions of this work are of particular importance in terms of updating the views concerning
the relaxation of *[Ru(bpy)3]

2þ.324
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Many investigations of the quenching of *[Ru(bpy)3]
2þ have been reported, a large proportion

of which involve viologens as the electron-transfer agent. Applications to the photoreduction of
water are a major driving force for research in this area. Scheme 1325 shows the hydrogen-
producing cycle with a general electron-transfer agent (ETA) and utilizing a colloidal platinum
dispersion on polyvinyl alcohol (Pt(PVA)).

*[Ru(bpy)3]2+ +  ETA [Ru(bpy)3]3+ +  ETA–

*[Ru(bpy)3]2+ [Ru(bpy)3]2+

[Ru(bpy)3]2+ hν *[Ru(bpy)3]2+

Pt(PVA)
2ETA   +  2H+ 2ETA   +  H2

[Ru(bpy)3]3+ + edta4 [Ru(bpy)3]2+ + edta3

products

[Ru(bpy)3]3+ +  ETA– [Ru(bpy)3]2+ +  ETA

*[Ru(bpy)3]2+ +  ETA [Ru(bpy)3]2+ +  *ETA

Scheme 1

A number of cobalt(III) encapsulated cage complexes have been used as electron-transfer
agents; their advantage over viologens is their long-term stability in photochemical cycles. The
most effective complex is [CoL]3þ where L is 1-chloro-3,6,10,13,16,19-hexaazabicyclo[6.6.6]eico-
sane; at a concentration of 4 10�3 mol dm�3, this cage exhibits a similar ability to methylviolo-
gen to produce H2.

325 Laser flash photolysis in sodium dodecyl sulfate and sodium laurate
micelles has been used to investigate the kinetics of electron transfer between *[Ru(bpy)3]

2þ and
N,N0-dimethylviologen (MV2þ, (29)). The decay follows first-order kinetics (kobs � 106–107 s�1);
dependences of kobs on surfactant and quencher concentration, as well as detailed analysis of the
data have been discussed.326 The temperature dependences of the rate constant and product cage
escape yields for the electron transfer from *[Ru(bpy)3]

2þ to MV2þ in 1-butyl-3-methylimidazo-
lium hexafluorophosphate have been investigated; under these conditions, photoelectron transfer
occurs at a diffusion-controlled rate.327 Photophysical properties of [Ru(bpy)2(MQ)2]

4þ

(MQþ¼N-methyl-4,40-bipyridinium ion) and [Ru(bpy)2(30)]
3þ have been compared, and the

crystal structure of the PF6
� salt of the latter determined. [Ru(bpy)2(MQ)2]

4þ exhibits strong
luminescence from the Ru! bpy MLCT state (80K in EtOH-MeOH glass) and this transition
is quenched at the temperature of the solvent glass-to-fluid transition as a result of ligand-to-
ligand CT. Over the range 80–300K, the dominant feature of [Ru(bpy)2(30)]

3þ is the low-lying
Ru! (30) MLCT state.328 Ligands (31) have been incorporated into a series of complexes
[Ru(bpy)2(31)]

4þ and [Ru(4,40-Me2bpy)2(31)]
4þ, and the effect of O2 on the electrogenerated

chemiluminescence of these species has been studied. The light emission occurs not from an
MLCT excited state, but from decomposition products formed from the reaction of O2 with
the viologen units. This reaction prevents quenching of the excited state by the viologen.329 The
rates of electron transfer from the MLCT excited state to the viologen acceptors in the com-
plexes [Ru(bpy)3�n(32)n]

(2þ2n)þ, [Ru(4,40-Me2bpy)3�n(32)n]
(2þ2n)þ, and [4,40,5,50-Me4Ru-

(bpy)3�n(32)n]
(2þ2n)þ have been measured, and the results have been discussed in terms of a kinetic

model involving rapid MLCT exciton hopping and rate-determining electron transfer to the
viologen.330 Ligands related to (32) but with a wider range of spacers between the donor and
acceptor centers have also been investigated. For (CH2)m spacers, the rate constant for electron
transfer decreases significantly as the number of CH2 groups increases.331 The complexes
[Ru(bpy)2(33)]

6þ have been synthesized and characterized by spectroscopic and electrochemical
methods. In the ground state, there is no interaction between the RuII center and the bisviologen
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unit. Quenching of the photoexcited state has been examined, and electrochemical studies show
that photoinduced two-step electron transfer from the Ru center to the bisviologen occurs to give
long-lived, charge-separated states.332 Related work reports the application of these systems to
photoinduced H2 evolution in a system containing the reduced form of NADPH.333,334

N NMe Me NMe N

N

(29) (30)

N

N

Me

(CH2)n N

N
Me

(31)

n = 1, 2, 3, 5, 8 

N

N

Me

(CH2)2

N
N

Me

(CH2)n

(32)
n = 2, 3, or 4 

N

N

CO2H

O

N
H

(CH2)m N

N
(CH2)n

N

N

(33)

m = 2, n = 3; m = 3, n = 4 

The interactions between the complexes [Ru(34)3]
2þ and MV2þ (29) or the cyclic bis(bipyridi-

nium) ion (35) have been studied. Supramolecular association can occur between the dialkoxy-
benzene units of (34) (R¼ 4-MeOC6H4) and MV2þ (K¼ 28� 1mol dm�3) or (35) (K¼ 1,200
� 100mol dm�3), but this is not possible for [Ru(34)3]

2þ when R¼H in ligand (34). Electron
transfer from *[Ru(34)3]

2þ ((34) with R¼ 4-MeOC6H4) to the acceptors has been investigated by
using time-resolved laser flash photolysis, and the results support the existence of the supramo-
lecular assemblies.335 Related work describes photoinduced electron transfer in supramolecular
assemblies involving (35) and [RuL3]

2þ in which the ligands are related to (34) or L3¼ (36).336

Quenching of the excited state of [Ru(bpy)3]
2þ occurs with a wide range of species which may

or may not be covalently linked to the ruthenium(II) coordination sphere. Persulfate ion quenches
*[Ru(bpy)3]

2þ and the electron transfer process results in the formation of SO4
�� which reacts

with the acetate buffer and chloride ions present in solution. The net result is a reduction in the
overall quantum yield of [Ru(bpy)3]

3þ (see Scheme 1).337 The quenching of both *[Ru(bpy)3]
2þ

and *[Ru(bpz)3]
2þ by ferrocene, 1,10-dimethylferrocene, 1,2,3,4,5-pentamethylferrocene,

1,10,2,20,3,30,4,40-octamethylferrocene and decamethylferrocene occurs competitively by energy
and electron transfer.338 Excited-state quenching in double-complex salts has covered a number
of compounds: [Ru(bpy)3]3[Co{4,40-(CO2)2bpy}3]2,

339 [Ru(4,40-Me2bpy)3]3[Co{4,40-(CO2)2bpy}3]2,
339

[Ru(bpz)3]3[Co{4,40-(CO2)2bpy}3]2,
339 [M(bpy)3]2[Cr(CN)6]Cl (M¼Ru, Os),340 [Ru(bpy)3]2-

[Fe(CN)6]Cl�8H2O,341 [Ru(bpy)3]2 [Co(CN)6]Cl�8H2O,341 [Ru(bpy)3]2[Co(CN)6]2SO4,
341 and

[Ru(bpz)3][Fe(CN)6]Cl�14H2O,341 as well as combinations of [Ru(phen)3]
2þ/[Cr(CN)6]

3�,
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[Ru(phen)3]
2þ/[Fe(CN)6]

3�, [Ru(bpy)3]
2þ/[Cr(CN)6]

3�, [Ru(bpy)3]
2þ/[Fe(CN)6]

3� and[Ru(bpy)3]
2þ/

[Ni(CN)4]
2� in the presence of LiCl, NaCl, KCl and CsCl.342 The rate of energy transfer in

[Os(bpy)3][Cr(CN)6]Cl�8H2O is about eight times greater than in the RuII analog (4.8 107 s�1

vs. 6.0 106 s�1 at 77K).340

By combining [Ru(bpy)3]
2þ and metalloporphyrin domains, the aim is to couple the excited-

state redox properties of the former with catalytic properties of the latter. Towards this end, the
quenching of the 3MLCT state of [Ru(bpy)3]

2þ by FeIII meso-tetra(4-sulfanatophenyl)porphyrin
has been studied in aqueous solution. The FeIII porphyrin forms a 1:1 complex with [Ru(bpy)3]

2þ

under conditions of low ionic strength (K¼ 1.5� 0.01) and the complex formation results in
significant quenching. At higher ionic strengths or when bpy is replaced by [4,40-(CO2)2bpy]

2�, no
complex formation occurs and quenching of the excited state is diffusional.343 Quenching of
*[Ru(bpy)3]

2þ by the conjugate bases of 2,4-Cl2C6H3OH, 2,5-Cl2C6H3OH, and 2,6-Cl2C6H3OH
has been studied in MeOH and MeOH/H2O mixtures. In each solvent, the quenching constants,
kq, for 2,5-Cl2C6H3OH were smaller than for the 2,4- and 2,6-isomers. The production of
[Ru(bpy)3]

3þ(Scheme 1) was observed by using laser-flash photolysis, and the effects of the
solvent on quantum yields are discussed.344 Values of kq and cage escape yields of the redox
products for electron transfer between *[Ru(bpy)3]

2þ and a series of aromatic amines have been
determined as a function of temperature in MeCN/H2O media. The solvent reorganization
energies for electron-transfer quenching and back electron-transfer within the solvent cage have
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been determined, and it is found that the highest reorganization energies are exhibited by primary
amines; relationships between these energies and amine structure are discussed.345

Electron transfer from [Ru(bpy)3]
2þ to C60 has been observed across a covalent link, and is

supported by a photoinduced ESR signal showing characteristics of both [Ru(bpy)3]
3þ and C60

��.
A rate constant for photoinduced electron transfer of 6.4 10�6 s�1 has been estimated.346 When
[Ru(bpy)3]

2þ is covalently attached by a (CH2)4 chain to the electron-donating phenothiazine unit,
and a covalently linked N,N0-diquaternary-2,20-bipyridinium acceptor is employed, excitation to
the 3MLCT state results in a long-lived charge-separated state. A solvent dependence is
observed.347 The rate of electron transfer from the phenothiazine donor to the MLCT states
has been discussed in terms of Marcus theory.348 Effective quenching is also observed for the
complex [RuL2L

0]2þ where L¼ 4,40-(CONEt2)2bpy and L0 ¼ 37. It is proposed that a rapid
equilibrium is established between the initial MLCT excited state and the redox-separated state
which lies at higher energy. Back electron transfer within the redox-separated state plays a
dominant role in the decay to the ground state.349 Partial quenching of the initial excited state
of [Ru(bpy)2(38)]

2þ in MeCN at 298K occurs, and in [Ru(4,5,40,50-Me4bpy)2(38)]
2þ, electron

transfer quenching is virtually complete. It is concluded from the data that the redox-separated
states represented by [Ru(bpy)2(38��)]2þ undergo fast back electron transfer to return to the
ground state.350

N N

Me NH

O O

O

(38)

Laser flash photolysis has been used to investigate energy transfer from the 3MLCT state of
[Ru(bpy)3]

2þ to acridine, acridine-9-carboxylate and phenazine, as well as electron transfer from
substituted phenols to methyl viologen mediated by the triplet state of acridine-9-carboxylate.351

Flash photolysis and pulse radiolysis methods have been applied to a study of the relaxation
dynamics and product distribution in the decay of the high-lying excited states generated by two-
photon capture by [Ru(bpy)3]

2þ or electron capture by [Ru(bpy3]
3þ. High-power flash excitation

produces the lowest lying MLCT states as well as a transient photoproduct which is formulated as
[Ru(bpy-N,N0)2(bpy-N)]2þ.352 For the photochemical reaction between *[Ru(bpy)3]

2þ and Fe3þ in
various concentrated electrolyte solutions, it has been found that there is a positive salt effect, the
size of which depends on the salt. The effects that the electrolyte have on the activation and
diffusion-controlled rate constants have been described.353

By using time-resolved IR luminescence and kinetic modeling, it has been shown that, contrary
to previous proposals, singlet molecular O2 (1�g) is not formed during the electron-transfer
reaction between [Ru(bpy)3]

3þ and O2
�� in aqueous solution. Results indicate that the only

singlet O2 formed photolytically in a system involving [Ru(bpy)3]
2þ, MV2þ and O2 is produced

by energy transfer between *[Ru(bpy)3]
2þ and ground state O2.

354 The rate constant for the
quenching of *[Ru(bpy)3]

2þ by O2
�� in MeCN has been determined as (1.3� 0.3) 1010 dm3

mol�1s�1. Again, there is no evidence for the formation of singlet molecular O2 (1�g).
355 Photo-

excitation of the complex [Ru(bpy)2(4,4
0-R2bpy)]

2þ where R¼CONHCHMeCONMeOH yields a
long-lived nitroxyl radical on one of the R groups, with singlet O2 being responsible for this
transformation.356

The emission from *[Ru(bpz)3]
2þ is quenched by carboxylic acids; the observed rate constants

for the process can be rationalized in terms of the protonation of the non-coordinated N atoms
on the bpz ligands. The effects of concentration of carboxylate ion on the absorption and
emission intensity of [Ru(bpz)3]

2þ have been examined.357 The absorption spectrum of
[Ru(bpz)(bpy)2]

2þ shows a strong dependence on [Hþ] because of protonation of the free N
sites; the protonated species exhibits no emission. Phosphorescence is partly quenched by H3O

þ

even in solutions where [Hþ] is so low that protonation is not evidenced from the absorption
spectrum.358 The lifetime of the excited state of the nonemissive [Ru(Hbpz)(bpy)2]

3þ is 1.1 ns,
much shorter than that of [Ru(bpz)(bpy)2]

2þ (88 nm).359 The effects of complex formation
between [Ru(bpz)(bpy)2]

2þ and Agþ on electronic spectroscopic properties have also been stu-
died.358 Like bpz, coordinated 2,20-bipyrimidine and 2-(20-pyridyl)pyrimidine also have the

580 Ruthenium and Osmium: Low Oxidation States



potential to be protonated with concomitant effects on the absorption spectra of the RuII

complexes. The pKa values for the monoprotonated forms have been determined from titration
curves, and have been correlated with reduction potentials.360 A comparison of the protonation
behaviors of [Ru(bpy)3�n(bpz)n]

2þ and [Ru(bpy)3�n(39)n]
2þ has been made, and pKa values for

monoprotonation of the ground state and first-excited MLCT state complexes containing ligand
(39) have been determined. Luminescence is quenched by organic buffers even at concentrations
in which protonation does not occur; this phenomenon is explained in terms of hydrogen bonding
between the carboxylic acid and the non-coordinated N atoms of the ligand.361 Values of pKa

have also been determined for a series of protonated RuII complexes containing bpm, bpz and bpy
ligands. The excited states of the complexes are described as containing a one-electron reduced
ligand with the electron localized on the most easily reduced ligand: bpz> bpm> bpy.362,363

N

N N
N

(39)

The fluorescence emission of 7-amino-4-methylcoumarin is quenched by [Ru(bpy)3]
2þ, and data

in aqueous solution are consistent with a static quenching mechanism.364

That the excited-state redox potentials can be varied systematically over a series of luminescent
RuII complexes has been illustrated for [Ru(bpy)nL3�n]

2þ where L¼ bpm and bpz.365 A wider range
of ruthenium(II) diimine complexes has been studied in order to gain insight into correlations
between charge transfer emission energies and redox potentials, and the applicability of relation-
ships involving ground state redox potentials to excited state redox potentials is discussed.366

Complexes in the series [MLL02]
2þ where M¼Ru or Os, L¼ bpz or bpm, and L0 ¼ 2-(phenyl-

azo)pyridine or 2-(4-tolylazo)pyridine have been prepared and characterized. They exhibit MLCT
transitions in the visible region, and for M¼Os, low-intensity, spin-forbidden transitions are
observed. Electrochemical data illustrate the effects of differing �-acceptor abilities of the
ligands.367 Assignments of the MLCT bands in the absorption spectra of [Os(bpy)(CN)4]

2� and
[Ru(bpz)(CN)4]

2� have been made and the effects of solvent on the spectra and redox potentials
of the complexes have been studied. The �-acceptor ability of bpy or bpz is increased in weakly
acceptor solvents and this is attributed to CN�-solvent interactions. The complexes are poor
emitters in aqueous solution at 29K; the excited states are very strong reductants.368

[Ru(bpz)(CN)4]
� and [Ru(bpz)(CN)4]

3� have been generated spectroelectrochemically from
[Ru(bpz)(CN)4]

2�; their Fe analogs have also been studied. [M(bpz)(CN)4]
3� are shown to be

MII species with a radical anion �-acceptor ligand.369

Tuning the photophysical properties of [Ru(bpy)3]
2þ-related species is discussed in several

sections in this chapter, and in this section, examples are restricted to mononuclear complexes.
The photochemical and photophysical properties of the series of complexes [Ru(bpy)n{5,5

0-(CF3)2-
bpy}3�n]

2þ and [Ru(bpy)n{4,4
0-(CF3)2bpy}3�n]

2þ (n¼ 0, 1, 2) have been investigated. Compared to
bpy, each of 4,40-(CF3)2bpy and 5,50-(CF3)2bpy has lower lying �* levels, and the lowest-lying
emitting CT states of the mixed ligand complexes involve the RuIII{(CF3)2bpy��} chromophore.
Excited state lifetimes (in MeOH) lie in the range 42–1,050 ns depending on the number and
substituent pattern of (CF3)2bpy ligands; the longest lifetime is observed for the excited state of
[Ru{4,40-(CF3)2bpy}3]

2þ.370 Excited-state lifetime and photochemical ligand-loss studies for the
complexes [Ru(bpy)nL3�n]

2þ (L¼ (40)) and some related species show that the order of decreasing
quantum yield towards ligand loss is [RuL3]

2þ> [Ru(bpy)L2]
2þ> [Ru(bpy)2L]2þ> [Ru-

(bpy)(bpz)(py)2]
2þ. In the latter complex, there is significant suppression of photochemical ligand

loss, making the [Ru(bpy)(bpz)]2þ-unit a suitable one on which to build photostable light-induced
electron-transfer systems.371 Comparisons have been made between the photophysical properties
of [Ru(bpy)3]

2þ, [Ru(bpz)3]
2þ, and [Ru(bpz)2(bpm)]2þ in MeCN and in MeCN/H2O mixtures. The

dependence of the emission energy on the solvent composition indicates that the excited states are
preferentially solvated by H2O molecules. Nonradiative decay and the temperature-dependent
thermal population of the metal centered d–d state depend strongly on both solvent composition
and temperature.372

Tris(ligand) complexes involving ligand (41), or derivatives thereof, have been synthesized and
characterized. Appending electron-releasing Ph or cyclic alkyl groups to the ligand leads to a blue
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shift in the electronic spectrum; trends in redox potentials are discussed and it is noted that the
variation of first reduction potentials of the complexes is small.373 The absorption spectra,
emission spectra and emission lifetimes of [Ru(bpy)nL3�n]

2þ (L¼ 2,20-biisoquinoline; n¼ 1, 2, 3)
have been compared with those of [Ru(bpy)3]

2þ. The 2,20-biisoquinoline ligand is not involved in
the low-energy excited states responsible for the luminescence emission of the heteroleptic species.
Electrochemical studies on the complexes have also been carried out. The combined data illustrate
that [Ru(bpy)3]

2þ, [Ru(bpy)2L]2þ, and [Ru(bpy)L2]
2þ (L¼ 2,20-biisoquinoline) contain single bpy-

localized excited states although where there is more than one bpy ligand, there is weak inter-bpy
interaction.374 The syntheses and photophysical properties of the complexes [Ru(bpy)n(42)3�n]

2þ

(n¼ 0–3) have been reported. The first reduction potentials of the complexes containing ligand
(42) are similar (��0.72V vs. SCE) to each other but significantly less negative than that of
[Ru(bpy)3]

2þ. The lifetimes of the emitting states of the complexes containing ligand (42) are
�1 ms at 77K and in the region of 0.1 ms at 298K.375 Ruthenium(II) complexes incorporating the
ligands (43), (44), and (45) have been studied. It is concluded that the electrochemical and
electronic spectroscopic properties are governed by the ligand reduction potential and the steric
crowding of the ligands around the RuII center. [Ru(45)3]

2þ exhibits an extremely low-energy
emission and this is consistent with the ‘‘energy gap law.’’376

N

N
N

N
N

N
N

N
N

N
N

N

(43) (44) (45)

From photophysical data recorded for the series of complexes [Ru(4,40-Me2bpy)3]
2þ, [Ru(4,40-

Me2bpy)2(46)]
2þ, [Ru(4,40-Me2bpy)(46)2]

2þ, [Ru(46)3]
2þ, [Ru(4,40-Me2bpy)2(47)]

2þ, [Ru(4,40-
Me2bpy)(47)2]

2þ, [Ru(46)2(47)]
2þ, [Ru(46)(47)2]

2þ, and [Ru(47)3]
2þ, it is concluded that the excited

state lifetime of the complex is linearly related to the number of pyrenyl chromophores present;
lifetimes lie in the range 0.8–18.1 ms.377 An analysis of the absorption spectra of [Ru(4,40-
Me2bpy)2(48)]

2þ and [Ru(48)3]
2þ shows that there is no significant electronic interaction between

the 4,40-Me2bpy and ligand (48) chromophores. In complexes containing ligand (48), there is rapid
and efficient singlet–singlet energy transfer from the pyrene groups to the Ru(bpy)3 unit.378

Experimental data for the interligand electron transfer kinetics following photoexcitation of
[Os(bpy)3]

2þ are in agreement with a reaction/diffusion model; measurements were made in a
range of solvents. The variable parameters in the model are interligand electronic coupling and
solvent polarization barrier height.379

The photolysis of [Ru(bpy)3]
2þ in dmf in the presence of Cl� leads to a mixture of cis-

[Ru(bpy)2Cl2] and cis-[Ru(bpy)2Cl(dmf)]þ along with the thermally unstable cis-[Ru(bpy)2Cl2]
þ,

[Ru(bpy)3]
3þ and a dinuclear species, proposed to be [Ru2(bpy)4Cl2]

nþ (n¼ 3 or 4). Interconver-
sion of cis-[Ru(bpy)2Cl2] and cis-[Ru(bpy)2Cl(dmf)]þ can be achieved thermally or photochem-
ically.380 The role of the lowest-lying �* level localized in a diimine ligand in directing
photosubstitution has been investigated through reactions of [Ru(bpz)2(bpm)]2þ,
[Ru(bpz)(bpm)2]

2þ, [Ru(bpy)(bpm)(bpz)]2þ, [Ru(bpm)2(MeCN)Cl]þ, [Ru(bpz)2(MeCN)Cl]þ,
[RuL2(py)2]

2þ (L¼ 4,40-Me2bpy, bpy, bpm, bpz) and [Ru(bpy)nL
0
3�n]

2þ (L0 ¼ bpz, bpm; n¼ 0–3).
The substitution quantum yields (�p) varied from 0.35 for [Ru(bpz)3]

2þ to 1.7 10�4 for [Ru(bpy)2-
(bpz)]2þ. A linear correlation was observed between ln �p(obs) and �E1/2 where �E1/2 is the
difference between the first oxidation potential and first reduction potential of the RuII

N

N N N N N N N N

NN

(40) (41) (42)
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complexes. Separation correlations (which relate to the ‘‘energy gap law’’) were noted for com-
plexes containing only bpy-type ligands and those containing bpm and bpz ligands.381

The kinetics of the oxidation of [Ru(bpy)3]
2þ by Tl3þ, catalyzed by RuO2�xH2O dispersed in

HNO3 (3M), have been studied, varying the concentrations of [Ru(bpy)3]
2þ, Tl3þ, Tlþ, catalyst

and temperature. The kinetic data are consistent with an effect involving electron transfer between
the electrochemically reversible redox couples [Ru(bpy)3]

3þ/[Ru(bpy)3]
2þ and Tl3/Tlþ, the transfer

being mediated by RuO2�xH2O.382

5.5.3.1.3 Mononuclear complexes of general formula [Ru(bpy)2L2]
n+

and complexes containing functionalized bpy ligands

There is necessarily some overlap between some of the complexes covered in the previous and
following sections. The main themes running through the next part of the chapter are mono-
nuclear [Ru(bpy)2L2]

2þ species in which L2 is a didentate or two monodentate ligands, and
complexes containing functionalized bpy ligands. Of general interest is a review covering coordin-
ation complexes of bpy.276 Lack of symmetry in complexes of the type [Ru(bpy)2L2]

2þ where L2

is an unsymmetrical diimine leads to difficulties in assigning 1H NMR spectra. A useful method
to overcome the problem involves the use of [Ru(bpy-d8)2L2]

2þ in place of the protio analog.383

A general method of preparing mixed ligand complexes [Ru(bpy1)(bpy2)L2]
2þ where bpy1 and bpy2

are different 2,20-bipyridine derivatives and L2¼ various ligands (two monodentate or one diden-
tate) uses [Ru(bpy1)(bpy2)(CO)2]

2þ as a starting material. Removal of the CO ligands by Me3NO
oxidation can be difficult in the presence of reducing ligands. This problem can be avoided by
making use of [Ru(bpy1)(bpy2)(MeCN)2]

2þ.384

Complexes of the type [Ru(bpy)2L2]
2þ in which L is a simple, monodentate ligand will be

surveyed first. The structure of trans-[Ru(bpy)2(H2O)2][PF6]2 has been determined; steric inter-
actions result in the bpy ligands being ‘‘bowed’’.385 Similar deformations are observed in trans-
[Ru(bpy)2(MeCN)2]

2þ and trans-[Ru(bpy)2(NH3)2]
2þ.386 The structure of cis-[Ru(bpy)2

(MeCN)2][PF6]2 has also been determined.387 The isocyanide complexes [Ru(bpy)2
(CN)(CNMe)]þ, [Ru(bpy)2(CNMe)2]

2þ, and [Ru(bpy)(CNMe)4]
2þ have been prepared and their

photophysical and redox properties described. Compared to analogous cyanide complexes, the
strong electron-withdrawal properties of the CNMe ligands result in significant blue shifts in the
Ru! bpy MLCT transitions, and in anodic shifts in the Ru2þ/Ru3þ oxidation potentials.388

Studies of [Ru(bpy)2(CN)2] and its FeII analog show that there are significant differences in the
excited state electronic spectra; whereas the excited state of [Ru(bpy)2(CN)2] absorbs much more
strongly than the ground state, the opposite is true for the FeII complex. Absorptions at 370 and
430 nm in the spectrum of excited [Ru(bpy)2(CN)2] are characteristic of the bpy� chromophore.389

Oxidation of NH3 in cis-[Ru(bpy)2(NH3)2]
2þ by acidic aqueous Cl2 generates cis[Ru-

(bpy)2(NH3)(NO)]3þ; the reaction kinetics have been studied by stopped-flow methods and a
mechanism has been proposed.390 Photosubstitution in [Ru(bpy)2(N3)2] occurs when the sample
is irradiated in CHCl3 at �� 313 nm; irradiation above this wavelength results in either slow
or no photoreaction. Since CHCl3 absorbs at 313 nm, it is concluded that CHCl3, and not RuII, is

N NN N

Me
R

(46)      R = H

(48)      R = OH

(47)
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the photoactive species in the reaction; a radical mechanism is proposed for the conversion of
[Ru(bpy)2(N3)2] to [Ru(bpy)2Cl2] under these conditions.391 The oxidation of [Ru(bpy)2Cl2] to
[Ru(bpy)2Cl2]

þ in several aerated solvents occurs under UV irradiation and a radical mechanism is
proposed. If [Ru(bpy)2Cl2]

þ is irradiated in the blue or UV region in the same solvents, reduction
to [Ru(bpy)2Cl2] is observed. Depending on the solvent, a photostationary mixture, or the fully
reduced or oxidized complexes can be obtained.392 When irradiated in the ligand field band, the
quantum yield for the photoaquation of trans-[Ru(bpy)2Cl2]

þ is 1.5 10�2; the data reveal that
trans-[Ru(bpy)2Cl2]

þ has a higher quantum efficiency than trans-[Ru(en)2Cl2]
þ.393

The preparation, electrochemical and electronic spectroscopic properties and crystal structure
of cis-[Ru(bpy)2(dmso-S)Cl]X (X¼PF6 or ClO4) have been reported.394,395 Methods of preparing
both cis and trans-complexes of this type have been described.396 Selective, photochemical
monosubstitution of dmso can be achieved with complete enantiomeric retention, e.g., replace-
ment by 4,40-bipyridine.397 Similarly, �-[Ru(bpy)2(dmso-S)Cl]þ can be converted to
�-[Ru(bpy)2(4,4

0-Me2bpy)]
2þ in 97% yields and with 96.8% retention of configuration. The

crystal structure of one enantiomer of [Ru(bpy)2(4,4
0-Me2bpy)]

2þ has thus been determined.398

The family of sulfoxide complexes has been expanded to include [Ru(4,40-Me2bpy)2(dmso)Cl]þ,
[Ru(bpy)2(ttso)Cl]þ and [Ru(4,40-Me2bpy)2(ttso)Cl]þ. Starting from cis-[Ru(bpy)2Cl2] or
trans-[Ru(4,40-Me2bpy)2Cl2] and using a thermal route, all the sulfoxide products are cis. Photo-
irradiation of cis-[Ru(bpy)2Cl2] in dmso yields a trans product, but in contrast, photoirradiation
of trans-[Ru(4,40-Me2bpy)2Cl2] in dmso gives cis-[Ru(4,40-Me2bpy)2(dmso)Cl]þ.399 The reactions
of cis or trans-[Ru(bpy)2Cl2] with either (R)-(þ) or (S)-(–)-methyl 4-tolyl sulfoxide (mtso) results
in the diastereoselective formation of cis-�-[Ru(bpy)2{(R)-(þ)-(mtso)}Cl]þ (49.6% de) or cis-�-
[Ru(bpy)2{(S)-(–)-(mtso)}Cl]þ (48.4% de). The diastereoselectivity of these and related reactions
depend entirely on the chirality of the sulfoxide nucleophile.400 This methodology has been
extended to the first ‘‘one-pot’’ synthesis of derivatives of [Ru(bpy)3]

2þ starting from racemic
[Ru(bpy)2X2] precursors and using the mtso derivatives as intermediates.401

The reaction of [Ru(bpy)2Cl2] with Na2S2C2(CN)2 or (PhCH2)2S2C2(CN)2 leads to the forma-
tion of [Ru(bpy)2{S2C2(CN)2}] or [Ru(bpy)2{(PhCH2)2S2C2(CN)2}]

2þ. The introduction of the
[S2C2(CN)2]

2� ligand (49) results in the presence in the complex of a low-lying d�
(Ru)! �*(ligand) MLCT state.402

CNS

S CN

(49)

The crystal structures of a number of [Ru(bpy)2(phosphine)2]
2þ and [Ru(bpy)2(phosphine)Cl]þ

have been reported: trans-[Ru(bpy)2(PMePh2)2]
2þ,403 cis-[Ru(bpy)2{PPh2(2-MeC6H4)}Cl]þ,404

cis-[Ru(bpy)2{PPh(2-MeC6H4)2}Cl]þ,405 cis-[Ru(bpy)2(PPr3)Cl]þ,406 cis-[Ru(bpy)2(PPh3)Cl]þ,407 cis-
[Ru(bpy)2(PMe3)Cl]þ,408 cis-[Ru(bpy)2{PMe2(2-MeC6H4)})Cl]þ,408 and cis-[Ru(4,40-tBu2bpy)2-
(PPh3)Cl]þ.409 Irradiation (�¼ 460 nm) of rac-[Ru(bpy)2{PhP(OMe)2}Cl]Cl leads to the photo-
chromic generation of a new atropisomer and inversion, there being a low energy barrier to
rotation around the Ru�P bond. Complex formation with –cyclodextrin stabilizes the new
atropisomeric conformation.410 The luminescence properties of cis-[Ru(bpy)(dppe)X2], cis-
[Ru(bpy)2(PPh3)X]þ and cis-[Ru(bpy)2X2] (X�¼CN�, NO2

�) adsorbed on SiO2 at 77K and
room temperature have been studied.411,412 The introduction of the phosphine ligands raises the
singlet and triplet CT state energies.412

Bis(bpy) complexes incorporating RuII-bound carbonyl ligands include [Ru(bpy)2(CO)H]þ, the
structure of which has been determined. In acidic solution, H2 is eliminated from
[Ru(bpy)2(CO)H]þ, and the results of a study of this reaction are discussed in terms of their
relevance to the homogeneous water–gas shift reaction catalyzed by [Ru(bpy)2(CO)Cl]þ.413 The
complex cis-[Ru(bpy)2(CO)(NO2)][PF6] has been structurally characterized. Over a pH range of
1–12 in aqueous solutions, the electronic spectrum of the complex showed no change, indicating
that the coordinated CO and NO2

� in [Ru(bpy)2(CO)(NO2)]
þ are less reactive than those in

[Ru(bpy)2(CO)2]
2þ and [Ru(bpy)2(NO2)2], respectively. When Bu4NOH in MeOH is used as the

source of OH�, reaction does occur: at low concentrations of OH�, [Ru(bpy)2(COOH)(NO2)] is
formed, while at high concentrations of OH�, the RuII complex decomposes.414 The crystal
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structures of salts of [Ru(bpy)2(CO)2]
2þ and [Ru(bpy)2(CO)(CO2Me-C)]þ and of [Ru(bpy)2

(CO)(CO2-C)]�3H2O have been determined; [Ru(bpy)2(CO)(CO2Me-C)]þ is used as a model for
[Ru(bpy)2(CO)(CO2H-C)]þ. From the structural data, it is proposed that the extra electron pair in
[Ru(bpy)2(CO)(CO2-C)], made available after formally deprotonating [Ru(bpy)2(CO)(CO2H-C)]þ,
is localized on the CO2 ligand.415 The complex cis-[Ru(bpy)2(CO)(CHO)]þ reacts with concen-
trated HCl at 298K to give cis-[Ru(bpy)2(CO)(CH2Cl)]þ and [Ru(bpy)2(CO)2]

2þ. If
[Ru(bpy)2(CO)(CHO)]þ is left standing in dry MeOH for 7 h at 298K under a fluorescent light,
[Ru(bpy)2(CO)(CO2Me)]þ is formed more or less quantitatively. No reaction takes place if the
reagents are left in the dark. The effects of further varying the reaction conditions, and the
conditions required for the reaction of [Ru(bpy)2(CO)(CHO)]þ with H2O are discussed.416 The
complexes [Ru(bpy)2(CO)2]

2þ, [Ru(4,40-Me2bpy)2(CO)2]
2þ, [Ru(bpy)(4,40-Me2bpy)(CO)2]

2þ,
[Ru(bpy)(CO)2Cl2], [Ru(4,40-Me2bpy)(CO)2Cl2], [Ru(phen)2(CO)2]

2þ, and [Ru(phen)2(CO)Cl]þ

catalyze the electrochemical reduction of CO2. When the solvent is acetonitrile/H2O (4/1), no
difference between the catalysts is observed, but in MeOH, the amounts of CO produced exceed
HCO2

� when 4,40-Me2bpy is present in the RuII complex.417 The preparation and characteriza-
tion of [Ru(4,40-Me2bpy)(4-Me-40-CH2

tBubpy)(CO)2]
2þ and [Ru(4-Me-40-CH2

tBubpy)2(CO)2]
2þ

have included the identification of geometrical isomers. Both complexes can be used as precursors
to [Ru(4,40-Me2bpy)(4-Me-40-CH2

tBubpy)2]
2þ, and the three geometrical isomers of the latter

have been separated by cation exchange chromatography. Geometrical isomers of [Ru(4-Me-40-
CH2

tBubpy)3]
2þ have also been prepared, separated and characterized.418

Lengthening the spacer in H2N(CH2)nNH2 from n¼ 2 to 3 in the complexes
[Ru(bpy)2{H2N(CH2)nNH2}]

2þ has little effect on their emission properties and luminescent life-
times at 77K. For both complexes, the quantum yields for the photosubstitution of the amine ligand
by Cl� are low in CH2Cl2 and MeCN solutions. Prolonged photolysis resulted in the oxidation of
the diamine ligands.419 In [Ru(bpy)2(dien)]

2þ and [Ru(bpy)2L]2þ (L¼ 1,4,8-triazaoctane), the tri-
amines act as didentate ligands. The photophysical properties of these complexes have been com-
pared with those of [Ru(bpy)3]

2þ and [Ru(bpy)2L
0]2þ where L0 ¼ en, MeHNCH2CH2NHMe or

Me2NCH2CH2NMe2. The emission of the complexes is quenched at pH> 12 and this is attributed
to the deprotonation of the coordinated amine groups in the excited-state complexes. The proto-
nation/deprotonation of the pendent NH2 groups has little effect on the photophysical properties of
the Ru-containing chromophore.420 Ligands (50) and (51) exhibit hindered rotation about the
central C�C bond making each of [Ru(bpy)2(50)]

2þ and [Ru(bpy)2(51)]
2þ diastereomeric. In the

solid state, each complex exhibits only one diastereoisomer; structural data confirm that ligand (50)
bonds through the two NH2 groups, while (51) coordinates in a bpy-like mode.421

H2N NH2

N N

H2N NH2

(50) (51)

The next group of [Ru(bpy)2L2]
2þ complexes to be considered involves pyridine-based ligands.

The structural and spectroscopic properties of cis-[Ru(bpy)2(py)2]
2þ have been reported.422

Hydrolysis of cis-[Ru(bpy)2(py)Cl]þ gives cis-[Ru(bpy)2(py)(H2O)]2þ with 80% retention of con-
figuration. Retention of configuration also accompanies the oxidation of the latter to cis-
[Ru(bpy)2(py)(O)]2þ, racemization of which is slow; the use of this RuIV complex as a chiral
oxidant has been examined.423 The kinetics of the comproportionation reaction between
[RuIV(bpy)2(py)(O)]2þ and [Ru(bpy)2(py)(H2O)]2þ in MeCN have been studied using stopped-
flow methods. The RuIII product is unstable, and in MeCN solution undergoes disproportionation
to [RuIV(bpy)2(py)(O)]2þ and [Ru(bpy)2(py)(H2O)]2þ, followed by MeCN-for-H2O substitution
in the latter to give [Ru(bpy)2(py)(MeCN)]2þ; reaction of [RuIV(bpy)2(py)(O)]2þ with the solvent
also leads to [Ru(bpy)2(py)(MeCN)]2þ, via the aqua complex.424 The complex trans-
[Ru(bpy)2(py

0)(dmso)]2þ can be prepared by reaction of trans-[Ru(bpy)2(dmso)2]
2þ with py 0 where

py0 is 4-ethylpyridine, 4-(dimethylamino)pyridine or ethyl isonicotinate. The reaction of trans-
[Ru(bpy)2(4-Etpy)(dmso)]2þ with LiCl in dmf/H2O yields trans-[Ru(bpy)2(4-Etpy)Cl]þ, abstraction
of Cl� from which provides a route by which a second pyridine ligand can be introduced specifically
trans to the first py.425
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The cyclometallated complex [Ru(bpy)2(ppy)]
þ (Hppy¼ 2-phenylpyridine) can be prepared

from [Ru(bpy)2Cl2] and Hppy in the presence of AgI; RuII to RuIII oxidation in [Ru(bpy)2(ppy)]
þ

is significantly more facile than in [Ru(bpy)3]
2þ (þ0.47 compared to þ 1.354V vs. NHE).426 Theoret-

ical calculations on [Ru(bpy)3�n(ppy)n]
(2�n)þ reveal that the electronic structures of the heteroleptic

complexes exhibit a separation of the Ru�C and Ru�N 	-bonding character.301 Electrophilic
bromination and iodination of [Ru(bpy)2(ppy)]

þ are regioselective, giving halo-substitution at the
50-position, i.e., at Cphenyl opposite to the Ru�C bond. These halogenated complexes can, via
Sonogashira coupling, provide a route into alkyne-functionalized tris(bpy)-related complexes.427

Full 1H and 13C NMR spectroscopic assignments have been made for the series of complexes
[Ru(bpy)n(52)3�n]

2þ (n¼ 0, 1, 2). In solution, the apparent symmetries of the complexes are C2 for
[Ru(bpy)2(52)]

2þ and [Ru(bpy)(52)2]
2þ, and D3 for [Ru(52)3]

2þ.428 The emission lifetimes and
quantum yield of photoracemization for [Ru(bpy)n(52)3�n]

2þ (n¼ 0–3) have been measured in
aqueous solution. The lifetime for [Ru(bpy)2(52)]

2þ varies from 80ns to 200 ns over the temperature
range 293–33K; in contrast, [Ru(bpy)(52)2]

2þ and [Ru(52)3]
2þ are nonemitters in this temperature

range.429 In the complex [Ru(bpy)2(53)]
2þ, one py unit of ligand (53) is pendent; the luminescence

lifetime of the complex is similar to that of [Ru(bpy)3]
2þ.430 The osmium(II) complex

[Os(bpy)2L]2þ, where L¼ 2-(aminomethyl)pyridine, has been prepared and characterized. In
aqueous solution, it undergoes an irreversible two-electron oxidative dehydrogenation to give
the corresponding imine complex, and the kinetics of this reaction are consistent with initial
oxidation of OsII to OsIII, with an OsIV intermediate being formed during ligand dehydrogena-
tion.431 Ligand (54) acts as an N,N0-chelate in [Ru(bpy)2(54)]

2þ, and the Ru2þ/Ru3þ couple is
cathodically shifted by 0.34V compared to that of [Ru(bpy)3]

2þ.432 [Ru(bpy)2(55)]
2þ is one of a

group of RuII bpy and tpy complexes incorporating tertiary amine ligands to be reported. The
spectroscopic, electrochemical and photochemical properties of [Ru(bpy)2(55)]

2þ are compared to
those of [Ru(bpy)2(56)]

2þ. On going from primary to tertiary amine, the UV-vis absorption
spectrum is blue shifted by �8 nm, and the Ru2þ/Ru3þ couple is shifted to more positive potential
by �100meV. When an acetonitrile solution of [Ru(bpy)2(55)]

2þ is irradiated, photochemical
ligand substitution occurs to give [Ru(bpy)2(MeCN)2]

2þ. Analogous studies have been carried
out on [Ru{4,40-(CF3)2bpy}2(55)]

2þ.433 The syntheses and spectroscopic and electrochemical
characterizations of [Ru(bpy)3�nLn]

2þ(n¼ 0–3) in which L is an aryl(2-pyridylmethylene)amine
have been described.434 Structural isomers of trans-[Ru(bpy)2(4-Etpy)2]

2þ and trans-
[Ru(bpy)2(4-Etpy)(57)]2þ in which the bpy ligands are planar or ‘‘bowed’’ have been investigated
by use of spectroscopic methods. In the ground state of the complexes in low-temperature glasses,
the ‘‘bowed’’ forms are preferred. At higher temperatures and in MeOH/EtOH solutions, the two
forms of bpy are in equilibrium. The ‘‘bowed’’ form converts to the planar form in the MLCT
excited state of [Ru(bpy)2(4-Etpy)2]

2þ.435 The complexes [Ru(bpy)2(4-NH2py)2]
2þ (used as a

reference compound), [Ru(bpy)2(58)2]
2þ and [Ru(bpy)2(59)2]

2þ have been prepared and their
photochemical properties compared. For [Ru(bpy)2(58)2]

2þ and [Ru(bpy)2(59)2]
2þ, excitation

into the 3MLCT state is followed by rapid intramolecular energy transfer to the lowest triplet
state of the anthryl group. Quenching is complete for [Ru(bpy)2(58)2]

2þ, but is only partially
achieved in [Ru(bpy)2(59)2]

2þ in which the spacer is relatively rigid.436

N N
H

N N N
N
H

N

H2N N R2

(52) (53) (54) (55)  R = Me
(56)  R = H

N

Structural characterization of [Ru(bpy)2(napy-N)(MeCN)][PF6]2 has confirmed that the 1,8-
naphthyridine (napy) ligand is monodentate; the two monodentate ligands are mutually cis.437

In the next part of the section, [RuII(bpy)2L2]
nþ complexes containing oximes, dioximes and

quinones are considered. We then move to [Ru(bpy)2L]nþ complexes with other O,O- and N,O-
donors as well as N,S- and P,O-donor ligands.

The reaction of cis-[Ru(bpy)2Cl2] with AgSO3CF3 followed by H2dmg yields cis-
[Ru(bpy)2(H2dmg)]2þ. Values of pKa(1) and pKa(2) of 4.60 and 7.33 have been determined for
deprotonation steps involving the H2dmg ligand.438 [Ru(bpy)2(H2dmg)]2þ has also been
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included in a study of a series of oxime-containing complexes of type cis-[Ru(bpy)2L]2þ

(L¼H2dmg, cyclohexanedione dioxime, diphenylglyoxime, difurilglyoxime and 2-acetylpyri-
dine oxime). The complexes exhibit solvent and pH-dependent electronic spectra; pKa values
have been determined for the complexes. The MLCT absorption energies correlate with the
Ru3þ/Ru2þ redox potentials.439 The reaction between cis-[Ru(bpy)2Cl(NO)]2þ and camphor in
boiling MeOH/NaOMe results in the formation of [Ru(bpy)2L]þ where HL is camphorquinone
monoxime; [Ru(bpy)2L]þ can also be prepared by the direct reaction of HL with cis-[Ru-
(bpy)2Cl2].

440

Complexes of type [RuII(bpy)2L]nþ and [RuII(py)4L]nþ in which L¼ 1,2-(OH)2C6H4, 2-NH2

C6H4OH and 1,2-(NH2)2C6H4 have been synthesized and their electrochemical and electronic,
photoelectron and ESR spectroscopic properties reported. The results illustrate extensive
metal–ligand orbital overlap in many of the complexes, leading to ambiguities in ruthenium
oxidation state. However, it is concluded that RuII is the best overall description.441 Following
from work of Lever and co-workers who reported data for [RuII(bpy)2L]nþ and [RuII(py)4L]nþ

where L¼ catechol, semiquinone or quinone forms of dioxolene ligands442 (see also Section 5.5.3.4
for [RuII(bpy)(dioxolene)2]

nþ), resonance Raman spectroscopy has been used to probe the assign-
ments of absorption bands and study relevant electronic states in [Ru(bpy)2(DTBSq)]þ and
[Ru(bpy)2(Q)]2þ where DTBSq is 3,5,di-tert-butyl-1,2-semiquinonate(1�) and Q is the corre-
sponding 1,2-quinone.443 Reactions of an excess of (60) or (61) with [Ru(bpy)2Cl2] yields
[Ru(bpy)2(60)]

þ or [Ru(bpy)2(61)]
þ respectively. In the electronic spectra, the lowest energy

band in the visible region is assigned to an MLCT transition to the dihydroxyanthraquinone
ligand. pKa values for both complexes in aqueous solution are 10.1� 0.2, illustrating that the
coordinated ligands are less acidic than the free ligands.444 Alizarin (62) coordinates to the
Ru(bpy)2

2þ unit as either a catechol or acetylacetonate-like ligand, thereby forming a pair of
linkage isomers, distinguishable by IR and 1H NMR spectroscopies.445,446 The reaction of [Ru
(bpy)2Cl2] with 1,4-diaminoanthroquinone (63) leads to a dinuclear product447 (see Section
5.5.3.1.4), but with 1,2-diaminoanthroquinone (64), mononuclear [Ru(bpy)2(64)]

2þ (containing
the ligand in its oxidized form) is produced.448 The complex has been structurally characterized.
Ligand (64) is a strong � acceptor, and results of theoretical calculations along with spectroscopic
and electrochemical data are consistent with extensive �-backbonding between ligand (64) and the
Ru center. Reduction and oxidation of [Ru(bpy)2(64)]

2þ in protic or aprotic solutions lead to
various species, many of which can exist in several tautomeric forms.449 The complexes
[Ru(bpy)2L]þ in which L is 1,4-dihydroxy-2,5-bis(pyrazol-1-yl)benzene (65) or 1,4-dihydroxy-
2,3-bis(pyrazol-1-yl)benzene have been investigated. The spectroscopic properties of both these
complexes and their oxidized forms have been studied; the first redox process is hydroquinone-
based and the lowest-energy absorption is assigned to a hydroquinone! bpy interligand transi-
tion. The oxidation products are considered to be RuII quinone complexes, each with a lowest
energy transition assigned to RuII! quinone charge transfer.450 The complex [Ru(bpy)2(66)]

2þ

exhibits two intense electronic transitions in the visible region. The strong solvent dependence of
these absorptions is rationalized in terms of the availability of the amino lone pairs and their
coupling to the benzenequinone diimine ring. When the lone pairs are not involved in solvent
interactions, ligand (66) tends towards being planar, but when the lone pairs are engaged in
interactions with solvent molecules, the ligand twists out of plane. Interest in this system therefore
stems from its potential as a component in molecular switching devices.451

HN

N
N

N
S

N

N

(57) (58) (59)
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Riboflavin, folic acid and lumiflavin each bind one Ru(bpy)2
2þ unit. The MLCT spectra of

the complexes are pH dependent, and an �-iminocarbonyl chelating mode for each ligand is
proposed. Coordination results in a lowering of the pKa values (�9 to 5) of the N(3)-H protons.452

The complexes [Ru(bpy)2L]þ (HL¼ acetylacetone, trifluoroacetylacetone, hexafluoroacetylace-
tone, tropolone or dibenzoylmethane) have been prepared and characterized; they act as catalysts
for the oxidation of alcohols, 3,5-di-tert-butylcatechol and alkanes in the presence of appropriate
co-oxidants.453 Perchlorate salts of [Os(bpy)2L]þ in which HL¼ salicylaldehyde, 2-hydroxyaceto-
phenone or 2-hydroxynaphthaldehyde, are formed from reactions of [Os(bpy)2Br2] with HL. The
structure of the salicylaldehyde derivative has been determined. Chemical and electrochemical
oxidations of [Os(bpy)2L]þ yield the corresponding low-spin OsIII species from which
[Os(bpy)2L]þ can be regenerated.454 [Ru(bpy)2L]þ (HL¼ salicylic acid) has been prepared and
structurally characterized as the tetrahydrate. Absorptions at 590 nm, 400 nm, and 290 nm in the
electronic spectrum have been assigned to Ru! bpy CT transitions; electrochemical oxidations of
the complex have been investigated.455

Pyridine-2-olate and pyridine-2-thiolate (L�) complexes [Ru(bpy)2L]þ have been prepared and
characterized. Both complexes are room-temperature emitters; the excited state lifetimes are
100 ns and 90 ns for the pyridine-2-thiolato and pyridine-2-olato complexes, respectively. The
electrochemical properties of both complexes have been described.456

Ligands L� derived from the Schiff bases HL¼ (67) act as N,O-chelates in the complexes
[Ru(bpy)2L]þ. Cyclic voltammograms of [Ru(bpy)2L]þ show reversible RuII/RuIII and irreversible
RuIII/RuIV processes, except in the case of ligand (67) with X¼NMe2 where both processes are
reversible. All the complexes are luminescent at room temperature.457 The complexes
[Ru(bpy)2L]þ in which HL¼ (68), have been prepared and characterized, including a single-
crystal structure of [Ru(bpy)2L][ClO4] for HL with R¼R0 ¼H. Electronic spectroscopic and
electrochemical data have been discussed; the paramagnetic one-electron oxidized species convert
to diamagnetic dimers in which the RuIII centers are antiferromagnetically coupled.458

1,3,-Dimethyllumazine (69) binds to the ruthenium center in [Ru(bpy)2(69)]
2þ through the N(5)

and O(4) atoms. The electrochemical properties of the complex have been studied, and in the
electronic spectrum, the absorptions at 242 and 285 nm are assigned to bpy �!�* transitions, at
350–365 nm to transitions associated with ligand (69), and at 431 and 509 nm to MLCT transi-
tions.459 It has been reported that the emission spectrum and luminescent lifetime of
[Ru(bpy)2(HL)]þ (H2L¼ 3,30-dinicotinic acid) are influenced by the presence of heavy metal
ions (e.g., Pb2þ) in solution, even at concentrations as low as 1 mM. Crystallographic data for
the complex show that the bpy rings of the dinicotinic acid are twisted with respect to each other
by 19.3�. From the results of molecular mechanics and extended Hückel MO calculations, it is
concluded that the interaction with Pb2þ leads to the dinicotinic acid ring system tending towards
planarity, and as a consequence, the �* energy levels of the ligand are affected.460
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The complex [Ru(bpy)2(2-MeOC6H4PPh2-P,O)]2þ exhibits a significant red shift of the absorp-
tion and emission spectra that is concentration dependent. From NMR spectroscopic data, it is
concluded that this observation arises from equilibration with an aqua complex. Structural data
and the solution properties of [Ru(bpy)2(2-PrOC6H4PPh2-P,O)]2þ have been reported.461 These
results expand on an earlier report of [Ru(bpy)2(2-ROC6H4PPh2-P,O)]2þ (R¼Me, Et).462

The ferrocenyl ligands (70) in [Ru(bpy)2(70)]
2þ act as N,O-chelates through the azomethine N

and carbonyl O atoms. Each complex exhibits several one-electron redox processes.463 The
properties of [Ru(bpy)2(71)]

2þ and [Ru(bpy)2(72)]
2þ have been compared with those of complexes

containing corresponding non-ferrocenyl ligands. Electrochemical data show that each of
[Ru(bpy)2(71)]

2þ and [Ru(bpy)2(72)]
2þ exhibits two oxidation waves, the first of which is assigned

to oxidation of the ferrocenyl unit and the second to the RuII center. Electronic spectroscopic
data are also reported.464 These complexes lead us into a discussion of a range of compounds
involving imidazole, triazole, tetrazole and related heterocyclic ligands. cis-
[Ru(bpy)2(im)(H2O)]2þ, cis-[Ru(bpy)2(im)2]

2þ, cis-[Ru(bpy)2(1-Meim)2]
2þ, cis-[Ru(4,40-Me2bpy)2

(im)(H2O)]2þ, and cis-[Ru(4,40-Me2bpy)2(1-Meim)(H2O)]2þ have been prepared in aqueous solu-
tion at pH 7, and a comparative study has been made of electrochemical and spectroscopic
properties. The crystal structures of the BF4

� salts of the bpy-containing complexes have been
determined.465 When cis-[Ru(bpy)2(im)(H2O)]2þ is treated with horse heart cytochrome c, the
[Ru(bpy)2(im)]2þ-unit binds to the His 33 and His 26 sites. For binding at the His 33 site, a
diastereomeric [Ru(bpy)2L]-His-cyt c(II) mixture is formed which shows a preference for the
�-form, irrespective of the presence of substituents on the bpy ligand. For binding at the His
26 site, an isomeric distribution is formed which is influenced by bpy-substituents.466 Solution
studies of cis-[Ru(bpy)2L2]

2þ where L¼ 1-Meim, 1,2-Me2im or 1-Mebim show that the different
steric requirements of the non-bpy ligands result in different fluxional behaviors of the complexes.
In [Ru(bpy)2(1-Meim)2]

2þ, rotation about the Ru�N(imidazole) bonds occurs at all temperatures
over the range 178–328K, whereas for the more bulky imidazole ligands, three atroisomers can be
distinguished at low temperatures.467 Related studies have also been carried out for cis-
[Ru(bpy)2L2]

2þ where L¼ 4-picoline.468 The acid–base and redox chemistry of [M(bpy)2L]2þ in
which L¼ 2,20-dibenzimidazole have been examined; the OsIII and OsIV species are more readily
accessed electrochemically than their Ru analogs.469 The complex [Ru(bpy)2L]2þ, where L¼ 2-(20-
pyridyl)benzimidazole, interacts with aromatic nitrogen-containing heterocycles through hydrogen
bonding. The equilibrium constant for this interaction depends on the pKa value of the N-hetero-
cycle. Analogous hydrogen bonding interactions involving the corresponding RuIII complex are
stronger than for the RuII species.470 For the series of ligands (73), the complexes [Ru(bpy)2(73)]

2þ,
[Ru(bpy)(73)2]

2þ and [Ru(73)3]
2þ have been prepared and characterized. The substituent R in ligand

(73) affects the stereochemistry observed for [Ru(bpy)(73)2]
2þ and [Ru(73)3]

2þ.471 The coordination
of 9-methylhypoxanthine (74) and 9-ethylguanine (75) to the[Ru(bpy)2]

2þ-unit has been studied in
the complexes [Ru(bpy)2L(H2O)]2þ and [Ru(bpy)2LCl]þ(L¼ (74) or (75)). Details of the solid-state
structure of [Ru(bpy)2(75)Cl]Cl have been discussed.472

The acid–base properties of the ground and excited states of [Ru(bpy)2(im)2]
2þ and

[Ru(bpy)2(1,2,4-triazole)2]
2þ have been investigated. Both complexes are stronger acids in the

excited than the ground states.473 Representative triazoles, L or HL, have been incorporated into
the complexes [Ru(bpy)2L]nþ (n¼ 1 or 2). Electronic spectroscopic and electrochemical properties
have been reported; all the ligands are weaker � acceptors than bpy.474 The crystal structures of
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[Ru(bpy)2L][PF6]2 where L¼ 3,5-bis(2-pyridyl)-1,2,4-triazole475 or 3-(2-hydroxyphenyl)-5-(pyridin-
2-yl)-1,2,4-triazole476 have been determined. Spectroscopic and electrochemical properties of the
latter complex,476 as well as those of [Ru(bpy)2(H2L)][PF6]2 with H2L¼ 3,30-dimethyl-5,50-
bis(1,2,4-triazole)477 have also been reported. In the latter complex, deprotonation of H2L leads
to lower oxidation potentials and a red shift of the lowest energy d�–�* absorption band.477 The
acid–base properties of the two coordination isomers of [Ru(bpy)2(HL)]2þ where HL¼ 3-(pyrazin-
2-yl)-1,2,4-triazole are characterized by ground state pKa values of 3.1 and 5.3 for the N(2) and
N(4) isomers respectively. These values indicate that the N(2) site is a stronger 	-donor than the
N(4) site; pKa values for the excited states are consistent with the lowest �* level of the HL-
containing complexes possessing predominantly pyrazinyltriazole character, while deprotonation
switches this level to being bpy-based.478 The syntheses, and spectroscopic and electrochemical
properties of the complexes [Ru(bpy)2(HL)]2þ in which HL¼ 3-(pyrazin-2-yl)-1,2,4-triazole,
1-methyl-3-(pyrazin-2-yl)-1,2,4-triazole, 1-methyl-5-(pyrazin-2-yl)-1,2,4-triazole or 3-methyl-5-
(pyrazin-2-yl)-1,2,4-triazole, have been reported. The emission lifetime and absorption data sug-
gest that pH changes affect the character (i.e., bpy or triazole-based) of the emitting states.479

Related complexes containing the conjugate bases of (76)–(78)480 and ligands (79) and (80)481 have
also been investigated. Comparisons have been made between the absorption spectra, and lumi-
nescence and electrochemical properties of [Ru(bpy)2L]2þ and [Ru(2,20-biq)2L]2þ (L¼ (79) or
(80)).481 For HL¼ (76), [Os(bpy)2L]þ and [{Os(bpy)2}2(�-L)]3þ have been reported. For both
complexes, the lowest energy absorption and luminescence bands are assigned to Os! bpy
MLCT singlet and triplet excited states respectively. Comparisons are made between the proper-
ties of these complexes and those of [Os(bpy)3]

2þ and of the RuII analogs.482,483 The luminescence
lifetimes of the deprotonated forms of [Ru(bpy)2(HL)]2þ where HL¼ 3-(pyridin-2-yl)-1,2,4-tri-
azole bound to Ru through either N(2) or N(4), is much longer than that of the protonated
complexes, and the results of a detailed study of the pH control of the photoreactivity of these
complexes have been reported.484

The crystal structure of cis-[Ru(bpy)2(4-allyl-1,2,4-triazole)2][PF6]2 has been determined.485 Link-
age isomers of 3-(pyridin-2-yl)-1,2,4-triazole have been separated by use of HPLC.486 Structural
data for 3-methyl-5-(pyridin-2-yl)-1,2,4-triazole (L) derivative [Ru(bpy)2L]2þ have been deter-
mined.487 The photolysis of [Ru(bpy)2L]2þ (L¼ 4-methyl-3-(pyridin-2-yl)-1,2,4-triazole) in
MeCN proceeds through an intermediate that has been isolated and characterized; in this species,
the triazole ligand is monodentate, and the photochemically induced change in coordination
mode can be reversed in a thermal reaction.488 These observations have been further explored
with related ligands, and the crystal structure of [Ru(bpy)2ClL][PF6] in which L¼ 3-methyl-
1-(pyridin-2-yl)-1,2,4-triazole has been determined, confirming the monodentate mode of the
triazole ligand.489

Fe NNHC(O)Ar
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N
N

N

Me

Fe N
N

Me

N
Fe

R = H, Me
Ar = Ph, 2-HOC6H4, 2-C10H7
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N N
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R = H, Me, Ph, 4-CO2MeC6H4,
       4-CO2HC6H4, 4-CO2EtC6H4
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A method to distinguish the emitting and spectator ligands in heteroleptic complexes such as
[Ru(bpy)2L]þ (HL¼ 5-phenyl-3-(pyridin-2-yl)-1,2,4-triazole) by comparing data obtained for
complexes containing deuterated bpy and non-deuterated bpy has been developed.500 For the
complex [Ru(bpy)2L]þ (HL¼ 3-(pyrazin-2-yl)-1,2,4-triazole), two emission maxima are observed
in EtOH/MeOH solution between 120K and 260K. The dual emission is rationalized in terms of
two emitting states, one bpy in origin and one pyrazine-based.501 Detailed studies that apply the
use of deuterated ligands have examined the differing emission behaviors of [Ru(bpy)2L]þ and
[Ru(bpy)2(HL)]2þ where HL¼ 3-(pyrazin-2-yl)-1,2,4-triazole) or 3-(pyridin-2-yl)-1,2,4-triazole.502

Related complexes in which 2,20-biquinoline replaces bpy have also been studied.503

In complex (81), the electron-donating phenothiazine moiety is separated from the Ru(bpy)2
2þ

unit by a triazole bridge that carries a formal negative charge. An investigation of this system
shows that such anionic bridges can mediate electron transfer between chromophore and quencher.504

N N N

N N
S

Ru
(bpy)2

(81)

Tetrazole complexes of RuII have received far less attention than triazole or, in general,505 other
heterocyclic ligands. Complex formation of Ru(bpy)2

2þ and Ru(4,40-Me2bpy)2
2þ groups with the

tetrazole ligands (82)–(84) has been studied, and electronic spectroscopic and electrochemical
properties reported.496

N N
NN
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N N
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N N
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(82) (83) (84)

R = Me, tBu R = Me, tBu

The thiophene-functionalized ligand 4-(5-bromothiophene)-2,20-bipyridine, L, reacts with
[Ru(bpy)2Cl2] to give [Ru(bpy)2L]2þ. The reactivity of the bromo site in coordinated L can be
utilized to derivatize (e.g., by Pd(0) coupling) this ligand further.497 Ligands (85) form the

N

N N
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N X
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H N

N N
N N
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(76)    X = CH, R = H
(77)    X = N, R = H
(78)    X = CH, R = Me
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complexes [M(bpy)2(85)]
2þ (M¼Ru, Os), and both ligands and complexes may be electropoly-

merized. The metallopolymers show reversible M2þ/M3þ electrochemistry and there is no
evidence for electronic coupling between the Ru or Os centers. When the organic backbone of
the polymer is oxidized, the process is localized on the thiophene units; in contrast, reduction of
the backbone is bithiazole-based.498 In 5,50-dimethyl-2,20-bi-1,3,4-thiadiazole (L) complex
[Ru(bpy)2L]2þ, L is a strongly �-accepting ligand; the �* level is low-lying and is available to
be involved in the emission process; the complex exhibits a low-energy emission at 760 nm
(300K).499

N

SS

N

S S

RR

R' R'

R = R' = H
R = Me, R' = H
R = Me, R' = OMe

(85)

Reactions of cis-[Ru(bpy)2Cl2] with ligands (86) or (87) (X¼CH2) in EtOH(aq) lead to
[Ru(bpy)2(86)]

2þ and [Ru(bpy)2(87, X¼CH2)]
2þ respectively. When X¼O in ligand (87), the

product is the pyridine carboxylate complex [Ru(bpy)2(pyCO2)]
þ, the structure of which is

confirmed by X-ray crystallography.500 Complexes of the type [Ru(bpy)2L]2þ in which L repre-
sents a series of mono- and dihydrazones have been prepared and characterized by spectroscopic
methods (including variable temperature 1H NMR) and a structure determination for L¼ biacetyl
di(phenylhydrazone). When L is 2-acetylpyridine hydrazone or 2-acetylpyridine phenylhydrazone,
[Ru(bpy)2L]2þ shows an emission, but none is observed for the dihydrazone complexes.501 The
pyrazoline complex [Ru(bpy)2L]2þ (L¼ 5-(4-nitrophenyl)-1-phenyl-3-(2-pyridyl)-2-pyrazoline)
can be isolated in two diastereoisomeric forms. At 298K, these exhibit similar MLCT absorp-
tions, but at 77K, their emission maxima and lifetimes are significantly different.502
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(86) (87)
2,3-dpp

(88)

pypm

(89)

X = CH2, O

2,3-Bis(2-pyridyl)pyrazine (2,3-dpp, (88)) and its 2,5-analog (2,5-dpp) form the complexes
[Ru(bpy)2(dpp)]

2þ, the 1H NMR spectra of which have been fully assigned; 99Ru NMR shifts
are at � 4,535 and 4,528 for the 2,3- and 2,5-dpp complexes respectively. The crystal structure of
[Ru(bpy)2(2,3-dpp)]Cl2�3H2O�MeCN confirms that the dpp ligand acts as the expected
N,N0-chelate.503 The electrochemical behavior of [Ru(bpy)3�n(2,3-dpp)n]

2þ (n¼ 1–3) involves
redox steps that are essentially localized on a particular ligand; the results are compared with
those of [Ru(bpy)3]

2þ, and data for the uncoordinated 2,3-dpp ligand are also given.504 An
investigation of the acid–base and electrochemical properties of the MLCT states and one-electron
reduced forms of [Ru(bpy)3�n(pypm)n]

2þ (n¼ 1–3; pypm¼ (89)) has included measurements of
pKa values of the conjugate acids of the excited states and reduced species, and the kinetics of the
second-order decay of each reduced species.505 The lifetimes of the luminescent MLCT states
of [Ru(bpy)3�n(pypm)n]

2þ have been measured as a function of temperature over the range
170–36K; from the data obtained, it is concluded that decay of the excited state of
[Ru(bpy)2(pypm)]2þ involves a higher lying MLCT, while a metal-centered excited state is
involved in the decay of the excited states of [Ru(pypm)3]

2þ and [Ru(bpy)(pypm)2]
2þ.506 The
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complexes [Ru(bpy)2{4,6-(EtO)2pypm}]2þ and [Ru(bpy)2{5-Me-4,6-(EtO)2pypm}]2þ have been
prepared in EtOH via complexes containing the 4,6-dihalo-2-(2-pyridyl)pyrimidine ligands. A
change in reaction conditions gives a route to the related species [Ru(bpy)2L]2þ where L is a
derivative of 2-(2-pyridyl)pyrimidinone. The photophysical and electrochemical properties of the
complexes have been discussed.507 High-yield syntheses of a series of 2-substituted 4-(2-pyridyl)
pyrimidine ligands have been described. The ligands, L, have been incorporated into complexes of
the type [Ru(bpy)2L]2þ. Electrochemical data indicate that the first reduction potential of each
complex involves a process centered on the pyrimidine ligand.508 A series of complexes
[Ru(bpy)3�nLn]

2þ containing 2-(2-pyridyl)-quinoxaline (L) has been reported. It is proposed on
steric grounds that [RuL3]

2þ has a mer-conformation; this complex undergoes photoinduced
dissociation of one L ligand. The PF6

� salt of [Ru(bpy)L2]
2þ was isolated as a mixture of the

three geometrical isomers.509 2,3-Bis(2-pyridyl)benzoquinoxaline (90, R¼H) forms the complex
[Os(bpy)2L]2þ, and the electrochemical and spectroscopic properties of this and its 2,3-dpp (88)
analog have been studied.510 A study has been made of the electronic and resonance Raman
spectra of [Ru(bpy)2(2,3-dpp)]

2þ and [Ru(bpy)2L]2þ where L¼ 6,7-dimethyl-2,3-di(2-pyridyl)quin-
oxaline (90, R¼Me), and of the reduced and oxidized forms of these complexes. The initial
oxidation is ruthenium-based, while the first reduction process involves the pyrazine or quinoxa-
line ligand.511 A new group of near-IR emitters in which the emission energies and lifetimes can
be tuned in a systematic manner has been reported; the complexes that make up the series of
emitters are [Ru(4,40-Me2bpy){4,4

0,5,50-Me4bpy}(90,R¼H)]2þ, [Ru(4,40-Me2bpy){4,4
0-

(CO2Et)2bpy}(91)]
2þ, [Ru{4,40-(CO2Et)2bpy}(91)(Et2dtc)]

þ, [Ru(bpy)2(92)]
2þ, [Os(bpy)2(91)]

2þ

and [{Ru(bpy)2}2(�-92)]
4þ. Each possesses a low-lying �* acceptor orbital centered on ligand

(90), (91) or (92). The emission maxima of the complexes range from 802 to 1,440 nm, the longest
wavelength being for [Ru{4,40-(CO2Et)2bpy}(91)(Et2dtc)]

þ, and the excited-state lifetimes range
from 5 to 322 ns.512 Studies of the photophysical behavior of [Ru(bpy)2L]2þ where L¼ 2-(2-
pyridyl)quinoline or 2-(2-pyridyl)benzoquinoline in MeCN solution and in EtOH–MeOH glasses
reveal that luminescence from each complex originates from an MLCT excited state. The complex
containing 2-(2-pyridyl)benzoquinoline exhibits a transient absorption spectrum with a decay rate
constant �30 times less than the luminescence decay constant. This implies that two non-
equilibrated excited states exist.513 The synthesis, luminescence and electrochemical properties
of [Ru(bpy)2L]2þ where L¼ 4-phenyl-2-(2-pyridyl)quinoline have been discussed,514 and the crys-
tal structure of [Ru(bpy)(L0)2][PF6]2 in which L0 ¼ 4-methoxycarbonyl-2-(2-pyridyl)quinoline has
been determined.515
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The structural and photophysical properties of [Ru(bpy)2(dafo)][PF6]2 (dafo¼ 93) have been
reported; the emission lifetime of the complex is 420 ns;516 the study has been extended to the
properties of the series of complexes [Ru(bpy)n(dafo)3�n]

2þ.517 The nonplanar ligands (94) have
been prepared, and form complexes of type [Ru(bpy)2(94)]

2þ for n¼ 2, 3 or 4, and
[{Ru(bpy)2}2(94)]

4þ for n¼ 3 or 4. By using deuterated bpy ligands, more easily interpretable
1H NMR spectra are obtained. For the diruthenium complexes, there is limited inter-metal
communication.518

Complexes of the [Ru(bpy)2L]2þ type in which L is a phen-based ligand are discussed next.
Perchlorate salts of [Ru(bpy)2(phen)]

2þ and [Ru(bpy)2(5-Mephen)]2þ have been prepared and
structurally characterized. The steric strain within the coordination sphere is relieved in part by
twisting of each bpy ligand.519 Time-resolved resonance Raman spectroscopy has been used to
investigate the localization of the excited electron in the MLCT state of [Ru(bpy)2(4,7-Ph2-
phen)]2þ. In neutral micelles, the electron is localized on the bpy ligands, but in the presence of
DNA and anionic surfactants, it is localized on 4,7-Ph2phen; when the complex is in aqueous
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solution, both bpy and 4,7-Ph2phen host the excited electron.520 Starting from [Ru(bpy)2
(3-Brphen)]2þ (3-Brphen¼ 3-bromo-1,10-phenanthroline), cross-coupling reactions with a number
of aromatic acetylenes in the presence of PdCl2(PPh3)2, CuI and NEt3 have been carried out;
mono-, di- and trinuclear products have been isolated and characterized.521 It has been found that
the luminescent quantum yields of [Ru(bpy)2(HL)]2þ in which ligands HL are imidazo[f]-1,10-
phenanthrolines are controlled by pH because of intramolecular, photoinduced electron trans-
fer.522 Related ligands are (95)–(97) (HL); their complexes, [Ru(4,40-Me2bpy)2(HL)]2þ, and those
in which HL has been deprotonated, have been prepared and characterized. These complexes
show NLO absorption and self-defocusing effects; the NLO properties depend on the substitution
(i.e., comparing within the series (95)–(97)) and level of protonation in the phenanthroline-based
ligands;523 (see also structures (209)–(211) and discussion). Electrochemical and electronic spec-
troscopic data for the complex [Ru(bpy)2(98)]

2þ indicate that it contains two electronically
separate units, one behaving in a similar manner to [Ru(bpy)3]

2þ and the other resembling a
phenazine-like acceptor.524 A series of complexes [ML2(99)]

2þ (M¼Ru, Os) in which L is bpy,
phen, 2,9-Me2phen or biq, have been reported. Crystallographic and 1H NMR spectroscopic
methods were used to investigate the dimerization of the complexes by means of �–� stacking
interactions between pairs of coordinated ligands (99). The dimerization constants are indepen-
dent of M2þ but are highly dependent on steric effects of ligands L.525 Ligand (100) and its
naphthoquinone analog (1000) have been incorporated into the complexes [Ru(bpy)2(100)]

2þ and
[Ru(bpy)2(100

0)]2þ. The results of photophysical studies using steady-state emission spectroscopy
evidence quenching of the RuII-based 3MLCT emissive state in both complexes; this arises from
intramolecular electron transfer between the excited RuII and the electron-accepting quinone
moieties.526 Chromophore-quencher dyads related to [Ru(bpy)2(100

0)]2þ have been developed in
order to investigate the effectiveness of rigid alicyclic frameworks in mediating electron and
energy transfer.527
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By comparing the results of photophysical studies on [Ru(bpy)2(hat)]
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and 3MC states increases as the emission energy decreases. For [Ru(bpy)2(hat)]
2þ, for example,

the 3MC state is not accessible at room temperature.528 The complex [Ru(bpy)2(103)]
2þ exists in

two diastereoisomeric forms. The crystal structure of the less soluble diastereoisomer has been
determined, and the 1H NMR spectra of the two isomers have been analyzed.529
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The discussion now moves to complexes containing functionalized bpy ligands. A general
preparative procedure for tris(didentate)ruthenium(II) complexes in which there are three different
ligands has been described. The precursor is [Ru(CO)2Cl2]n and the method involves the sequen-
tial introduction of polypyridyl ligands.530 A significant number of investigations involving the
4,40-Me2bpy ligand have already been mentioned.43,306,329,330,339,377,378,381,398,399,417,418,465,466,512,523

The emission properties of [Ru(4,40-Me2bpy)3]
2þ and [Ru(4,40-Ph2bpy)3]

2þ have been compared,531

and the complexes have been studied using femtosecond visible electronic absorption
spectroscopy, and the excited-state differential absorption spectra have been assigned.532 For the
3,30-dimethyl-2,20-bipyridine-containing complex [Ru(bpy)2(3,3

0-Me2bpy)]
2þ, a short period of

irradiation generates an intermediate with a monodentate 3,30-Me2bpy ligand; the lifetime of
this species is 2–10min in neutral or acidic (up to 1mol dm�3) solutions at 298K.533 The
resonance Raman and time-resolved resonance Raman spectra of the ground state of [Ru-
(4-Mebpy)3]

2þ can be interpreted essentially in terms of vibrationally isolated pyridine and
4-methylpyridine rings.534 A series of [RuR2(4,4

0-tBu2bpy)2] complexes (R¼ alkyl) has been
reported, and the structure of cis-[RuEt2(4,4

0-tBu2bpy)2] has been determined.535 The 1H NMR
spectra of the unsymmetrical 4,40-RR0bpy ligands and of the complexes [Ru(bpy)2(4,4

0-RR0bpy)]2þ

have been analyzed.536 A useful route to tris{4,40-bis(halomethyl)bpy}ruthenium(II) complexes
has been described; the method involves initial formation of [RuL3]

2þ in which L¼ 4,40-
(CH2OH)2bpy, followed by treatment with oxalyl chloride and dmf in thf or MeCN.537 Tris-
(ligand) complexes containing the unsymmetrical alkyl-substituted bpy ligands 5-Mebpy, 5-Etbpy,
5-Prbpy, 5-(2-MePr)bpy and 5-(2,2-Me2Pr)bpy have been prepared and characterized. The mer-
and fac-isomers of each complex have been isolated by use of cation-exchange column chromato-
graphy; as the steric requirements of the R group increase, the percentage of the fac-isomer
decreases. Enantiomers of [Ru(5-Prbpy)3]

2þ were separated on SP Sephadex C-25.538 Electro-
kinetic chromatography has been used to separate the enantiomers of [Ru(104)3]

2þ; anionic
carboxymethyl-�-cyclodextrin was employed as the chiral mobile phase additive.539

The ligand 6-phenyl-2,20-bipyridine has the potential to be an N,N0-donor or undergo cyclo-
metallation of the phenyl ring and become an N,N0,C-donor. This chemistry has been investi-
gated, and as part of the study, cis-[Ru(6-Phbpy-N,N0)2Cl2] has been isolated and structurally
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characterized.540 The photophysical properties of RuII complexes containing bpy and 4,40-Ph2bpy
have been described.541 Incorporating phenylene ethynylene substituents into [Ru(bpy)3]

2þ com-
plexes has been addressed in a study of the photophysical properties of [Ru(bpy)2(105)]

2þ and
[Ru(bpy)2L]2þ in which L is the 5,50-disubstituted analog of (105). In both RuII complexes, the
MLCT excited state is localized on the functionalized ligand; the effects of changing the position
of substitution (4,40 or 5,50) have been examined.542 An ethynylated-pyrene group attached to a
bpy ligand (ligand 106) has a dramatic effect on the photophysical properties of RuII tris(bpy)
complexes; the emission spectrum of [Ru(bpy)2(106)]

2þ is typical of the Ru(bpy)-unit, but emis-
sion is extremely long-lived with a triplet lifetime of 42 ms.543 The synthesis and characterization of
the cytidine-containing [Ru(bpy)2(107)] [PF6]2 have been reported; the interest in the complex
(which has an emission band at 655 nm) is in its potential use as a photodonor and/or acceptor in
redox-active electron-transfer model systems.544
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The complex [RuL3]
2þ in which L¼ 4-methyl-40-(E-prop-2-enyl)-2,20-bipyridine, has been

synthesized and characterized.545 Problems associated with the preparation of 4-methyl-40-vinyl-
2,20-bipyridine (vbpy) and the electropolymerization of [Ru(vbpy)3]

2þ have been addressed; 1H
NMR spectroscopy can be used to determine the relative proportions of complexes in mixtures
formed prior to electropolymerization.545 Size exclusion chromatography has been used to sepa-
rate polymers produced from [M(vbpy)3][PF6]2 (M¼Ru, Os) by radical polymerization. On going
from mononuclear complex to polymer, there is a shift in the emission energy to higher values; the
emission energy of each polymer is related to the concentration of vinyl groups remaining in the
polymer.546 The outcomes of different methods of polymerization of [M(vbpy)3][PF6]2 (M¼Ru,
Os) have been discussed.547 [RuL3]

2þ and [Ru(bpy)2L]2þ complexes containing the ligands (108)
and (109), and analogous 4,40-bpy ligands bearing two bis(methoxy)phenyl or crown ether
substituents, have been prepared and characterized. Electropolymerization studies reveal that of
the two classes of complex [RuL3]

2þ and [Ru(bpy)2L]2þ, only [RuL3]
2þ undergoes polymeriza-

tion.548 The photophysical properties of [RuL3]
2þ and [Ru(bpy)2L]2þ complexes in which L is one

of ten methoxy or vinyl linked benzo-crown ether ligands have been investigated; the excited
3MLCT state lifetimes are in the range 0.85 � 0.12 ms for almost all the complexes. Quenching in
MeCN of the 3MLCT states by molecular O2 (3�g

�) has also been studied.549 Electroactive polymer
films have been produced by the electropolymerization of [RuL3]

2þ and [Ru(bpy)2L]2þ where
L¼ 4-methyl-40-(3-methoxystyryl)-2,20-bipyridine and 4,40-di(3-methoxystyryl)-2,20-bipyridine.550
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The PF6
� salts of [Ru(bpy)2(110)]

2þ, and [Ru(110)3]
2þ and analogous complexes containing

4,40-bis(substituted) ferrocenyl ligands (1100), have been synthesized and characterized; the
tris(chelate) complexes are either poorly soluble or insoluble. Electropolymerization of
[Ru(1100)3][PF6]2 produces an electrochromic film.551 The complex [Ru(bpy)2(111)]

2þ undergoes
electropolymerization on Pt and glassy carbon electrodes, although the related complex
[Ru(bpy)2(112)]

2þ does not. Electrochemical and spectroscopic properties of the films indicate
that they form by both head-to-tail and tail-to-tail monomer coupling.552
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It has been observed that, in EtOH and in the presence of Et3N, cis-[Ru(6,60-Cl2bpy)2-
(H2O)2][CF3SO3]2 is an effective catalyst for the hydrogenation of CO2 to HCO2H.553

Complexes involving amino-derivatives of bpy include [Ru(6,60-(NH2)2bpy)3]
2þ, the photophy-

sical and electrochemical properties of which have been reported.554 The complexes [Ru(4,40-
Me2bpy)3�n{4,4

0-(NEt2)2bpy}n]
2þ (n¼ 0–3) have been the focus of electronic and vibrational

spectroscopic studies. The MLCT absorption shifts from 458 nm when n¼ 0–518 nm when
n¼ 3; however, emission data are consistent with an energy-gap order (values of n) of 0 > 1 >
3 > 2. This apparent difference in data is understood in terms of the localization of the 3MLCT
state on the 4,40-Me2bpy ligand when this is possible, leaving [Ru{4,40-(NEt2)2bpy}3]

2þ as a
unique case.555 An improved method of preparing the 4,40-(NEt2)2bpy ligand has been reported,
and it is observed that the RuIII complex [Ru{4,40-(NEt2)2bpy}2Cl2]

þ is a useful precursor to
complexes such as [Ru{4,40-(NEt2)2bpy}2(bpy)]

2þ and [Ru{4,40-(NEt2)2bpy}2{2-(2-
pyridyl)bim}]2þ. These complexes exhibit low Ru3þ/Ru2þ redox potentials.556 Unsymmetrical
bpy ligands (bpy0) possessing amino or carboxyl groups linked to the bpy ligand via an alkyl
chain have been prepared. The [Ru(bpy0)3]

2þ complexes exhibit MLCT bands close to 480 nm,
and reduction potentials are �200mV lower than for [Ru(bpy)3]

2þ.557

The presence of SMe groups in the 4,40-positions of bpy make little difference to the photo-
physical properties of [Ru(bpy)2{4,4

0-(SMe)2bpy}]
2þ compared to those of [Ru(bpy)3]

2þ. How-
ever, [Ru(bpy)2{4,4

0-(SMe)2bpy}]
2þ does possess the ability to provide strong binding sites for

pentacyanoferrate groups providing a route to polynuclear species that can be immobilized on Ni
electrode surfaces.558 The thienyl complexes [Ru(113)3]

2þ and [Ru(bpy)2(113)]
2þ, those involving

the 5,50-analog of (113), and [Ru(1130)3]
2þ where (1130) is the monosubstituted analog of (113),

have been prepared and characterized. Electropolymerization generates poly-[Ru(113)3]
2þ and

poly-[Ru(1130)3]
2þ which exhibit high redox conductivity.559

Tris(bpy) complexes of ruthenium(II) with pendant catechol units are represented by
[Ru(bpy)2(114)]

2þ, isolated as the BF4
� salt. Interest in this fluorescent complex stems from its

use as a potential skin sensitizer.560 In the complex [Ru(bpy)2(115)]
2þ (R¼H), the deprotonated

catechol unit can act as a binding site for other metal fragments, thereby forming homo- and
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heterometallic species. The complex [Ru(bpy)2(115)]
2þ (R¼Me) has also been prepared and

characterized.561 The complexes [M(bpy)2(bpy-O-bpy)]2þ (M¼Ru, Os; bpy-O-bpy¼ bis (4-(2,20-
bipyridinyl))ether) interact with 1-pyreneacetic acid via coordination to a common Zn2þ ion. In
the {RuII–ZnII–pyrene} system, the excited state lifetime of the RuII complex is prolonged into the
microsecond range at 298K as a result of an equilibrium involving the triplet excited state of the
pyrene unit.562 Two annelated bpy ligands L (e.g., 116) carrying tert-butoxypropyl chains and
which exhibit fluorescence emission, form [Ru(bpy)2L]2þ complexes that show similar photophy-
sical and spectroscopic properies to [Ru(bpy)3]

2þ at 298K and 77K, although the heteroleptic
complexes show less intense emission quantum yields and lifetimes at 298K. Structural data
evidence significant distortion in the octahedral structure of the [Ru(bpy)2L]2þ complexes.563 By
designing cages consisting of three polyether-linked bpy ligands, it has been possible to synthesize
[RuL]2þ complexes in which L is the cage ligand. The inter-bpy linkers are -C(O)O(CH2)2O
(CH2)2O(CH2)2OC(O)- and -C(O)O(CH2)2O(CH2)2O(CH2)2O(CH2)2OC(O)- connected to the 4
and 40- or 5 and 50-positions of adjacent bpy ligands. The coronate complexes exhibit very high
photostabilities, and electron transfer to MV2þ proceeds by a bimolecular process in a hydrogen-
producing cycle.564,565 The catenane [(117)][PF6]4 reacts with [Ru(4,40-Me2bpy)2Cl2] to give
[Ru(4,40-Me2bpy)2(117)][PF6]6. This complex exhibits effective photoinduced electron transfer
between the noncovalently linked sensitizer and acceptor domains, and the rate of transfer in
water is estimated to be �2.1 108 s�1. The system is proposed as a model for a photosynthetic
reaction center.566 The macrocyclic ligand (118) contains both bpy and phen binding sites.
Treatment of (118) with [Ru(bpy)2Cl2] results in selective coordination at the bpy domain in
(118) to yield [Ru(bpy)2(118)]

2þ. Reaction of the latter with [Cu(MeCN)4]
þ leads to

[(MeCN)2Cu(118)Ru(bpy)2]
3þ; this complex reacts with 2,9-di(4-methoxy)phenyl-1,10-phenan-

throline (dap) to give [(dap)Cu(118)Ru(bpy)2]
3þ, a precatenate species. The absorption spectrum

and electrochemical data for this complex show that in the ground state, the two chromophores
are independent. The emission behavior is interpreted in terms of one of two processes: energy
transfer between *RuII and CuI, or reductive quenching of *RuII by CuI.567

N

N

O
N

N

O

N

(116) (117)

N

NN
O

O O O O

O O O O

The complexes [Ru(bpy)2(3,3
0-X2bpy)]

2þ and [Ru(4,40-Me2bpy)2(3,3
0-X2bpy)]

2þ in which
X¼CH2OH, CO2H, CO2Me, CO2Et and CO2CH2Ph have been prepared and characterized,
and the structure of [Ru(bpy)2{3,3

0-(CO2Me)2bpy}][PF6]2 has been determined. In the UV–vis

SS

SS

Me

OH

OH

NNNNN

Me

OR

OR

(113) (114) (115)

R = H, Me

N

598 Ruthenium and Osmium: Low Oxidation States



spectra of the complexes, bands in the 400–550 nm region are assigned to MLCT transitions and
those between 250 nm and 350 nm to intraligand processes. Emission maxima (298K, MeCN) range
from 711 nm for X¼ ester functionality to 614 nm for X¼CH2OH, and the emission lifetimes lie
in the range 258–940 nm.568 Viscous, room-temperature ionic liquids are produced when bpy0

ligands containing C(O)O(CH2CH2O)7Me chains attached to the 4- and 40-positions are incorpor-
ated into [Ru(bpy)3�n(bpy

0)n]
2þ complexes.569 The presence of electron-withdrawing groups (e.g.,

ester, nitrile, imide, amide) in 5,50-bpy ligands in RuII tris(bpy) complexes leads to shifts in the
reduction potentials of each complex to more positive values, making it possible to observe up to
six ligand-based reductions. In the reduced oxidation states, the complexes exhibit multicolor
electrochromism.570 The optical absorption and luminescence spectroscopic and electrochemical
properties of [Ru(bpy)2{5,5

0-(NH2)2bpy}]
2þ, [Ru(bpy)2{5,5

0-(CO2Et)2bpy}]
2þ and [Ru(bpy)2-

{5,50-(NHCO2Et)2bpy}]
2þ have been investigated.571 Coupling of the CONEt2 group in

RuII-coordinated 4-Me-40-(CONEt2)bpy to appropriate amino acids gives a route to amino
acid-functionalized complexes [Ru(bpy)2(4-Me-40-Xbpy)]3þ where X¼CONH(CH2)n CH-
(NH3

þ)CO2
�. The characteristics of the absorption spectra for the complexes with n¼ 1–4 are

pH-independent because there is little electronic communcation between the amino acid group
and the RuII chromophore. However, the luminescence intensities and excited-state lifetimes are
pH-dependent.572 The complex [Ru(bpy)2(119)][PF6]2 is water-soluble and is able to sense Cu2þ

and Ni2þ ions because coordination of the pendant donor set to these metal ions results in strong
quenching of the Ru(bpy)3-fluorescence.

573 The reaction of cis-[Ru(bpy)2Cl2] with ligand (120)
leads to the formation of [Ru(bpy)2(120)]

2þ, isolated as the PF6
� salt. Oxidation of this complex

with Ag2O produces [Ru(bpy)2(120-ox)]
2þ in which ligand (120) has been oxidized at the central

-NHC6H4NH- unit; this step can be reversed on treatment with N2H4�H2O. The electrochemistry
of [Ru(bpy)2(120)]

2þ has been studied; when the complex (in MeCN) is excited at 477 nm, the
emission spectrum is almost completely quenched, and it is concluded that the �-conjugated
chains in (120) contribute to this effect.574
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The complexes [Ru(28)3]
2þ containing polymethylene bridged bpy ligands (28)312 have been

prepared by reactions of RuCl3�xH2O with the appropriate ligands. The absorption and
emission energies of the complexes resemble those of [Ru(bpy)3]

2þ, but the emission intensities
are reduced when [Ru(28)3]

2þcontains bridged bpy ligands that are highly distorted away from
planarity. Structural data confirm the degree of twisting of the ligand containing the longest
polymethylene bridge.575 The photophysical properties of [Ru(bpy)2(4,4

0-Me2bpy)]
2þ,

[Ru(bpy)2(121)]
2þ, [Ru(bpy)2(122)]

2þ, [Ru(bpy)(121)]2þ, [{Ru(bpy)2}2(�-121)]
4þ, and [{Ru(bpy)2}2-

(�-122)]4þ have been reported. The complexes exhibit MLCT transitions at �450 nm,
intraligand �!�* transitions at wavelengths <300 nm, emission (�(em)¼ 598–610 nm) from
an 3MLCT excited state. The electrochemistry of the complexes is characterized by a reversible,
Ru-centered oxidation between 1.25V and 1.40V (vs. SSCE), and a series of ligand-based
reductions between �1.3V and ��1.9V.576 Complex formation between RuII and three tripodal-
type ligands, exemplified by (123), has been described. The three bpy domains may bind a
single Ru2þ ion, although dimetallic and polymetallic species have also been isolated. The
excited-state lifetime and emission quantum yield for [Ru(123)]2þ are 2,800 ns and 0.271
respectively.577 The syntheses of ligand (124) and its analog containing two tpy-binding domains
(1240) have been reported. Pendant tpy domains are present in the complexes [Ru(bpy)2(124)]

2þ

and [Ru(bpy)2(124
0)]2þ.578
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Attaching a C60 cluster to an [Ru(bpy)3]
2þ core has been achieved by 1,3-dipolar cycloaddition

of azomethine ylides to the fullerene. The electrochemistry of the complex is complicated: a one-
electron reversible oxidation of the Ru center, five one-electron reversible reductions associated
with the C60 cage, and five more reversible reductions centered on the bpy ligands. The photo-
physical properties of the complex have been discussed.579

Among functionalized bpy ligands, those with carboxylic acid or carboxylate groups attached
have been a particular focus of attention, especially with respect to finding efficient photosensi-
tizers for use in TiO2-based solar cells. One of the most efficient photosensitizers for this purpose
is cis-[Ru{4,40-(CO2H)2bpy}2(NCS)2].

580 Acceptor–donor complexes are formed by intermolecular
interactions between [Ru(4,40-X2bpy)2{4-Me-40-(CO2)bpy}]

2þ (X¼H, CO2Et) and N,N0-dimethyl-
aminobenzamidinium ion. Electron transfer across the bridging unit has been examined.581 A
series of complexes containing carboxylate or ester-functionalized bpy ligands has been prepared;
these include [Ru(bpy)2{6-(CO2)bpy}]

þ and [Ru(bpy)2{6-(CO2H) bpy}]2þ. In [Ru(bpy)2-
{6-(CO2)bpy}]

þ, an unusual temperature dependence of the rate of radiative decay is observed.582

The emission lifetimes of [Os(bpy)2{4,4
0-(CO2)2bpy}] and [Os(bpy)2{3,5-(CO2)2bpy}] show

different dependences on temperature. For aqueous solutions of the former complex, the emission
lifetime decreases as the temperature increases; in contrast, the latter complex (in EtOH) exhibits
longer lifetimes as the temperature increases.583 The synthesis and photophysical properties of
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[Ru(bpy)2{3,5-(CO2H)2bpy}]Cl2 have been reported. The complex exhibits a long-lived excited
state (�(em)¼ 637 nm, � ¼ 846� 11 ns), the decay of which involves an activated crossing to
higher energy ligand-field states.584 The energy of the CT band can be varied systematically in
the series of complexes [Ru{4,40-(CO2)2bpy}2L2] where L2 is a wide variety of ligands, either one
didentate or two monodentate.585 The pKa value of the complex [Ru(bpy)2{3-(CO2H)bpy}]2þ is
0.82� 0.07,586 and for [Ru(bpy)2{3,3

0-(CO2H)2bpy}]
2þ, pKa values are 0.2 and 2.2.587 Values for

[Ru(bpy)2{4,3
0-(CO2H)2bpy}]

2þ are 1.7 and 2.9. The difference in values between [Ru(bpy)2{3,3
0-

(CO2H)2bpy}]
2þ and [Ru(bpy)2{4,3

0-(CO2H)2bpy}]
2þ is attributed to differences in hydrogen-

bonded interactions. Values of pKa for the excited-state complexes show that the latter are slightly
stronger bases than the corresponding ground state complexes.586,587 The syntheses and charac-
terization588 of trans-[Ru{4,40-(CO2H)2bpy}2Cl2], trans-[Ru{4,40-(CO2H)2bpy}2(H2O)2]

2þ, and
trans-[Ru{4,40-(CO2H)2bpy}2(NCS)2] have been reported. The absorption and emission maxima
of the trans-complexes are red-shifted with respect to their cis-analogs, and this red-shift makes
the complexes suited to their use as dyes in dye-sensitized TiO2 electrodes.589 General synthetic
strategies have been described for the incorporation of carboxylate groups in polypyridyl ligands
in RuII complexes; one method involves the hydrolysis of CO2Et groups to CO2H, while the
second method relies on the conversion of Me to CO2H substituents.590 The electrochemical
properties of [Ru{4,40-(CO2H)2bpy}(CO)2Cl2], [Ru{4,40-(CO2H)2bpy}2Cl2], [Ru{4,40-(CO2H)2
bpy}2Br2], [Ru{4,40-(CO2H)2bpy}2{4,4

0-(CO2)2bpy}], and [Ru{4,40-(CO2H)2bpy}3]Cl2 have been
studied in MeCN and dmso. The presence of electron-withdrawing 4,40-(CO2H)2bpy ligands
make oxidation of the RuI center more difficult. The photochemical behavior of the complexes
has also been examined.591 The complex [Ru(PPh3)2{4,4

0-(CO2H)2bpy}Cl2] has been prepared for
use as a TiO2 sensitizer in regenerative photoelectrochemical cells; it exhibits a reversible Ru2þ/
Ru3þ couple.592 The photoluminescent properties of [Ru{4,40-(CO2H)2bpy}3]

2þ are pH-depen-
dent. At pH 3, the emission intensity and excited-state lifetime are at a minimun while �(em) is at
a maximum value. pKa measurements have been made. The study is extended to include
electrochemical data.593 The photophysical properties of cis-[Ru{3,30-(CO2H)2bpy}2(NCS)2],
cis-[Ru{5,50-(CO2H)2bpy}2(NCS)2] and cis-[Ru(4,40-X2bpy)2(NCS)2] (X¼ various substituents)
have been compared. Steric factors influence the energy of the excited state; compared to 4,40-
substituted bpy-containing sensitizers, the 3,30- and 5,50-analogs are less efficient at converting
visible photons into electrons.594 Starting from cis-[RuCl2(dmso)4], the sequential introduction of
bpy ligands carrying different substituents has been used as a general method of preparing [Ru{4-
CO2H-40-(CO2)bpy}(4,4

0-Me2bpy)(dtc)] (the structure of which has been determined) and
[Ru{4,40-(CO2H)2bpy}(4,4

0-Me2bpy)(NCS)2]. The properties of these complexes have been
discussed in terms of their suitability as charge-transfer photosensitizers in TiO2-based solar
cells.595 This application has also driven an investigation of the properties of [Ru{4,40-
(CO2H)2bpy}2L]þ in which HL¼Hacac, 3-methyl-2,4-pentanedione or 1,3-diphenyl-1,3-propa-
nedione. In tests as photosensitizers, these complexes perform well, giving overall solar light to
electrical energy conversion efficiencies of 3.9–6.0%, compared with 5.7% for cis-[Ru{4,40-
(CO2H)2 bpy}2(NCS)2] under similar conditions.596 The complex fac-[Ru{5-(CO2H)2bpy}3]

2þ

has been prepared as a single geometrical isomer. The synthetic strategy involved the use of a
tripodal tris(bpy) ligand with ester linkages which could then be hydrolyzed to release the fac-
isomer of [Ru{5-(CO2H)bpy}3]

2þ.597 The introduction of a Ph spacer between the bpy ligand
and CO2H substituent in 4,40-(CO2H)2bpy has the effect of red-shifting the MLCT bands on
going from the parent compounds to [Ru{4,40-(C6H4-4-CO2H)2bpy}3�n(4,4

0-Me2bpy)n]
2þ (n¼ 0–2).

However, the excited state properties of these complexes remain similar to those of the parent
4,40-(CO2H)2bpy-containing species.598 The synthesis and characterization of cis-[Ru{4,40-
(CO2H)2-2,2

0-biq}2X2] (X
�¼Cl�, NCS�, CN�) have been described; the complexes exhibit intense

MLCT bands in the visible region and are emissive at 298K; pKa(1) for the ground state of the
thiocyanate complex is 2.9. The results of photoelectrochemical studies of the complexes anchored
to TiO2 film electrodes indicate that they exhibit only low light-harvesting efficiencies.599

The electronic structures of the MLCT excited states of [Ru(bpy)2(4-CO2Et-40-Mebpy)]2þ,
[Ru(bpy)2{4,4

0-(CO2Et)2bpy}]
2þ, [Ru(bpy){4,40-(CO2Et)2bpy}2]

2þ, [Ru{4,40-(CO2Et)2bpy}3]
2þ,

[Ru(bpy)2{4,4
0-(CONEt2)2bpy}]

2þ, [Ru(bpy)2{4-(CONEt2)-4
0-Mebpy}]2þ, and [Ru{4-(CONEt2)-4

0-
Mebpy}3]

2þ have been examined by use of step-scan FT IR absorption difference time-resolved
spectroscopy. The results show that the ester- or amide-functionalized ligands are the ultimate
acceptors, with the excited electron localized on one acceptor ligand on a nanosecond time-
scale.600,601 Starting from phen, 3,30-dialkoxycarbonyl-2,20-bipyridine ligands (L) have been
prepared (Equation (4)) and used to produce the complexes trans-[RuL(CO)2Cl2] and
cis-[RuL2Cl2].

602
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The sulfonic acid-functionalized bpy ligands 4,40-(SO3H)2bpy and 5-(SO3H)bpy have been
prepared and their complexation with RuII investigated.603 Phosphonic acid and phosphonate-
functionalized bpy ligands (125) and (126) have been incorporated into complexes of type
[Ru(bpy)2L]2þ. The Ru3þ/Ru2þ reduction potentials are more positive for the phosphonate than
phosphoric acid-containing complexes, and the first reduction process of each phosphonate-
containing complex is centered on this ligand. The luminescence properties of the complexes are
discussed, and coordination to Fe3þ or Cu2þ very efficiently quenches the luminescence of the
phosphonic acid complexes.604
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(125) (126)

The final part of this section covers several complexes of type [Ru(bpy)2L]2þ in which L is a
polypyridyl ligand other than 2,20-bipyridine or 2,20:60,200-terpyridine. In the complexes
[Ru(bpy)2(127)]

2þ, protonation of the non-coordinated N atom results in a red shift of the lowest
energy MLCT band by 870 cm�1, consistent with the �* level of (127) being lowered on addition
of Hþ. Protonation of the two non-coordinated N atoms in [Ru(bpy)2(128)]

2þ occurs at the same
time (pKa¼ 3.6) with a concomitant red shift of the lowest energy MLCT band by 1,570 cm�1.
The excited states of the complexes are more basic than the corresponding ground states.605 The
electrochemical and photophysical properties of the N-methylated complexes [M(bpy)2(129-Me)]3þ

(M¼Ru, Os) have been compared with those of [M(bpy)2(129)]
2þ.606 Complex [Ru(bpy)2

(131)]2þ and its N- or N,N0-methylated derivatives have been investigated. [Ru(bpy)2(131)]
2þ is

strongly luminescent, with a lifetime >1,400 ns in MeCN. Methylation drastically reduces this
lifetime to <100 ns.607 In both [Ru(bpy)2(130)]

2þ and [Ru(bpy)2(131)]
2þ, the orientations of the

pendant pyridyl units make these complexes ideal as building blocks for photoactive polynuclear
complexes containing [Ru(bpy)3]

2þ chromophores.608

5.5.3.1.4 Dinuclear complexes of the general formula
[(bpy)2M(m-L)M(bpy)2]n+(M =Ru or Os)

Stereochemical aspects of complexes including many dinuclear species are considered together in
Section 5.5.3.1.6.

On a general note, the use of FAB mass spectrometry in the characterization of complexes of
type [(bpy)2Ru(�-L)Ru(bpy)2]

4þ or related species has been addressed in several papers.609–612

The �-azodiimine (132) is one of a series of related ligands used as bridges in [(4,40-R2bpy)2-
Ru(�-L)Ru(4,40-R2bpy)2]

4þ (R¼H or Me). Ligand (132) presents an N,N0-donor set to each RuII
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center, and the diastereoisomeric forms of each complex �� (meso) and ��/�� (rac) have been
separated using cation-exchange chromatography and have been characterized.613 The complexes
[(bpy)2Ru(�-133)Ru(bpy)2]

4þ exhibit three MLCT transitions in the visible region, and the lowest
energy band is assigned to a d �(Ru)!�*(133) transition; in the UV region, intense ligand-based
�! �* transitions are observed. Both RuII centers are oxidized simultaneously.614 The complexes
[(bpy)2ClRu(�-134)RuCl(bpy)2]

2þ and [(NH3)5Ru(�-134)Ru(NH3)5]
4þ can be deprotonated at the

central CH2 unit to give cyanine-linked complexes. Redox studies of the complexes have been
carried out; attempts to prepare mixed-valence polyenyl complexes were not successful.615

N
N N

N

N

N

N N R NN

(132) (133) (134)

R = nothing; 4-C6H4;
       CH2C6H4-4-CH2

Treatment of [Ru(bpy)2(EtOH)2]
2þ with 2-thiouracil or 6-methyl-2-uracil (H2L) in the presence

of NEt3, yields [(bpy)2Ru(�-L)Ru(bpy)2]
2þ; L2� coordinates to one RuII center as an N,O-donor

and to the other as an N,S-donor. The thiouracil derivative exhibits two reversible one-electron
redox processes assigned to successive Ru2þ/Ru3þ couples.616 The reaction between [Ru(bpy)2Cl2]
and ethylene glycol at elevated temperature produces [(bpy)2Ru(�-135)Ru(bpy)2]

2þ in which there
is a strong electronic interaction between the two metal centers.617 Alkoxy-bridged complexes in
this general family include [(bpy)2Ru(�-OR)2Ru(bpy)2]

2þ (R¼Me, Et), both of which are chiral as
a result of the Ru(bpy)2 units in each complex possessing the same absolute configuration. Each
complex undergoes two one-electron oxidations to give RuIIRuIII and RuIIIRuIII species.618,619

O O
O

O O
O

(135)

A number of cyano-bridged complexes are included here even though they strictly do not fall in
the general family-type defined for the section. The syntheses and photophysical properties of
[(NC)(bpy)2Ru(�-NC)Cr(CN)5]

2� and [(NC)5Cr(�-CN)Ru(bpy)2(�-NC)Cr(CN)5]
4� have been

described. Absorption of visible light by the Ru(bpy)2
2þ unit results in phosphorescence from

the Cr(CN)6
3� luminophore, and the results evidence fast intramolecular exchange energy transfer

from the 3MLCT state of the Ru(bpy)2
2þ chromophore to the doublet state of the CrIII-based

unit.620 Time-resolved resonance Raman and transient UV-vis absorption spectroscopies have
been employed to investigate the MLCT excited states of [(NC)(bpy)2Ru(�-CN)Ru (bpy)2(CN)]þ,
[(NC)(bpy)2Ru(�-CN)Ru(phen)2(CN)]þ, [(NC)(phen)2Ru(�-CN)Ru (bpy)2(CN)]þ, [(NC)(bpy)2

N

N

N

N

N

N

N

N

N

N

N
N

N

N
N

N

(127) (128) (129) (130) (131)

NN
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Ru(�-CN)Ru(bpy)2(�-NC)Ru(bpy)2(CN)]2þ, and [(NC)(bpy)2Ru(�-CN)Ru{4,40-(CO2)2bpy}2-
(�-NC)Ru(bpy)2(CN)]2�. The data indicate that distinct RuII and RuIII centers are present in
the excited states of the complexes.621 In systems in which an Ru(NH3)5

3þ acceptor is linked
through a cyano bridge to [(NC)(bpy)2Ru(�-CN){Ru(bpy)2(�-NC)}nRu(bpy)2(CN)](nþ1)þ (n¼ 0
or 1), there is complete quenching of the excited states of the polychromophoric species.622

Absorption of visible light by the Ru-based chromophore in [Ru(bpy)2{(�-NC)Cr-
(cyclam)(CN)}2]

4þ (the structure of which has been determined)623 results in emission from the
Cr-based luminophore; there is a rapid and efficient chromophore–luminophore exchange
energy-transfer process.624

Phosphine bridged systems containing terminal M(bpy)2 units are represented by a few
examples. [(bpy)2XRu(�-trans-Ph2PCH¼CHPPh2)RuX(bpy)2]

2þ (X¼Cl, NO2) and related complexes
containing pyz or 4,40-bpy bridges, have been prepared. The phosphine-bridged complex with
X¼Cl is photochemically inert, as is [Ru(bpy)2Cl(trans-Ph2PCH¼CHPPh2-P)]

2þ.625 In the
excited states of the mixed metal complexes [(136)M(�-137)Os(bpy)2]

4þ (M¼Ni, Pd, Pt), there
is significant interaction between the metal centers, and there is quenching of the OsII MLCT state
by the group 10 metal center.626 The photochemical reaction of [(bpy)2Ru(�-138) Ru(bpy)2]

4þ in
MeCN leads, unexpectedly, to the formation of [(bpy)(MeCN)2Ru(�-138)Ru(bpy)(MeCN)2]

4þ.
The driving force for the reaction appears to be release of steric strain.627

PPh2

PPh2

PPh2

PPh2

Ph2P

Ph2P

Ph2P
Ph2P

PPh2

PPh2

(136) (137) (138)

In the next part of this section, we consider [(bpy)2M(�-L)M(bpy)2]
nþ (M¼Ru, Os) and related

complexes in which L is a bridged bis(bpy) ligand. A number of relevant reviews should be
consulted;628–636 these provide detailed accounts of a wide range of systems covering mono-, di-
and polynuclear species. The mono- and dinuclear complexes [Ru(4,40-Me2bpy)2(139)]

2þ, [(4,40-
Me2bpy)2Ru(�-139) Ru(4,40-Me2bpy)2]

4þ and [(4,40-Me2bpy)2Ru(�-139)Ru{4,40-(CO2H)2bpy}2]
4þ

as well as higher nuclearity species (see Section 5.5.3.1.5) have been prepared and characterized.
In [(4,40-Me2bpy)2Ru(�-139)Ru{4,40-(CO2H)2bpy}2]

4þ, there is efficient intramolecular quenching by
energy transfer of the emission of the RuII(4,40-Me2bpy)2 center.637 An efficient intramolecular
triplet–triplet annihilation process has been observed for the complexes [(bpy)2Ru(�-140)-
Ru(bpy)2]

4þ under conditions of laser-light irradiation.638 This series of complexes has been
extended to Ru–Os complexes containing the bridging ligands (141) and (142). For all the
complexes, there is essentially complete quenching by energy transfer of the Ru-based MLCT
emission, and enhancement of the OsII! �*(bpy) MLCT emission.639 The related heteronuclear
complex [(bpy)2Ru(�-141)Os(bpy)2]

4þ has also been investigated; there is efficient intramolecular
energy transfer from the excited RuII(bpy)2 to the Os(bpy)2 domain.640 In the excited state of
[{4,40-(CF3)2bpy}2Ru(�-141)Os{4,40-(CF3)2bpy}2]

4þ, quenching of the MLCT state is again
observed. In MeOH at room temperature, the rate of reductive quenching is 5.3 108 s�1 and
the rate of energy transfer from the excited RuII state to OsII is 7.8 107 s�1. In nBuOH, these
processes compete with one another.641 Ligands (140) and related ligands in which X¼ (CH2)4,
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Me
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Me
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(139)

(140)    X = (CH2)2, (CH2)3
(141)    X = CH2CH(OH)CH2
(142)    X = (CH2)5, (CH2)7
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(CH2)5, CH2OCH2, CH2SCH2 or 1,3-(CH2)2C6H4 bridge RuII and FeII centers in the complexes
[Ru(�-L)3Fe]4þ. From the photophysical data it is observed that the emission decay rates depend
on the Ru–Fe separation, but do not depend on the nature of the group X in the bridging
ligand.642 Ligands (143)–(148) contain rigid spacers. A comparison of the absorption spectra of
[Ru(4,40-Me2bpy)3]

2þ and [(4,40-Me2bpy)2Ru(�-143)Ru(4,40-Me2bpy)2]
4þ shows that the latter

exhibits an extra band at 500 nm; the dinuclear complex emits at 750 nm compared to 640 nm
for [Ru(4,40-Me2bpy)3]

2þ. Other differences between the complexes have been discussed.643 The
lifetimes of the excited states of [(4,40-Me2bpy)2Ru(�-143)Ru(4,40-Me2bpy)2]

4þ and [Ru(4,40-
Me2bpy)2(143)]

2þ are relatively long (1.31ms and 1.15ms in MeCN at 298K). These studies have
been extended to the diosmium(II) analog.644 The complexes [(bpy)2M(�-144)M(bpy)2]

4þ where
M–M¼Ru–Ru, Os–Os, or Ru–Os, have been reported. In the heterometallic species, 91% of the
Ru-based luminescence is quenched by energy transfer to the OsII unit. The oxidized complexes
MII–MIII have also been investigated.645 The effects of changing the spacer to 1,3-adamantane (ligand
145) have been examined.646 An adamantane spacer has also been incorporated as a spacer between
two 4,5-diazafluorene units in a bridging ligand, L, in the complexes [(bpy)2M(�-L)M(bpy)2]

4þ

(M–M¼Ru–Ru, Os–Os, or Ru–Os). In the heterometallic complex, there is electronic energy transfer
from Ru to Os (k¼ 2.6 108s�1).647 The phenylene spacer in ligand (146)–(148) (L) has little effect
on the photophysical properties of the M(bpy)2M

2þunits in [(bpy)2M(�-L)M(bpy)2]
4þ

(M–M¼Ru–Ru or Os–Os). However, in the related tpy complexes, it is observed that
[(tpy)Ru(�-L0)Ru(tpy)]4þ (L0 ¼ 40-tpy substituted analogs of ligands (146)–(148)) exhibits very
long triplet lifetimes.648
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(148)

N N

NN

X

(144)
(145)    X = 1,3-adamantane 

X = 1,4-bicyclo[         ]octane2.2.2 

A series of bridged dinuclear [(bpy)2Ru(�-L)Ru(bpy)2]
4þ and [(bpy)2Ru(�-L)Os(bpy)2]

4þ

complexes have been prepared in which the bridge coordination domains are phen ligands and
the spacer is constructed by the stereoselective coupling of units through norbornene and epoxide
functionalities.649,650
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The ligand (149), H2L, may act as a bis(N,N0-donor) as in the complex [(bpy)2Ru(�-H2L)-
Ru(bpy)2]

4þ. However, cyclometallation is also an option, as is observed in [(tpy)Ru(�-L)-
Ru(tpy)]2þ in which L2� acts as an N,N0,C-donor to each RuII center.651 Ligands (150) have
been prepared and used as bridges in the complexes [(bpy)2M(�-150)M(bpy)2]

4þ (M–M¼ Ru–Ru,
Os–Os, Ru–Os), all of which show MLCT absorption and luminescence bands in the visible
region; excited-state lifetime measurements have been made, and the homonuclear complexes
exhibit long lifetimes. The addition of Ce4þ generates the corresponding mixed valence com-
plexes.652 The pyrene-bridged complex [(bpy)2Ru(�-151)Ru(bpy)2]

4þ exhibits MLCT and pyrene-
centered transitions in the absorption spectrum as well as a band at �400 nm. At 298K, the
emission lifetime is 130 ms, and it is proposed that this arises from a 3ILCT (intraligand charge
transfer) state or a 3ILCT state with significant pyrene character.653

Thienyl-bridged ligands are of particular interest. Bridging ligands in which two bpy ligands are
connected by one (L1), three (L3) or six (L6) thienyl units have been developed. In [(bpy)2Ru(�-L1)-
Ru(bpy)2]

4þ, both Ru2þ centers are oxidized at the same potential, and initial reduction processes
are terminal bpy-centered. For [(bpy)2Ru(�-L3)Ru(bpy)2]

4þ, concurrent Ru2þ oxidation processes
come between two terthiophene oxidations, whereas in [(bpy)2Ru(�-L6)Ru(bpy)2]

4þ, oxidations of
the Ru2þcenters follow two sequential sexithiophene oxidation processes.654

The complex [(bpy)2Ru(�-152)Ru(bpy)2]
4þ exhibits a luminescence spectrum that is concentra-

tion-dependent; the emission maximum appears at 650 nm for dilute solutions but at 670 nm when
the concentration is raised. These observations can be understood in terms of excimers formed as
a result of energy transfer between the Ru centers.655 The MLCT emission of [L2Ru(�-153)-
OsL2]

4þ (L¼ bpy or 4,40-(CF3)2bpy) and of the analogous leucine-containing peptide-bridged
complex is almost completely quenched. When L¼ 4,40-(CF3)2bpy, the data are consistent with
competitive energy and electron-transfer processes.656 A series of complexes [(bpy)2M(�-154)-
M(bpy)2]

4þ (M–M¼Ru–Ru, Os–Os, Ru–Os) has been developed in which energy transfer
occurs in a predetermined direction, and in which the efficiency and rate of transfer can be
lowered by a self-photosensitized reaction involving O2.

657

The dinuclear complexes [(bpy)2M(�-2,5-dpp)M(bpy)2]
4þ (M–M¼Os–Os, Ru–Os) and

[(bpy)2Os(�-2,3-dpp)Os(bpy)2]
4þ (dpp¼ bis(2-pyridyl)pyrazine; 2,3-dpp¼ 88) have been investi-

gated as part of a larger series of polynuclear complexes containing M(bpy)2
2þ or M(bpq)2

2þ

units and 2,3-dpp or 2,5-dpp bridging ligands. All the complexes show a luminescence band in the
near IR region (850–1,000 nm) assigned to triplet MLCT levels localized on Os-based fragments.
For the Ru–Os species, Os-centered luminescence is observed. Exoergonic electronic energy
transfer in the polynuclear ‘‘cascade’’ systems is fully efficient.658 Quaterpyridine (quatpy) ligands
(129) and (155) contain two bpy domains, and can effectively connect two [M(bpy)3]

2þ units, i.e.,
in [(bpy)2M(�-quatpy)M(bpy)2]

4þ. The reaction of two equivalents of [Ru(bpy)2Cl2] with ligand
(155) leads to a mixture of the meso and rac-forms of [(bpy)2Ru(�-155)Ru(bpy)2]

4þ. The Ru–Ru
interaction in the latter is not strong, but there is extensive electronic coupling between the two
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bpy domains in the bridging ligand; the first reduction process of the complex is quatpy-
centered.659 The unsymmetrical quaterpyridine (129) is an isomer of (155), and has been incorpor-
ated into the complexes [(bpy)2M(�-129)M(bpy)2]

4þ (M–M¼Ru–Ru, Os–Os, Ru–Os, Os–Ru).
The crystal structure of the Os–Ru species has been determined. Due to the unsymmetrical nature
of (129), the homometallic dinuclear complexes have distinct metal environments, and the MII

center associated with the less sterically crowded site is the easier one to oxidize. Despite this, the
center that is easier to oxidize in the Ru–Os or Os–Ru species is always Os2þ. In both mixed metal
compounds, luminescence is Os-centered.660 Related Ru–Re complexes bridged by ligand (129)
have also been studied, including by time-resolved IR spectroscopy to investigate the nature of
their MLCT excited states.661,662 Lengthening the bridging polypyridyl ligand to
2,20:60,200:600,2000:6000,200-quinquepyridine (156) provides the potential for the formation of double
helical complexes, as exemplified by [Ru2(156)2(ox)]

2þ in which each ligand (156) presents a bpy
donor set to one RuII center (an additional ox2� ligand coordinates to complete the octahedral
environment) and a tpy donor set to the second RuII center.663
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NN

N

NN
NN

(155) (156)

Detailed electrochemical studies of [(bpy0)2M(�-H2bibzim)M(bpy0)2]
2þ (M–M¼Ru–Ru, Os–Os,

Ru–Os; H2bibzim¼ 2,20-bibenzimazole; bpy0 ¼ bpy, Mebpy, Me2bpy or CO2Etbpy) have been
carried out; the complexes exhibit numerous reversible one-electron oxidation and reduction
processes.664 Starting from [Ru(4,40-R2bpy)2Cl2] (R¼H, Me, tBu), either [Ru(4,40-R2bpy)2-
H2bibzim]2þ or [(4,40-R2bpy)2Ru(�-bibzim)Ru(4,40-R2bpy)2]

2þ can be prepared depending
on the reaction conditions; structural data are discussed.665 Intramolecular electron-transfer
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processes involved in triplet–triplet annihilation in [(4,40-R2bpy)2Ru(�-157)Ru(4,40-R2bpy)2]
4þ

(R¼H, Me, CO2Et, and in (157), n is 2, 3, 4, 5, 6, or 10 depending on R) have been investigated.
The high-energy charge-separated RuI–RuIII states were observed and the lifetimes of these states
depend on the intermetallic separation and on the energy gap between the charge-separated state
and the single excited state, (3CT)Ru–RuII.666 The study has been extended to Ru–Os systems.667

The absorption spectra and redox potentials for [(bpy)2Ru(�-158)Ru(bpy)2]
4þ depend strongly on

the pH of the solution and consequent protonation state of ligand (158); the electronic interaction
between the metal centers can be increased by removal of an imidazole proton.668,669 On going
from [Ru(bpy)2(158)]

2þ to [(bpy)2Ru(�-158)Ru(bpy)2]
4þ, or from the analogous mono- to dios-

mium species, the MLCT bands remain virtually the same.669 Electronic communication is
observed in related ruthena- and osmapolymers.670,671 Both mono- and dinuclear complexes
containing Ru(bpy)2

2þ units and the terminal or bridging ligand 2,20-bis(benzimidazol-2-yl)-4,40-
bipyridine (H2L) have been studied, and the crystal structure of [Ru(bpy)2(H2L)][ClO4]2�MeOH
has been determined. The series of complexes show CT bands at 420–520 nm and emissions at
660–720 nm in MeCN with lifetimes of 200–800 ns (298K). The photophysical properties of the
complexes can be altered by changing the protonation state of H2L.672 Pyrazole-3,5-bis(benzimi-
dazole) (H3L) has been used as a terminal or bridging ligand in the complexes [Ru(bpy)2(H3L)]2þ,
[Ru(phen)2(H3L)]2þ, [(bpy)2Ru(�-H2L)Ru(bpy)2]

3þ, [(bpy)2Ru(�-H2L)Ru(phen)2]
3þ, [(phen)2Ru-

(�-H2L)Ru(phen)2]
3þ, [(bpy)2Ru(�-L)Ru(bpy)2]

þ and [(phen)2Ru(�-L)Ru(phen)2]
þ. Mixtures of

diastereoisomers formed for the complexes with bridging H2L
� ligands were separated by frac-

tional crystallization. The complexes containing H3L or H2L
� exhibit fluorescent behavior.673

Transient absorption spectra and spectroelectrochemical difference spectra have been used to
assign the lowest excited state of [(bpy)2Ru(�-159, X¼ S)Ru(bpy)2]

4þ to the MLCT state. The
electronic coupling between the metal fragments in the latter complex is less than in the corre-
sponding complex with X¼NH.674
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Studies of dinuclear complexes of type [(bpy)2M(�-bpt)M(bpy)2]
3þ (Hbpt¼ the triazole deriva-

tive (160); M¼Ru, Os) prior to 1991 have been reviewed by Hage.675 Electrochemical data reveal
that the LUMO is bpy-centered in each complex. The bpt� bridge is unsymmetrical, placing the
two metal centers in homonuclear species in different environments; as a result, the oxidation
potentials of the two centers in each complex are widely separated. In the Ru–Os system, there is
a strong interaction between the metal centers. The luminescence and photophysical properties of
the isomers (i.e., by virtue of the different N,N-binding domains of bpt�) of [(bpy)2Ru-
(�-bpt)Os(bpy)2]

3þ have been explored. The complex exhibits extremely efficient energy transfer
from *Ru to Os.676 Two bpt groups have been linked via a 1,4-cyclohexanediamido spacer and
the resulting bis(bpt) ligand (bpt–bpt) incorporated into the complexes [(bpy)2M(�-bpt–bpt)-
sM(bpy)2]

4þ (M–M¼Ru–Ru, Os–Os); comparisons of their properties are made with those of
corresponding mononuclear complexes. The ligands and complexes are luminescent, although the
fluorescence of the ligands is quenched upon complex formation. Luminescence of the complexes
is attributed to the lowest energy triplet M! bpt CT excited state. The metal centers are
effectively electronically isolated in the dinuclear complexes.677 The work has been extended to
the analogous Ru–Os species and here, photoinduced energy transfer is observed.678 The �,�,
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�,�, �,�, and �,�-forms of [(bpy)2Ru(�-bpt)Ru(bpy)2]
3þ have been separated and their photo-

physical properties compared.679 The two different N,N-binding sites in bpt� can be coordinated
to Ru(bpy)2

2þ or Ru(phen)2
2þ units in controlled synthesis to yield two isomers of [(bpy)2Ru(�-

bpt)Ru(phen)2]
3þ, the properties of which have been compared with each other and with relevant

mononuclear complexes. The RuII center bound to the N(1) site of the triazole ring of bpt� is
always oxidized first. Photolysis of MeCN solutions of the complexes results in labilization of the
Ru center coordinated by the N(4) atom; in MeCN/Cl� or CH2Cl2/Cl� media, both the N(1) and
N(4) sites are photoreactive (see related bpzt� chemistry discussed below).680 Resonance Raman
and excited-state absorption spectroscopies and spectroelectrochemical techniques have been used
to probe the excited-state properties of [Ru(bpy)2(bpzt)]

þ and [(bpy)2Ru(�-bpzt)Ru(bpy)2]
3þ

(Hbpzt¼ 161). The �* level of bpzt� is lowered on going from a terminal to bridging ligand
and this results in a changeover from a bpy-based to bzpt-based lowest excited state.681 The
complexes [Ru(bpy)2(H2bbpt)]

2þ, [(bpy)2Ru(�-H2bbpt)Ru(bpy)2]
4þ, and [{(bpy)2Ru}3(�-bbpt)]

4þ

have been prepared and characterized; FAB-MS fragmentation patterns have been analyzed.
Mixed-valence derivatives of the di- and trinuclear complexes are formed by chemical oxidation
and these species exhibit strong absorptions in the IR region assigned to intervalence transi-
tions.682 A derivative of (162) in which a dihydroxybenzene spacer is placed between the two
triazole rings has also been prepared and the mono- and dinuclear Ru(bpy)2

2þ-containing com-
plexes (which show emissive behavior) investigated. Electrochemical data are consistent with
the central hydroquinone unit being oxidized before the RuII centers.683 Reactions of (163)
with [Ru(bpy)2Cl2] or [Os(bpy)2Cl2] lead to the formation of [Ru(bpy)2(163)]

2þ, [Os(bpy)2-
(163)]2þ, [Os(bpy)2(163)Cl]þ, [(bpy)2Ru(�-163)Ru(bpy)2Cl]3þ, [(bpy)2Os(�-163)Os(bpy)2Cl]3þ,
[(bpy)2Ru(�-163)Os(bpy)2Cl]3þ, and [(bpy)2Os(�-163)Ru(bpy)2Cl]3þ. The bridging ligand coordi-
nates to one metal center in a didentate mode through triazole N(4) and pyrazine N(1), and to the
other in a monodentate mode through pyrazine N(4). There is a weak interaction betweeen the
metal centers in the dinuclear species, but the emission behavior is consistent with with efficient
energy transfer in the excited state complexes.684 Mono- and dinuclear RuII complexes containing
bpt� (see 160), bpzt� (see 161) and the conjugates bases L2� and L02� of ligands (164) and (165)
have been prepared, the dinuclear species by Ni(0) coupling of brominated derivatives of the
mononuclear complexes. The protonation state of the ligands influences the electronic interaction
between the Ru centers in [(bpy)2Ru(�-bpt)Ru(bpy)2]

3þ, [(bpy)2Ru(�-bpzt)Ru(bpy)2]
3þ,

[(bpy)2Ru(�-L)Ru(bpy)2]
2þ, and [(bpy)2Ru(�-L0)Ru(bpy)2]

2þ.685 Photolysis of [(bpy)2Ru(�-bpzt)-
Ru(bpy)2]

3þ results in labilization of the Ru center coordinated by the triazole N(4) donor (see
discussion of related bpt� chemistry above).686
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2,3-Bis(2-pyridyl)pyrazine (2,3-dpp¼ (88)), 2,3-bis(2-pyridyl)quinoxaline and 2,3-bis(2-pyridyl)
benzoquinoxaline (91) find numerous applications as bridging ligands in homo- and heterome-
tallic complexes. At this point, we consider some dinuclear species; complexes containing �3
metal centers are covered in Section 5.5.3.1.5. By using the complexes in the series [(bpy)2M-
(�-L)M(bpy)2]

4þ (M–M¼Ru–Ru, Os–Os, Ru–Os; L¼ (88), 2,3-bis(2-pyridyl)quinoxaline or (91))
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as a test set, it has been concluded that the visible spectra of mixed metal systems can be
accurately interpreted by comparison with the spectra of homometallic analogs.687 Coordinaion
of the Ru(bpy)2

2þ fragment to the pendant ligand (88), 2,3-bis(2-pyridyl)quinoxaline or (91) (L) in
[Os(bpy)2L]2þ causes a shift to lower energies of the MLCT transitions involving the �*-orbital of
L. There is also a shift to more positive potential of the L-based electrochemical reductions.688

The mixed valence OsII–OsIII and OsIII–RuII members of this series of complexes exhibit sig-
nificant near-IR spectra; the complexes are more weakly coupled Robin and Day class II systems
than earlier electrochemical data had suggested.689 For the same bridging ligands, L, cyclic
voltammograms (in dmf) of [(bpy)2Ru(�-L)Ru(bpy)2]

4þ show six reversible reductions for each
complex. From resonance Raman, ESR and electronic spectra, it is concluded that the first two
electrons occupy an L-centered MO, and the next four electrons occupy bpy-centered orbitals.
Differences associated with the character of the bridging ligand are discussed.690 The properties of
[Ru(bpy)2L]2þ and [(bpy)2Ru(�-L)Ru(bpy)2]

4þ complexes in which L is 6,7-dichloro-2,3-bis
(2-pyridyl)quinoxaline (Cl2dpq) or 6,7-dimethyl-2,3-bis(2-pyridyl) quinoxaline (Me2dpq) have
been compared with those of complexes with L¼ (88), 2,3-bis (2-pyridyl)quinoxaline (dpq) or
(91). Values of E1/2(reduction) of the complexes follow the sequence (by ligand L) (88) < Me2dpq
< dpq < Cl2dpq < (91).691 From absorption, luminescence and redox behavior, the lowest excited
states of [(bpy)2Ru(�-88)Ru(biq)2]

4þ and [(biq)2Ru(�-88)Ru(biq)2]
4þ have been assigned to a CT

transition involving the biq ligand.692 Steady-state and time-resolved picosecond and nanosecond
transient luminesence and absorption spectroscopies have been used to study the excited-state
properties of [(NH3)4Ru(�-88) Ru(bpy)2]

4þ. The excited state complex is nonemissive (aqueous
solution, 298K). A transient species exhibiting an exponential decay (� ¼ 290� 80 ps) was
observed.693 Keene and co-workers have been the first to investigate the influence of stereochem-
ical factors on intervalence charge transfer; properties of meso- and rac-[(bpy)2Ru(�-
91)Ru(bpy)2]

5þ and of meso- and rac-[(bpy)2Ru(�-166)Ru(bpy)2]
5þ have been compared. The

intensities of the intervalence bands for the meso-diastereoisomers are higher than those for the
analogous rac-forms.694 The heterometallic complexes [(bpy)2M(�-L)PtCl2]

2þ where M¼Ru or
Os, and L is 2,3-bis(2-pyridyl) quinoxaline or (91), have been prepared and characterized. The
lowest lying excited states are M!L charge transfer transitions.695

We now turn to dinuclear complexes containing M(bpy)2
2þ units bridged by derivatives of

phenazine and related ligands. Depending on conditions, the reaction of [Ru(bpy)2Cl2] with
dipyrido(2,3-a;20,30-h)phenazine (92) leads to [Ru(bpy)2(92)]

2þ or [(bpy)2Ru(�-92)Ru(bpy)2]
4þ.

The dinuclear complex exhibits (in MeCN) an intense MLCT absorption at 661 nm, compared
to an analogous absorption at 528 nm for the mononuclear species; [(bpy)2Ru(�-92)Ru(bpy)2]

4þ

does not show emissive properties in contrast to emission at 768 nm from the lowest lying 3MLCT
state for [Ru(bpy)2(92)]

2þ. Comparison with related complexes have been discussed.696 Reactions
of each of the enantiomers of [Ru(bpy)2(py)2]

2þ with one equivalent of 2,3-dpp (88) or pyra-
zino[2,3-f][4,7]phenanthroline (98) yields �-[Ru(bpy)2(88)], �-[Ru(bpy)2(88)], �-[Ru(bpy)2(98)],
and �-[Ru(bpy)2(98)]. Treatment of each complex with an equivalent of enantiomerically pure
[Ru(bpy)2(py)2]

2þ allows the formation of �,�-, �,�-, and �,�-forms of [(bpy)2Ru-
(�-88)Ru(bpy)2]

4þ and [(bpy)2Ru(�-98)Ru(bpy)2]
4þ.697 Ligand (167) can be synthesized from

1,10-phenanthroline-5,6-quinone in a melt with ammonium acetate. This ligand has been used
both in the preparations of [(bpy)2Ru(�-167)Ru(bpy)2]

4þ and the coordination polymer
[Ru(bpy)(�-167)]n

2nþ.698 In related chemistry, stereoisomers of [(phen)2Ru(�-167)Ru(phen)2]
4þ

have been specfically prepared by the condensation of enantiomers of [Ru(phen)2L]2þ and
[Ru(phen)2L

0]2þ where L and L0 are appropriate quinone and diamine derivatives of phen.699 A
similar synthetic strategy has been used to prepare [Ru(bpy)2(167)]

2þ from a coordinated quinone
and 5,6-diamino-1,10-phenanthroline; reaction of [Ru(bpy)2(167)]

2þ with [Ru(bpy)2Cl2] then pro-
duces [(bpy)2Ru(�-167)Ru(bpy)2]

4þ. The 1H NMR spectrum of [Ru(bpy)2(167)]
2þ is sensitive to

concentration and this is attributed to �–� interactions between ligands 167.700 [Os(bpy)2(167)]
2þ

has been prepared by an analogous route to [Ru(bpy)2(167)]
2þ, and again, �-stacking of ligands

(167) is observed in solution. By using a building-block approach, the series of complexes
[(bpy)2M(�-167)M(bpy)2]

4þ where M–M¼Ru–Ru, Ru–Os, or Os–Os has been prepared. With
the exception of the Os–Os system, MeCN solutions of the mono- and dinuclear complexes are
luminescent.701 The photophysical properties of these complexes have been reported; the data are
consistent with ligand (167) being involved in the lowest MLCT excited states of the complexes.
In [(bpy)2Ru(�-167)Os(bpy)2]

4þ, there is fast energy and/or electron transfer across the bridge
(k> 109 s�1).702 Ligand (168) is a planar, extended aromatic system closely related to (167). The
results of electrochemical and spectroscopic studies indicate that [(bpy)2Ru(�-168)Ru(bpy)2]

4þ

consists of four isolated components: the two Ru(bpy)2
2þ units and two localized bridging ligand

610 Ruthenium and Osmium: Low Oxidation States



fragments.703 In solution, [(bpy)2Ru(�-168)Ru(bpy)2]
4þ forms dimers as a consequence of strong

�–� stacking interactions between bridging ligands.704 In the complex [(bpy)2Ru(�-169)-
Ru(bpy)2]

4þ, electronic coupling across the ligand and through the central C�C bond can be
tuned as a function of the ligand oxidation state. Going from [(bpy)2Ru(�-169)Ru(bpy)2]

4þto
[(bpy)2Ru(�-169)Ru(bpy)2]

3þ and [(bpy)2Ru(�-169)Ru(bpy)2]
2þ causes structural and electronic

changes and quenching of the MLCT emission of the excited states of the Ru(bpy)2
2þ-groups.705
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N N
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A series of mono- and dinuclear complexes containing 4,5-di(2-pyridyl)pyrimidine (L) has been
reported. These include [Ru(4,40-R2bpy)2L]2þ, [(4,40-R2bpy)2Ru(�-L)Ru(4,40-R2bpy)2]

4þ (R¼H,
Me) and [(bpy)2Ru(�-L)PdCl2]

2þ.706 The related ligand 2,6-bis-[6-(2-pyridinyl)-4-pyrimidinyl]pyr-
idine (L0) has also been prepared. Coordination to Ru(bpy)2

2þ takes place through the terminal
bpy-type domains to give [(bpy)2Ru(�-L0)Ru(bpy)2]

4þ; NMR spectroscopic data and molecular
mechanics calculations are used to discuss the solution conformation of the complex. In the UV–
vis spectrum, [(bpy)2Ru(�-L0)Ru(bpy)2]

4þ exhibits strong ligand-centered absorptions below
400 nm and MLCT absorptions above 400 nm.707 In [(bpy)2Ru(�-L00)Ru(bpy)2]

4þ where L00 is
2,4,6-tris(2-pyridyl)triazine, the first reduction process is centered on L00 and the second on bpy.
Acetonitrile solutions of the complex are emissive at 298K.708 The relationship between electro-
chemical and spectroscopic properties of [(bpy)2Ru(�-L00)Ru(bpy)2]

4þ and [Ru(bpy)2L
00]2þ709

exhibit unusual trends contrary to those observed for similar species.708 The preparation of 3,6-
bis(2-pyrimidyl)-1,2,4,5-tetrazine (L000) and the formation of the intensely blue complex
[(bpy)2Ru(�-L000)Ru(bpy)2]

4þ have been reported. The latter undergoes a one-electron reduction
at �0.40V (vs. Fcþ/Fc) and a Ru2þ oxidation at �1.18V to give [(bpy)2Ru(�-L000)Ru(bpy)2]

5þ.710

A resonance Raman spectroscopic investigation of [(bpy)2Ru(�-L000)Ru(bpy)2]
4þ reveals that the

bpy and L000 vibrational modes are selectively enhanced; excited-state spectra have been analyzed.711

Fourteen one-electron redox processes for the complex [(bpy)2Ru(�-bpm)Ru(bpy)2]
4þ have been

fully assigned; there are two Ru-based oxidations and twelve ligand-based reductions.712

Reactions of ligand (170) and of an acyclic analog containing only one silyl linkage with
[Ru(bpy)2Cl2] yielded [(bpy)2Ru(�-170)Ru(bpy)2]

4þ and the analogous complex with the acyclic
bridging ligand. 1H NMR spectroscopic data were consistent with the formation of a 1:1 mixture
of (�,�/�,�):(�,�) diastereoisomers of [(bpy)2Ru(�-170)Ru(bpy)2]

4þ; the diastereoisomers were
separated by crystallization of the meso-form. The crystal structure of [(bpy)2Ru(�-170)Ru(bpy)2]
[PF6]4 has been determined. Changes in conformation of the bridging ligand on complexation are
discussed.713 Ligand (171) has been prepared and structurally characterized. Its reaction with
[Ru(bpy)2Cl2] produces [(bpy)2Ru(�-171)Ru(bpy)2]

4þ, isolated as the PF6
� salt. The crystal

structure of one of the diastereomers has been determined; the unit cell contains both the �,
�- and �,�-forms.714 Ligands (172) and (173) are related to (171) by an increase in the spacers
between the bpy residues, and also form complexes of type [(bpy)2Ru(�-L)Ru(bpy)2]

4þ (L¼ 172,
173). Compared to [(bpy)2Ru(�-171)Ru(bpy)2]

4þ where the diastereoisomers can be distinguished
by 1H and 13C NMR spectroscopies, the diastereoisomeric differentiation is reduced as the spacer

Ruthenium and Osmium: Low Oxidation States 611



in the bridging ligand increases. The crystal structure of meso-[(bpy)2Ru(�-173)Ru(bpy)2][PF6]4
has been determined; the Ru�Ru separation is 1,310 pm. An interesting feature of the solid-state
structure is the close proximity of two PF6

� counterions to the center of the bridging ligand.715

Dehydrogenation of ligand (171) yields (174), and the reaction of the latter with [Os(bpy)2Cl2]
leads to meso- and rac-[(bpy)2Os(�-174)Os(bpy)2]

4þ which can be separated by chromatography.
Structural data have been reported, and comparisons of the electrochemical behavior of meso-
and rac-[(bpy)2Os(�-174)Os(bpy)2]

4þ and a mixture of stereoisomers of [(bpy)2Os(�-171)Os
(bpy)2]

4þ have been made; meso- and rac-[(bpy)2Os(�-174)Os(bpy)2]
4þ exhibit identical electro-

chemical properties and weak metal–metal interactions.716 Like ligands (170)–(174), macrocycle
(175) presents two bpy domains for coordination, and the complex [(bpy)2Ru(�-175)Ru (bpy)2]

4þ

has been prepared and characterized.717
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Complexes containing azamacrocyclic and porphyrin or related ligands are usefully included in
this section. 1,4,8,11-Tetrakis(2,20-bipyridyl-50-methyl)-1,4,8,11-tetraazacyclotetradecane (L)
reacts with [Ru(bpy)2Cl2] to give the highly fluorescent complex [{Ru(bpy)2}4L]8þ, isolated as
the salt [{Ru(bpy)2}4(HL)][ClO4]9.

718 The porphyrin derivative (176) and its analog with one
pendant bpy group, have been reacted with [Ru(bpy)2Cl2] to give di- and monoruthenium
complexes, respectively. The products are formed as mixtures of structural isomers. As expected,
their redox chemistry is complicated.719 The four pyridyl groups in ligand (177) allow the
formation of [{Ru(bpy)2Cl}4(177)]

4þ. The extended �-system of the bridging ligand facilitates
electronic interaction between central and outer groups; at 298K, fluoresence emission by direct
excitation at the Soret and Q bands or by excitation of the Ru(bpy)2

2þ units, occurs from the
porphyrazine.720 The electrochemical and photoelectrochemical responses of molecular films
formed by [{Ru(bpy)2Cl}4(177)]

4þ have also been studied.721

Ligands involving bpy units connected by ethyne spacers through the 5-positions (178), the
4- or 6-positions have been developed and incorporated into RuII–OsII complexes, e.g., [(bpy)2Ru
(�-178)Os(bpy)2]

4þ. Linking the bpy domains through the 6-positions results in a sterically
crowded [(bpy)2Ru(�-L)Os(bpy)2]

4þ species. The ethynylene bridge allows rapid through-bond
electron exchange between the metal centers, and the rate of exchange increases with decreasing
energy gap between donor and bridge.712 Photophysical and electrochemical properties have been
investigated for the series of complexes [Ru(bpy)2L]2þ and [(bpy)2Ru(�-L)Ru(bpy)2]

4þ and OsII

analogs where L is (178) or a related ligand with the bpy domains linked by one or two C	C
units through the 4,40-, 5,50, or 6,60-positions of the bpy ligands.177 Related chemistry with tpy
replacing bpy donor sets has also been reported (see Section 5.5.3.1.14).178

In the next part of this section, we consider bridged systems that utilize quinones and related
ligands. The reactions of [Os(bpy)2Cl2] with H4(179), H3(180) or H6(181) lead to [(bpy)2Os(�-179)
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Os(bpy)2]
2þ, [(bpy)2Os(�-180)Os(bpy)2]

3þ, and [{Os(bpy)2}3(�-181)]
3þ, in which the formal oxida-

tion state of the osmium centers is þ3. The complexes exhibit metal-centered one-electron
reductions and ligand-based oxidation processes. Comparisons are made with related Ru-containing
species including some model, mononuclear species, e.g., for H2cat¼ catechol, whereas [Os(bpy)2
(cat)]þ formally contains OsIII, the analogous ruthenium complex is formulated as [RuII(bpy)2
(sq)]þ.725 The intensely black–purple colored [(bpy)2Ru(�-L)Ru(bpy)2]

2þ where H2L is 2,5-dihy-
droxy-1,4-benzoquinone, is assigned as a mixed-valence RuIIRuIII species. MO calculations
(ZINDO) show that the HOMO consists of metal and bridging-ligand character, while the
LUMO has L2� �* character; the extent of metal-bridging ligand mixing is less than is observed
when the bridge is a simple dioxolene.726 Ligands H4(182) and H4(183) react with
[Ru(4,40-tBu2bpy)(H2O)2]

2þ to give bridged diruthenium complexes containing (182) and (183)
in their semiquinone states. In [(4,40-tBu2bpy)2Ru(183)Ru(4,40-tBu2bpy)2]

2þ, the two unpaired
electrons arising from the two semiquinones pair up to give a diamagnetic complex. The arrange-
ment of the substituents in (182) does not allow such pairing and ESR spectroscopy confirms
that [(4,40-tBu2bpy)2Ru(182)Ru(4,40-tBu2bpy)2]

2þ is a diradical.727 Reactions of 1,4-dihydroxy
anthraquinone, 1,5-dihydroxyanthraquinone and 1-amino-4-hydroxyanthraquinone with [Ru(bpy)2Cl2]
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yield dinuclear complexes [(bpy)2Ru(�-L)Ru(bpy)2]
2þ, whereas when L is 1,8-dihydroxy

anthraquinone, the mononuclear complex [Ru(bpy)2L]þ is obtained. Oxidation of the 1,4-dihy-
droxyanthraquinone and 1-amino-4-hydroxyanthraquinone bridged complexes gives stable,
mixed-valence products.728 Treatment of [Ru(bpy)2Cl2] with 1,4-diaminoanthraquinone results in the
formation of the mixed valence [(bpy)2Ru(�-L)Ru(bpy)2]

3þ. Data are presented for the S2O8
2�

oxidation of the dinuclear complexes involving 1,4-dihydroxyanthraquinone, 1-amino-4-hydroxy-
anthraquinone and 1,4-diaminoanthraquinone bridges.729 Reaction of 1,2,4,5-tetraaminobenzene
with [Ru(bpy)2(H2O)2]

2þ in the presence of water and O2 generates [(bpy)2Ru(�-184)Ru(bpy)2]
4þ

from which the corresponding complexes carrying 2þ and 3þ charges can be formed via ligand-
centered reductions. The crystal structure of [(bpy)2Ru(�-184) Ru(bpy)2] [ClO4]4�4H2O has been
determined.730 The first example of a (bpy)2Ru–Os(bpy)2-linked species involving a 1,4-dioxolene
bridge (185) has been reported; homometallic Ru–Ru and Os–Os analogs have also been studied.
Redox processes for the complex are reversible, with four one-electron ligand and metal-centered
processes being observed; the effects of changing the metal and of going from reduced
hydroquinone to semiquinone to quinone bridge have been investigated.731 Starting from
[Ru(bpy)2(EtOH)2]

2þ and HOC6H4N¼CHC6H4CH¼NC6H4OH, the diruthenium complex
[(bpy)2Ru(�-186)Ru(bpy)2]

2þ has been obtained; the cleavage of the initial ligand was unexpected,
giving a bridge that contains two nonequivalent semiquinone binding sites. The electrochemical
and spectroscopic properties and the crystal structure of the perchlorate salt of [(bpy)2Ru(�-
186)Ru(bpy)2]

2þ have been reported.732 2,20-Bipyridine and semiquinone coordination domains
have been linked together by different spacers in bridging ligands L, and a series of dinuclear
complexes that include [(bpy)2Ru(�-L)Ru(bpy)2]

3þ, [(tpzea)Ru(�-L)Ru(bpy)2]
3þ (tpzea¼ tris(N-

pyrazolylethyl)amine), and [(bpy)2Os(�-L)Ru(bpy)2]
3þ has been synthesized. The first two redox

processes for these complexes are centered on the bridging ligand.733 3,30,4,40-Tetraaminobiphenyl
has been used to bridge two Ru(bpy)2

2þ fragments and species in which the bridging ligand is in
the bis(quinone diimine) form and also the successively reduced forms have been isolated. Spectro-
scopic properties of these complexes have been discussed in detail.734 3,30-Dihydroxy-2,20-bipyr-
idine (H2L) forms mononuclear [Ru(bpy)2(HL)]þ and dinuclear [(bpy)2Ru(�-L)Ru(bpy)2]

2þ

complexes. In the mononuclear complex, HL� acts as an N,N0-donor, but in the bridged species,
L2� acts as an N,O-chelate to each RuII center. [(bpy)2Ru(�-L)Ru(bpy)2]

2þ undergoes two
reversible Ru2þ/Ru3þ redox processses at þ0.12V and þ0.28V (vs. Fcþ/Fc). Chemical oxidation
produces the corresponding RuIIRuIII complex which is classified as a valence-trapped mixed-
valence species.735 1,10-Phenanthroline carrying a pendant dimethoxybenzene or dihydroxybenzene
substituent reacts with [Ru(bpy)2Cl2] to give mononuclear complexes; the pendant dihydroxyben-
zene group is oxidized to the diquinone form by 2,3-dichloro-4,5-dicyano-1,4-benzoquinone (DDQ).
The bis(phen) ligands (187) and (188) react with [Ru(bpy)2Cl2] to give [Ru(bpy)2(187)]

2þ or
[(bpy)2Ru(�-187)Ru(bpy)2]

4þ, and [Ru(bpy)2(188)]
2þ or [(bpy)2Ru(�-188)Ru(bpy)2]

4þ depending
on the stoichiometry of the reaction. The bridging ligand in [(bpy)2Ru(�-187)Ru(bpy)2]

4þ resists
oxidation by DDQ. Electrochemical data for this series of mono- and dinuclear complexes have
been reported.736
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A series of bridging ligands comprising two bpy domains linked by disulfide-containing
chains substituted at the 3-, 4-, 5-, or 6-positions (e.g., ligand (189)) has been prepared and
converted to diruthenium complexes by reaction with [Ru(bpy)2Cl2]. Six of the complexes
were then used in the assembly of monolayers on Sb-doped SnO2 substrates and their
electrochemical behavior examined. The highest surface coverages were observed for the
longest bridge-spacer chains, probably because long alkyl chains are best suited to efficient
surface packing.737
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5.5.3.1.5 Polynuclear complexes (M =Ru or Os, n ‡ 3) containing M(bpy)2 units

This section summarizes work carried out on polynuclear complexes containing M(bpy)2 units, an
area in which there is much interest, in particular with respect to energy transfer. Dendritic
systems are excluded from this review, but are covered elsewhere in CCC II.738 The ‘‘complexes-
as-ligands’’ strategy is commonly exploited for the controlled construction of multinuclear com-
plexes and examples are seen in this section.

Reaction of RuCl3�xH2O with [Ru(bpy)2(2,3-dpp)]
2þ (2,3-dpp¼ (88)) and [Ru(bpy)2(2,5-dpp)]

2þ

leads to the formation of [Ru{(dpp)Ru(bpy)2}2Cl2]
4þ (dpp¼ 2,3- or 2,5-dpp). Treatment of each of

these complexes with 2,3- or 2,5-dpp generates four hexanuclear species depending on the combina-
tion of 2,3- and 2,5-bridging ligands. These complexes show intense absorption bands in the UV
region, assigned to ligand-based transitions, as well as intense absorptions in the visible region
arising from MLCT transitions. The hexanuclear complexes are luminescent; emission lifetimes lie
in the range 42–54 ns (MeCN, 298K).739 The syntheses and electrochemical, spectroscopic and
spectroelectrochemical properties of the triruthenium complexes [{(bpy)2M(2,3-dpp)}2Ru(dpq)]6þ

(dpq¼ 2,3-bis(2-pyridyl)quinoxaline; M¼Ru, Os) have been reported. There is evidence that the
peripheral Ru or Os centers are electronically remote from each other. The Ru! dpp CT state for
the triruthenium complex emits at 775 nm with a lifetime of 65 ns.740 By use of 2,3-Medppþ (190), a
strategy of protection and deprotection has been illustrated within the ‘‘complexes-as-ligands’’
approach; methylation changes 2,3-dpp from a di- to monochelating ligand. The trinuclear com-
plexes [(2,3-Medpp)Ru{(2,5-dpp)Ru(bpy)2}2]

7þ, [(2,3-dpp)Ru{(2,5-dpp)Ru(bpy)2}2]
6þ, [Ru{(2,3-

dpp)Ru(biq)2}2Cl2]
4þ, and [Ru{(2,3-dpp)Os(bpy)2}2 Cl2]

4þ have been prepared and characterized.
The trinuclear complexes have then been used as building blocks in the construction of a series of
hexanuclear complexes of type [{ML2(2,n-dpp)}2Ru(2,3-dpp)Ru{(2,n-dpp)M0L02}2]

12þ where n¼ 3
or 5, M and M0 ¼Ru or Os, L and L0 ¼ bpy or biq.741,742 Using ligand (101) (1,4,5,8,9,12-hexaaza-
triphenylene) as a central bridging unit, stereoisomers of [{(bpy)2Ru}2(�-101)Os(bpy)2]

6þ and of
[{Ru(bpy)2}{Ru(phen)2}{Ru(4,40-Me2bpy)2}(�-101)]

6þ have been prepared using a combination of
stereoselective synthesis and separation by chromatography.743,744

Ligand H3(191) possesses three N,N0-domains (pyridine N and triazole N(1)) and is ideally
suited to act as a triply bridging ligand between three M(bpy)2

2þ units. Coordination is accom-
panied by deprotonation of the bridge, thereby reducing the overall charge on the trinuclear
complexes [{Ru(bpy)2}3(191)]

3þ, [{Os(bpy)2}3(191)]
3þ, [{Ru(bpy)2}2{Os(bpy)2}(191)]

3þ, and
[{Ru(bpy)2}{Os(bpy)2}2(191)]

3þ. Electrochemical data for these complexes indicate that the
metal centers do not interact. Differences in properties as a function of protonation state of the
bridging ligand have been discussed.745 The assembly of a hexanuclear complex with a ligand
related to H3(191) is described later in the section. The flexibility of ligand (192) allows it to form
a tris(chelate) complex [Ru(192)]2þ or bridge three RuII centers in [{Ru(bpy)2}3(192)]

6þ. Related
complexes in which one or two bpy sites in (192) remain vacant have also been prepared, and the
photophysical and electrochemical properties of all three members of this family of complexes
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have been examined. It is observed that in [Ru(bpy)2(192)]
2þ, there is efficient intramolecular

energy transfer between the two non-coordinated arms of ligand (192) and the Ru(bpy)2
2þ-

chromophore.746 Ligand (193) and related star ligands in which one or two C6H4 spacers are
placed between the C6 core and the amide group have been used in the synthesis of Ru, Ru2, Ru3,
Ru2Os, and Os3-complexes of the general type [{M(bpy)2}3L]6þ where L¼ (193) or related star
ligand. All the complexes exhibit intense, ligand-based absorptions in the UV region and MLCT
bands in the visible region. Luminescence data for the heterometallic species indicate that there is
electronic energy transfer from Ru to Os-containing domains. Trends in the photophysical
properties as a function of the core structure of the bridging ligand are discussed.747

The synthesis and properties of [{Os(bpy)2}3(�-181)]
3þ have been reported; the formal oxidation state

of the Os centers is þ3.725 In contrast, [{Ru(bpy)2}3(�-181)]
3þ contains RuII with the bridging ligand

possessing three semiquinone domains. The complex undergoes three reversible ligand-centered oxida-
tions taking it ultimately to [{Ru(bpy)2}3(�-181)]

6þ with (181) in a tris(quinone) form. The wavelength
of the intense NIR absorption (MLCT) that the complex exhibits varies with oxidation state.748

In Section 5.5.3.1.4, we described carboxylic acid or carboxylate-functionalized bpy ligands
used in the exploration of efficient photosensitizers for use in TiO2-based solar cells. The tri-
nuclear complex [{4,40-(CO2)2}2Ru{(�-NC)Ru(bpy)2(CN)}2] has been prepared in a study of
potential ‘‘sensitizer antennas’’. The complex adsorbs on to the TiO2 surface by means of the
carboxyl groups, and emission and excitation spectra of the system indicate that light energy
absorbed by the antenna Ru(bpy)2(CN)2 units is transferred efficiently to the sensitizer domain.749

Heterometallic trimetallic complexes incorporating metals from groups other than group 8
include [(bpy)2Ru(�-L)IrCl2(�-L)Ru(bpy)2]

5þ (L¼ 2,3-bis(2-pyridyl)quinoxaline or 2,3-bis(2-pyr-
idyl)benzoquinoxaline, (91)).750 Photolysis of [(bpy)2Ru(�-91)IrCl2(�-91)Ru(bpy)2]

5þ in the pres-
ence of Me2NH results in the formation of [(bpy)2Ru(�-91)IrCl2(�-91)Ru(bpy)2]

3þ, each ligand
(91) having undergone a one-electron reduction. This is considered to be an effective ‘‘electron
store’’.751 [(bpy)2Ru(�-L)IrCl2(�-L)Ru(bpy)2]

5þ where L¼ (91) or 2,3-bis(2-pyridyl)quinoxaline
catalyzes the reduction of CO2, the catalytically active center being the IrIII core, the properties
of which are tuned by the presence of the terminal Ru(bpy)2 groups.752 The related species
[(bpy)2Ru(�-bpm)MIIICl2(�-bpm)Ru(bpy)2]

5þ (M¼ Ir or Rh) and [(bpy)2Ru(�-2,3-dpp)IrIII-
Cl2(�-2,3-dpp)Ru(bpy)2]

5þ have also been prepared and characterized.750,753

The dpp ligand has been utilized in the formation of tetranuclear species. The reaction of appro-
priate ratios of [Ru(bpy)2Cl2] and [Os(2,3-dpp)3]

2þ (2,3-dpp¼ (88)) leads to the formation of
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[Os{(�-2,3-dpp)Ru(bpy)2}3]
8þ. The complex exhibits an antenna effect with energy transfer from the

outer Ru(bpy)2 chromophores to the OsII center.754 A series of di-, tri-, and tetranuclear complexes
containing Ru(bpy)2

2þ groups linked through bridging 2,3- or 2,5-dpp ligands has been reported,
along with related mononuclear species. All the complexes luminesce in the 600–850nm region; at
77K (matrix), lifetimes are around 1ms, and at 298K (fluid solution), the lifetimes are �100ns.
Detailed discussions of spectroscopic and electrochemical properties of the complexes are given.755

Heterometallic RuRh3, RuIr3, OsRh3, and OsIr3 complexes have been prepared that combine
cyclometallated Rh(ppy)2

þ or Ir(ppy)2
þ (Hppy¼ 2-phenylpyridine) domains with a central Ru(2,3-

dpp)3
2þ or Os(2,3-dpp)3

2þ core. The complexes are not stable in coordinating solvents, but studies can
be carried out in CH2Cl2. Spectroscopic and electrochemical properties have been investigated.756

Ligands L of the type shown in structures (140) and (142) in which the spacer between the two
bpy units is (CH2)2, (CH2)5 or (CH2)12, and ligand (139) have been used in the assembly of the
complexes [Fe{LRu(bpy)2}3]

8þ. Equilibrium constants (in the order of 1013 to 1015) for the
formation of the complexes have been determined to see how they vary with the length of
the spacer in L. The emission of the complexes follows a double exponential decay, the components
of which are L (rapid decay) and RuII centers (long decay).757 In Section 5.5.3.1.4, we described
[(4,40-Me2bpy)2Ru(�-139)Ru{4,40-(CO2H)2bpy}2]

4þ and related complexes. As part of the same
study, the tetranuclear complex [{4,40-(CO2H)2bpy}2Ru(�-139)}3Ru]8þ has also been synthesized
and characterized. The complex exhibits efficient intramolecular quenching of the emission of the
{4,40-(CO2H)2bpy}2Ru(139)2þ moiety.758

The tetranuclear complex [(bpy)2Ru(�-bpt)Ru{(�-2,3-dpp)Ru(bpy)2}2]
7þ (Hbpt¼ the triazole

derivative (160)) contains both electron-poor and electron-rich bridging ligands. The absorption
spectrum of the complex shows ligand-centered and MLCT bands in the UV and visible regions,
respectively. The luminescence lifetime (298K) of 68 ns compares to values of 70 ns and 100 ns for
[Ru{(�-2,3-dpp)Ru(bpy)2}3]

8þ and [(bpy)2Ru(�-bpt)Ru(bpy)2}2]
3þ, respectively.759 The tetranuclear

complex [Ru{(�-194)Ru(bpy)2}3]
8þ can be converted into [{(bpy)2Ru(�-194)}2Ru(�-194)-

Ru(bpy)2]
6þ (in which two (194) ligands are in their one-electron reduced forms) by photolysis

(�> 500 nm) in the presence of dimeric N-benzyldihydronicotinamide, (BNA)2. It is proposed that
the mechanism of the process proceeds by photoinduced electron transfer from (BNA)2 to the
triplet excited state of the starting complex.760 The complex [Ru{(�-195)Ru(bpy)2}3]

8þ has been
assembled by reaction of RuCl3�xH2O with [Ru(bpy)2(195)]

2þ; the dinuclear complex
[(bpy)2Ru(�-195)Ru(bpy)2]

4þ has also been prepared. Interaction between the Ru centers in
both the di- and tetranuclear complexes is very weak. In addition to an investigation of the
spectroscopic and electrochemical properties of these complexes, their NLO properties have been
studied; each species exhibits both NLO absorption and self-focusing effects.761 The syntheses and
properties of Ru(bpy)2

2þ-containing complexes in which the bridging ligand is the 1,3-benzene
substituted analog of (195) have also been reported.762 In aqueous MeOH, [(bpy)2Ru(�-
195)Ru(bpy)2]

4þ acts as an ‘‘off-on-off’’ luminescent pH sensor as a result of changes in the
protonation state of the ligand.763
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The synthesis, UV–vis spectroscopic and electrochemical properties of the heterometallic com-
plex [Ru{(�-dpq)PtCl2}3]

2þ (dpq¼ 2,3-bis(2-pyridyl)quinoxaline) have been described.764

Ligand H3(196) is closely related to H3(191) described earlier in this section. The hexanuclear
complex [{Ru(bpy)2}3{Ru(bpy)2Cl}3(196)]

6þ has been assembled around (196)3�. The Ru(bpy)2
2þ

units are coordinated by the triazole N(1) and pyrazine N(2) atoms, while each pyrazine N(4)
donor binds an Ru(bpy)2Clþ group. These latter groups dissociate when the complex is photo-
lysed. Spectroscopic and electrochemical properties of and the effects on these properties of the
protonation state of [{Ru(bpy)2}3{Ru(bpy)2Cl}3(196)]

6þ have been studied.765 For the ligand
HL¼ 3,6-bis(2-pyridyl)pyridazine, the reaction of [Ru(bpy)2(HL)]2þ with RhCl3 leads to the
formation of the hexanuclear species [{(bpy)2Ru(�-L)}2Rh(�-Cl)2Rh{(�-L)Ru(bpy)2}2]

8þ in
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which L� acts as a C,N-donor to RhIII. The complex exhibits absorptions in the UV and visible
regions and a phosphorescence band at 298K (�max¼ 657 nm, � ¼ 925 ns) and at 77K
(�max¼ 632 nm, � ¼ 5.5 ms).766
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We progress now to heptanuclear complexes. The reaction of RuCl3�xH2O with [Ru(bpy)-
(2,3-dpp)2]

2þ (2,3-dpp¼ (88)) in EtOH at reflux yields [Ru{(�-2,3-dpp)Ru(bpy)(2,3-dpp)}3]
8þ,

treatment of which with [Ru(bpy)2Cl2] leads to the formation of the heptanuclear [Ru{(�-2,
3-dpp)Ru(bpy)(�-2,3-dpp)Ru(bpy)2}3]

14þ. The spectroscopic properties of [Ru{(�-2,3-dpp)
Ru(bpy)(2,3-dpp)}3]

8þ and [Ru{(�-2,3-dpp)Ru(bpy)(�-2,3-dpp)Ru(bpy)2}3]
14þ have been com-

pared; increasing the nuclearity leads to a slight increase in the luminescence lifetime.767 An
investigation of the photophysical properties of [Ru(�-101)3{Ru(phen)2}6]

14þ (101¼ hat) has
been carried out; excitation at 590 nm gives an 3MLCT state with a decay time of 1.9 ns.768

Decanuclear complexes containing M(bpy)2
2þ units (M¼Ru, Os) are represented by [M{(�-L)-

M0{(�-L)M00L02}2}3]
20þ where L¼ 2,3-dpp (88) and L0 ¼ bpy or biq.769,770

We conclude this section with a look at some polymeric systems. Vos et al. have investigated
the photophysical and electrochemical properties of [Ru(bpy)2(PVP)10]Cl2/[Os(bpy)2(PVP)10
Cl]Cl, [Ru(bpy)2(PVI)10]Cl2/[Os(bpy)2(PVI)10Cl]Cl, [Os(bpy)2(PVP)10Cl]Cl/[Ru(bpy)2(PVP)10Cl]Cl,
[Os(bpy)2(PVI)10Cl]Cl/[Ru(bpy)2(PVI)10Cl]Cl, [Os(bpy)2(PVP)10]Cl2/[Ru(bpy)2(PVP)10]Cl2, [Os-
(bpy)2(PVI)10]Cl2/[Ru(bpy)2(PVI)10]Cl2 where PVP¼ poly(4-vinylpyridine) and PVI¼ poly (N-vinyl-
imidazole). The polymers have been characterized by use of UV–vis and emission spectroscopies.
It is concluded that the excited state and redox properties of the Ru and Os centers are retained
on incorporation into the polymers.771 The bpy derivative (197) has been incorporated into the
complexes [Ru(197)L2] where HL is one of a series of �-diketones or 8-hydroxyquinoline. Heck
coupling has then been used to combine the complexes into polymers, aromatic spacers being used
between RuII-centered complexes. The photoconductive properties of the polymers have been
reported; the identity of HL has a significant influence on their redox and optical properties.772

Polyconjugated polymers have been produced by the anodic coupling of [Ru(198)3]
2þ and the

analogous FeII complex. Polymerization is accompanied by ligand abstraction, resulting in
bis(bpy)-type units. The properties of the polymer films have been discussed.773 Soluble polymers
containing Ru(bpy)3

2þ or Os(bpy)3
2þ units connected by poly(3-octylthiophene) spacers have been

studied and it has been concluded that there is a strong interaction between the RuII-
centered complex units and the �-conjugated polythiophenes. Differences between the Ru and
Os-containing polymers have been observed, e.g., ordering of energy levels leading to differences
in luminescence behavior.774

5.5.3.1.6 Stereochemical aspects of [M(bpy)3]
2+ and related complexes

In this section, we consider systems in which chiral properties have been the focus of attention.
Examples115,282,391,530,531,603,649,703,705,706 have already been mentioned, and earlier sections should
also be consulted. The synthesis and photophysical properties of dinuclear complexes with
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predetermined chirality have been overviewed.775 Magnetic CD spectroscopic data (4.2K) for
[Ru(bpy)3]

2þ, [Os(bpy)3]
2þ, [Ru(phen)3]

2þ, and [Os(phen)3]
2þ have been reported.776

When a CH2Cl2 solution of enantiomeric [Ru(bpy)3]Cl2 is illuminated with visible light,
optically active [Ru(bpy)2Cl2] is obtained. Mechanisms are proposed to explain the observed
retention and inversion of configuration and dependence of optical purity of the product on the
light intensity.777 The crystal structures of racemic and resolved [Ru(bpy)3][ClO4]2 have been
determined, and the absorption spectra of [Ru(bpy)3]

2þ and [Os(bpy)3]
2þ in different crystalline

hosts have been reported.778 The structure of [Ru(bpy)3]2[Co(CN)6]Cl�8H2O is described as
possessing two ‘‘pseudo-racemic’’ crystallographically independent cations. The structure consists
of layers of �-[Ru(bpy)3]

2þ cations and H2O molecules, layers containing [Co(CN)6]
3� and Cl�

anions and H2O molecules, and layers of �-[Ru(bpy)3]
2þ cations and H2O molecules.779 The

solution 1H NMR spectrum of [Ru(bpy)2(1,1
0-biiq)]2þ (1,10-biiq¼ 1,10-biisoquinoline) shows the

presence of a 3:1 mixture of diastereomers, but crystallization over one week gives selectively
the diastereomer with a �-conformation of the chelate ring involving 1,10-biiq and a �-configuration
at the RuII center. The mixture of diastereomers is re-established once the crystals are redis-
solved.780 The electronic and CD spectra of reduced �-[Ru(bpy)3]

2þ and �-[Os(bpy)3]
2þ have been

investigated; the data provide evidence that the electrons added in the one-, two- and three-
electron reduction steps are localized on separate bpy ligands. Luminescence spectra for the three-
electron reduced species have also been described.781

By using the mononuclear precursors �- or �-[Ru(bpy)2(CO)2]
2þ or �- or �-[Ru-

(phen)2(CO)2]
2þ (i.e., predetermined chirality) coupled with chromatographic separation

methods, meso- and rac-[(bpy)2Ru(�-hat)Ru(bpy)2]
4þ and meso- and rac-[(phen)2Ru(�-hat)-

Ru(phen)2]
4þ (hat¼ (101)) as well as the enantiomers of the rac-forms have been isolated. The

methodology has been extended to isolate diastereoisomers of [{RuL2}3(�-hat)]
6þ (L¼ bpy,

phen).782

The term ‘‘chiragen’’ has been introduced to describe a tetradentate ligand with a bridging unit
linking two chiral 4,5-pinene-2,20-bpy domains, e.g., (199). �- and �-[Ru(199)Cl2] have been
prepared and used as enantiomerically pure building blocks in higher nuclearity complexes.783 Chir-
optical absorption and luminescence spectra have been reported for �-[Os(4,40-
Me2bpy){199(X¼ (CH2)6)}]

2þ, in which the overall structural chirality of the complex depends
on the chirality of the chiragen ligand.784 Complex formation involving chiragen ligands (199) in
which X¼ nothing, (CH2)3 or CH2(5,5

0-bpy)CH2 have also been studied.785
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rac- and �-[Ru(bpy)2L]2þ (L¼N,N0-dimethylethylenediimine) have been reported. The extent of
retention of configuration upon reduction (using NaBD4) of the RuII-bound chxdiim, or oxida-
tion (using Ce4þ) of the coordinated diamine ligands has been examined.786 By making use of the
stereocontrolled formation of reactive intermediates involving (R)-(þ)- or (S)-(–)-methyl 4-tolyl
sulfoxide, a ‘‘one-pot’’ asymmetric synthesis to RuII tris(bpy) complexes has been achieved; this
method avoids the need for separation of individual enantiomers.787 The stepwise syntheses of
[Ru(4,40-X2bpy)3]

2þ (X¼Me, chiral ester, chiral amide) from RuCl3�xH2O, with the products
resolved into pure �- or �-enantiomers or diastereomers, have been described.788 General routes
(starting from RuII dicarbonyl precursors) to the dinuclear polypyridyl (L, L0 and L00) complexes
[L2Ru(�-L0)RuL002]

4þ and [L2Ru(�-L0)OsL002]
4þ and the chromatographic separation and charac-

terization of diastereoisomeric pairs of complexes have been reported.789 The separation, 1H
NMR spectroscopic, and photophysical properties of the �,�-, �,�-, �, �- and �,�-stereo-
isomers of [(bpy)2Ru(�-bpt)Ru(bpy)2]

3þ where Hbpt is the triazole derivative (160), have been
described with the aim of studying relationships between stereochemistry and photophysical
behavior of these and related species.790

We have already mentioned several examples of the chromatographic separation of stereo-
isomers. Cation-exchange methods have been successfully applied to both mono- and dinuc-
lear RuII polypyridyl systems,538,791–793 and a general chromatographic technique for the
resolution of tris-homoleptic [RuL3]

2þ complexes (L¼ bpy, phen, 4,40-Me2bpy, hat (101) and
bpm) has been described with the absolute configurations of the products being confirmed by
using CD spectroscopy. The technique has been extended to heteroleptic complexes.794

A novel method of resolving [Ru(phen)3]
2þ and [Ru(bpy)2(200)]

2þ has involved the use of
double-stranded DNA immobilized on a column of hydroxyapatite.795 Capilliary electrophor-
esis has been applied to the separation of the enantiomers of [ML3]

2þ (L¼ phen or bpy;
M¼Fe, Ru, Ni).796

Development of synthetic routes with stereoisomeric control is an important goal, and several
examples have already been described. Ligand (201) is an extended analog of hat (101) and has
been used as a central building block in the disk-like, �-conjugated ���- and ���-
[{Ru(phen)2}3(201)]

6þ. The precursors are enantiomerically pure �- and �-[Ru(phen)2(py)2]Cl2
which react with retention of configuration.797 �-Conjugated rods with chiral components are
represented by ��- and ��-[(phen)2Ru(�-202)Ru(phen)2]

4þ, formed when enantiomerically pure
RuII precursors are used.798 The chiral building blocks �- and �-[Ru(bpy)2(py)2]

2þ have been
used in the synthesis of chiral anion receptors; an alternative approach is the application of cation
exchange chromatography.799

Within the area of molecular magnets, oxalate-bridged 3D networks of the type
Xþ[MIIIMII(C2O4)3]

� are important, and of significance is the introduction of chiral cations
Xþ. Examples have included enantiomers of [Ru(bpy)2L]þ where HL¼ 2-phenylpyridine or
8-hydroxyquinoline, which are able to act as chiral templates in the construction of 3D polymeric
networks.800
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5.5.3.1.7 Complexes containing 1,10-phenanthroline or related ligands

Examples of complexes containing phen ligands have already appeared in this chap-
ter,44,182,246,320,340,417,519–521,528,621,673,680,699,736,743,744,768,776,782,796–798 in most cases where they are
being considered along with analogous bpy-containing compounds. This section deals with
mononuclear and some dinuclear complexes containing phen ligands.

The complex [RuCl2(PPh3)2(phen)] is among a number of complexes [RuCl2(PPh3)2L2] (L¼ py
or substituted py, or L2¼ phen, bpy or substituted bpy) that have been prepared and character-
ized. The crystal structure of [RuCl2(PPh3)2(phen)] has been determined.801 Routes to
[Ru(phen)3][ClO4]2 and [Ru(phen)3][BPh4]2 starting from RuII and RuIII halo dmso complexes,
and to several salts of [RuIII(phen)2Br2]

þ have been reported.802 Nucleophilic displacement of
MeCN by Cl�, CN�, or py in enantiomerically pure �- or �-cis-[Ru(phen)2(MeCN)2]

2þ gives a
route to optically active cis-[Ru(phen)2X2]

nþ (X¼Cl, CN; n¼ 0; X¼ py, n¼ 2) and avoids the
need for resolution of their enantiomers.803 Solvent effects on the absorption and emission
spectroscopic properties of cis-[Ru(phen)2(CN)2] have been studied, and the properties correlated
with the Gutmann solvent acceptor number.804 There is an anomalous temperature-dependence
on the rates of reductive and oxidative quenching by aromatic amines and nitroaromatic com-
pounds of the excited cis-[Ru(phen)2(CN)2] in MeCN solution; reasons for the behavior are
discussed.805 The results of an investigation of the photoinduced electron-transfer reactions of
[Ru(phen)2(CN)2] with [Ru(�-diketonate)3] complexes have been reported, and comparisons made
between several organic quencher systems;806 solvent effects have also been investigated.807

The synthesis, characterization, and reactivity of cis-[Ru(phen)2(CO)(CHO)]þ have been
described,808 and comparisons have been made with the bpy analog.416 Derivatives that have
been prepared from [Ru(phen)2(CO)(CHO)]þ include [Ru(phen)2(CO)(CO2H]þ and [(phen)2Ru(�-
CO2)Ru(bpy)2(CO)]2þ.808 Starting from the corresponding N-benzylglycinato complex, con-
trolled-potential anodic oxidation has been used to prepare [Ru(phen)2L]þ in which L� is the
�-iminoacidato ligand. The crystal structure of [Ru(phen)2L][PF6] has been determined and
reveals �-stacking between the benzyl substituent of L� and phen rings. 1H NMR nOe data
indicate that these intermolecular interactions persist in solution.809

A number of papers deal with aspects of [Ru(phen)3]
2þ. In the solid state, [Ru(phen)3][PF6]2

consists of racemic layers of cations, between which the anions reside. This contrasts with the
structure of [Ru(bpy)3][PF6]2 which possesses homochiral layers.810 Racemic layers of
[Ru(phen)3]

2þ cations are observed in the perchlorate salt.811 The structure of �-[Ru(phen)3][PF6]2
has been determined.812 Data for 335 M(phen), 159 M(phen)2, and 33M(phen)3 complexes from
the Cambridge Structural Database have been analyzed and show that offset face-to-face inter-
phen interactions are more common that edge-to-face interactions.813

The time-resolved resonance Raman spectrum of [Ru(phen)3]
2þ has been interpreted and the

results compared with those previously reported; the present interpretation indicates localization
in the lowest MLCT state for [Ru(phen)3]

2þ, as observed for the excited state of [Ru(bpy)3]
2þ.814 This

result is in contrast to a previously reported delocalized model which has also been questioned in
the light of the results of electroabsorption studies.815 Time-resolved IR spectroscopic data
(1,300–1,700 cm�1) for the MLCT states of *[Ru(phen)3]

2þ also provide evidence for the localiza-
tion of the excited electron onto one of the phen ligands on a 100 ns timescale. Data for
*[Os(phen)2(Ph2AsCH2CH2AsPh2)]

2þ are also discussed.816 The photoinduced electron transfer
from *[Ru(phen)3]

2þ to [M(phen)3]
nþ (M¼Co, Ni, Rh, Cr; n¼ 2, 3) has been investigated.817 It

has been shown that in [Ru(phen)3]2[Cr(CN)6]Cl�2Me2CO�14H2O (crystals of which were grown
by a diffusion method), the rate of energy transfer from the 3MLCT state of [Ru(phen)3]

2þ to the
E2g state of [Cr(CN)6]

3� is much slower than that from the corresponding excited state of
[Ru(bpy)3]

2þ in [Ru(bpy)3]2[Cr(CN)6]Cl�8H2O;818 (see related discussion in Section 5.5.3.1.2).340

The results of temperature-dependent luminescence decay measurements, both in liquid and solid
environments, have been discussed.819 The excited-state lifetime of [Ru(5-pyrenylphen)3]

2þ

(5-pyrenylphen¼ 5-pyrenyl-1,10-phenanthroline) has been determined to be 148 � 8 ms.820

A series of papers report the results of DFT calculations on [Ru(phen)3]
2þ and related com-

plexes containing 5,6-,4,7-disubstitiuted phen ligands and on [M(tap)3]
2þ (M¼Fe, Ru, Os;

tap¼ (102)).821–823

We now consider mononuclear complexes of the type [Ru(phen)2L]2þ (L 6¼ phen). Complexes of
general formula [Ru(phen)2(pyridyltriazole)]

2þ have been prepared and characterized; compari-
sons with related series of complexes containing 4,40-Me2bpy or bpy in place of phen have shown
differences in the isomers formed.824 The effects on the structure of [Ru(phen)3]

2þ of exchanging
one phen ligand for the sterically hindered 2,9-Me2phen have been investigated.825 Sterically
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demanding ligands (L) such as 2,9-Ph2phen, 6,60-Ph2bpy and 6,60-Me2bpy are expelled and
replaced by two equivalents of MeCN when MeCN solutions of [Ru(phen)2L]2þ are irradiated
with visible light.826 Similar results have been obtained when L is a sterically demanding aromatic
diimine ligand; the process can be thermally reversed.827

The preparation and structure of [Ru(phen)2(1,5,6,10-tetraazaphenanthrene)]Cl2 have been
reported; 1H NMR spectroscopic data provide insight into the hydrophilic properties of the
complex.828 The bpy-containing complexes [Ru(bpy)2(92)]

2þ and [{Ru(bpy)2}2(�-92)]
4þ

((92)¼ dipyrido(2,3-a;20,300-h)phenazine) were described earlier in the chapter.512 The analogous
[Ru(phen)2(92)]

2þ and [{Ru(phen)2}2(�-92)]
4þ have also been prepared and characterized, as has

[{(phen)2Ru(�-92)}3Ru]8þ. The electronic spectra exhibit intense MLCT bands in the visible
region; the electrochemical properties of the complexes have been investigated and for
[{(phen)2Ru(�-92)}3Ru]8þ, two sets of reduction waves centered on ligand (92) are separated by
those assigned to phen reductions.829

Complexes of type [Ru(phen)2L]2þ in which L is a functionalized phen ligand include those in
which L¼ (203)–(205); related bpy-containing complexes have also been studied. The pyridinium
groups are not efficient quenchers, and the excited states of [Ru(phen)2(203)]

2þ, [Ru
(phen)2(204)]

2þ and [Ru(phen)2(205)]
2þ exhibit luminescent quantum efficiencies similar to that

of *[Ru(phen)3]
2þ.830 The photophysical properties of mono- and dinuclear RuII and OsII com-

plexes containing the phen-based ligands (206) and (207) have been investigated; in the dinuclear
Ru–Os complexes in which (206) and (207) are the bridging ligands, intramolecular triplet energy
transfer occurs from RuII to OsII-unit.831 The phen derivative (208) and the complex
[Ru(bpy)2(208)]

2þ have been prepared and characterized; [Ru(bpy)2(208)]
2þ binds CuI in the

pendent N,N0,N00-coordination site. The product of the reaction of CuII with [Ru(bpy)2(208)]
2þ

exhibits photophysical properties that are influenced by the presence of NO, but the material is
too labile to make it a potential NO sensor.832
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Electronic spectroscopic and electrochemical data for [Ru(bpy)2(98)]
2þ ((98)¼ dipyrido

[3,2-a:20,30-c]phenazine) are consistent with the presence of two electronically separate units, one
behaving like [Ru(bpy)3]

2þ and the other resembling a phenazine-like acceptor.524 Spectroscopic
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and electrochemical data for [Ru(98)3]
2þ, [Ru(98)(bpy)2]

2þ, and [Os(98)(phen)2]
2þ indicate that

the lowest-lying �*-orbital of ligand (98) is effectively localized on the phenazine unit; conse-
quences of this on the properties of the complexes are discussed.833 The electrochemical and NLO
properties of the complexes [Ru(208)2L]2þ where L¼ (98), (210), or (211) have been described;
extending the � system in L affects the NLO behavior;834 (see also structures (95)–(97) and
discussion).523

Reaction between 5-Brphen and 3-pyrene boronic acid gives the corresponding pyrene-deriva-
tized phen ligand (5-pyrphen). The complexes [Ru(bpy)2(5-pyrphen)]

2þ and [Ru(5-pyrphen)3]
2þ

exhibit MLCT absorptions at �450 nm and a pyrene-based absorption close to 340 nm; these data
and molecular modeling studies are consistent with there being little electronic interaction
between the RuII-centered fragment and the pyrene chromophore.835 Light-harvesting systems
based on a Ru(phen)3

2þ core carrying three pendant piperidinyl-1,8-naphthalimide836 or coumarin
dye molecules837 have been developed, and enhanced room-temperature MLCT emission lifetimes
have been observed.

The complexes [RuL(bpy)2]
2þ (L¼ 2,20-bi-1,8-naphthyridine), [Ru(212)(bpy)2]

2þ and [Ru(213)
(bpy)2]

2þ exhibit changes in their electronic spectra on electrochemical reduction that are consis-
tent with the extra electron being localized in the non-bpy ligand, and resonance Raman spectra
support these conclusions.838 The series of complexes [RuL(bpy)2]

2þ and [RuL3]
2þ where

L¼ (212), (213), (214), or (215) has been studied, with attention paid to the use of microwave
irradiation to overcome synthetic problems associated with steric crowding in the homoleptic
complexes.839 In the complexes [Ru(bpy)2(216)]

2þ and [Ru(phen)2(216)]
2þ, ligand (216) (consid-

ered an ‘‘S-tpy’’ analog) presents a phen-like donor set to the metal center, leaving one N-donor
non-coordinated; this is confirmed in the crystal structure of [Ru(bpy)2(216, R¼ iPr)][PF6]2. The
related ‘‘U-tpy’’ ligand binds as a tridentate ligand and is a true analog of tpy.840
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Functionalized phen ligands include 4,7-(CO2H)2phen, which has been incorporated into the
photosensitizers cis-[Ru{4,7-(CO2H)2phen}2X2] (X¼Cl, CN, SCN) and carboxylate analogs. For
X¼ SCN, the complex exhibits a more intense and broader MLCT absorption than is observed
for cis-[Ru{4,40-(CO2H)2bpy}2(NCS)2] and, like the latter, the 4,7-(CO2H)2phen ruthenium(II)
derivatives function as efficient photosensitizers for use in TiO2-based solar cells.841 Electronic
absorption spectra and the photoluminescence and electrochemiluminescence of RuII complexes
containing 5-(3-carboxylic acid propionamido)-1,10-phenanthroline and 5-(4-carboxylic acid
butanamido)-1,10-phenanthroline,842 and the electrogenerated chemiluminescence from the electron-
transfer reaction between the reduced and oxidized forms of [Ru(4,7-Ph2phen)3]

2þ have been
investigated.843 The reaction of [Ru(bpy)2Cl2] with 5,6-(NH2)2phen results in the formation of
[(bpy)2Ru(�-L)Ru(bpy)2]

4þ in which L is phen-5,6-diimine. The mononuclear complex
[Ru(bpy)2{5,6-(NH2)2phen}]

2þ in which 5,6-(NH2)2phen binds through the phen domain has
also been prepared and characterized. The spectroscopic, luminescence, and electrochemical
properties of [Ru(bpy)2{5,6-(NH2)2phen}]

2þ are similar to those of [Ru(bpy)3]
2þ.844

Ring closure of the diene in [Ru(phen)2(217)]
2þ using Grubb’s catalyst generates a macrocyclic

complex, the photochemical behavior of which has been studied in MeCN solution. Irradiation at
>300 nm leads to the expulsion of [Ru(phen)2(MeCN)2]

2þ, and quantitative regeneration of the
macrocyclic complex can be achieved by heating in ethylene glycol.845

The ligand hat (101) acts as a bridging ligand in [(phen)2Ru(�-hat)Ru(phen)2]
4þ. Flash photo-

lysis of the latter with hydroquinone gives rise to two transients, the first at �500 nm being
[(phen)2Ru(�-hat.�)Ru(phen)2]

3þ; details of the processes involved are discussed.845 The photo-
physical properties of [(phen)2(�-167)Ru(phen)2]

4þ ((167)¼ tetrapyridophenazine derivative) have
been studied, and the interconversion dynamics of two MLCT excited states localized on the
bridging ligand (167) have been experimentally observed.846

Bis(phenanthroline) ligands, L, in which the two phen groups are linked by one or two phenyl
spacers have been incorporated into complexes of type [(bpy)2Ru(�-L)Ru(bpy)2]

4þ in which L
presents a phen binding site to each RuII center. Mononuclear complexes [Ru(bpy)2L

0]2þ, where
L0 ¼ 3-Phphen or 2,9-Ph2phen, have also been prepared and characterized. Representative struc-
tural data reveal interligand �–� stacking interactions, and the effects of these interactions on the
photophysical properties of the complexes are discussed.847 5,50-Bis(1,10-phenanthroline)
(bisphen) has been used as a bridging ligand in several homodimetallic complexes including
[(bpy)2Ru(�-bisphen)Ru(bpy)2]

4þ, [(bpy)2Os(�-bisphen)Os(bpy)2]
4þ, and [(4,40-Me2bpy)2Os-

(�-bisphen)Os(4,40-Me2bpy)2]
4þ. The bridging bisphen ligand is generated by coupling coordin-

ated 5-Clphen ligands, and possesses a nonplanar structure. The latter results in the two halves of
each complex being electronically isolated from one another.848

5.5.3.1.8 Mononuclear complexes containing didentate
N,N-donor ligands other than bpy or phen

The coordination chemistry of 2-phenylazopyridine (218) and related ligands attracts significant
attention. The reaction between (218) and [Os(PPh3)3Br2] yields [Os(PPh3)2(218)Br2] in which the
Br� ligands are mutually cis, and the PPh3 ligands are trans to each other. Ligand (218) acts as an
N,N-chelate, the mode adopted in many of the complexes discussed in this section. Ligand
replacement in [Os(PPh3)2(218)Br2] and the properties of the complexes have been studied.849

The reactions of [OsBr6]
2� with 2-phenylamino or 2-(4-methylphenyl)amino derivatives of (218)

(HL) produce mixtures of OsII products that include [OsBr2(218)2], [OsBrL(HL)], [OsBrL(218)],
and [OsBr2(HL)(218)].850 The crystal structures of mer-[Ru(219)3][PF6]2 and [Ru(219)2Cl2] (cis Cl,
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trans-pyridine donors) have been determined,851 and the fac and mer isomers of [Ru(219)3]
2þ and

two diastereomers of [Ru(219)2(bpy)]
2þ have been isolated using HPLC, and EPR spectroscopic

data for the singly reduced species have been analyzed.852 A general strategy for the synthesis of
[Ru(218)3]

2þ has been included in a study of routes to tris(bpy), tris(phen), and tris(218) com-
plexes of RuII and RhIII.279 A comparison has been made between the photoinduced oxidative
and reductive electron-transfer reactions of excited [Ru(218)3]

2þ and [Ru(imin)3]
2þ (imin¼ 2-(N-

methylformimidoyl)pyridine) with selected organic quenchers, and those of [Ru(bpy)3]
2þ,

[Ru(4,40-Me2bpy)2(CN)2], [Ru(5,50-Me2bpy)2(CN)2], and [Ru(phen)2(CN)2].
853 An investigation

of the absorption spectroscopic, MLCT excited-state, and electrochemical properties of
[Ru(imin)n(bpy)3�n]

2þ (n¼ 0–3) has been carried out,854 and the luminescent complex [Ru
(imin)2(CN)2] has been prepared and its properties compared with those of [Ru(bpy)2(CN)2]
and [Ru(phen)2(CN)2].

855 Studies of complexes of type [Ru(218)2L2] have been made for
L�¼CNS�,856 and NO3

�.857 The reactions of [Os(bpy)2Br2] with 2-(arylazo)phenol ligands (HL
with various substituents) yield [Os(bpy)2L]þ; structural data for a representative derivative
confirm an N,O-chelation mode for L�. The complexes can be oxidized chemically or electro-
chemically and the OsIII analogs isolated as perchlorate salts.858 Silver(I)-assisted trans-metalla-
tion has been used in the synthesis of [RuLnL

0
3�n]

2þ where L¼N-arylpyridine-2-aldimine and
L0 ¼ (220); reactivity studies include hydrolysis of coordinated L to picolinate.859 The preparation and
crystal structure of trans-[Ru(221)(PPh3)Br2] have been described; a comparison is made between its
reactivity towards various didentate chelates and that of cis-[Ru(221)(PPh3)Cl2].

860 Reactions of
[Ru2Cl2(CS)2(PPh3)4(�-Cl)2] with (218)-R where (218)-R is a substituted derivative of ligand (218),
the R group being H, Me, or Cl in the o, m, or p-position of the phenyl ring, lead to the formation of
the mononuclear complexes [RuCl2(218-R)2] in which the Cl� ligands are mutually cis.861

N N
N

N N
N N

N X
N R

R'

(218) (219)    (220)     X = N; R = Me; R' = H
   (221)     X = CH; R = H;  R' = SMe

Ruthenium(III) chloride reacts with 1-methyl-2-(arylazo)imidazoles and 1-benzyl-2-(arylazo)-
imidazoles (L) to give complexes of type [RuL2Cl2]. Green and blue isomers have been obtained,
with trans-cis-cis and cis-trans-cis arrangements of Cl, N(imidazole) and N(azo) donor sets; the
green isomer converts to the blue form on heating.862 cis-trans-cis-[RuL2Cl2] (L¼ 1-alkyl-2-
(arylazo)imidazole) reacts with AgNO3 and bpy, or with [Ag(bpy)2]

þ to give [Ru(bpy)L2]
2þ

(isolated as perchlorates); 1H NMR spectra are consistent with the presence of two isomers for
each complex in solution. The complexes are emitters at 77K, with quantum yields in the range
0.011–0.025.863 Studies of complexes in the family [RuL(bpy)2] (L¼ 1-alkyl-2-(arylazo)imidazole)
have also been carried out.864 2-(Arylazo)pyrimidines (L) react with RuCl3�xH2O to give trans-
cis-cis-, cis-trans-cis- and cis-cis-cis-[RuL2Cl2] that can be separated by chromatography; IR,
NMR, and electronic spectroscopic, electrochemical, and crystallographic data are presented.865

The reactions of ligand (218), 2-(p-chlorophenylazo)pyridine or 1-methyl-2-(p-chlorophenylazo)-
imidazole with [Ru(H)(X)(CO)(PPh3)3] (X¼Cl, Br) yield azo anion radical-containing paramag-
netic complexes of type [Ru(L.�)(X)(CO)(PPh3)2].

866,867 [Os(218.�)Br(CO)(PPh3)2] and minor
amounts of [Os(218)H(CO)(PPh3)2]Br are produced in the reaction of [Os(H)(Br)(CO)(PPh3)3]
with (218). The complex containing the radical azo anion becomes the only product if
(219) replaces (218).868 Reaction of excess (219) with [Ru(H)2(CO)(PPh3)3] leads to
[Ru(219.�)2(CO)(PPh3)] and [Ru(219.�)(H)(CO)(PPh3)2]; only the corresponding hydride complex
was obtained if (219) were replaced by 2-(p-chlorophenylazo)pyridine. Structural data are pre-
sented, and electrochemical results show that the complexes exhibit radical redox couples with E1/2

values (vs. SCE) in the range �0.5V to þ 0.10V.869

The synthesis and characterization of [Ru2(�-pz
0)2(220)4]

2þ (pz0 ¼ conjugate base of pyrazole)
have been reported.870 The complexes [M(218)2(H2biim)]2þ (M¼Ru, Os; biim¼ 2,20-biimidazole)
deprotonate on the H2biim ligand giving [M(218)2(Hbiim)]þ and [M(218)2(biim)]. Using the
‘‘complexes-as-ligands’’ approach, [M(218)2(biim)] has been used as a building block in reactions
with [ML2X2]

nþ (M¼Ru, Os; L¼ (218), bpy; X¼Cl, Br and n¼ 0; X¼MeCN and n¼ 2) to give
dimetallic species containing biim2� bridging units.871 Trinuclear Ru3, RuOs2, Ru2Os, and
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Os3-containing complexes have been prepared by the reactions of two equivalents of
[M(218)2(biim)] (M¼Ru, Os) with [M(PPh3)3X2] (M¼Ru, Os).872 When [M(218)2 (H2biim)]2þ

(M¼Ru, Os) in MeOH reacts with ammonical AgNO3, the products are [{M(218)2
(biim)}2Ag2]

2þ. Structural data for [{Ru(218)2(biim)}2Ag2][ClO4]2�H2O reveal a short Ag�Ag
distance (2.8899(19) Å).873

The synthesis and characterization of complexes of type [RuL(220)2] where H2L¼ catechol
(H2cat), 4-tBuH2cat, 3,5-tBu2H2cat, or 3,4,5,6-Cl2H2cat, have been described. Oxidation using
CeIV yields paramagnetic complexes with L in the semiquinone form. Crystallographic data for
[{Ru(cat)(220)2}2(H2O)]�CH2Cl2 confirm that hydrogen bonding between H2O and catecholate O
atoms supports dimers in the solid state. Electrochemical and electronic spectroscopic data are
reported.874 The quinolinolate (HL¼ 8-hydroxyquinoline) complex [Ru(220)2L]þ has been iso-
lated as the perchlorate salt, and its properties compared with those of [Ru(bpy)2L]þ;875 osmium
(II) analogs of these complexes have also been studied.876

The reactions between RuX3 (X¼Cl, Br) and ligands (222) in boiling EtOH give cis and trans-
isomers of [RuX2(222)2]; spectroscopic and electrochemical data for the complexes are pre-
sented.877 The reduction of trans-[RuX2(HL)L] (HL¼RC(N¼OH)N¼NAr; X¼Cl, Br) leads
to the ruthenium(II) complex [RuX2(HL)L]� which can be reoxidized by Ce4þ. Treatment of
[RuX2(HL)L]� with PPh3 gives [RuX(PPh3)(HL)L] and [Ru(PPh3)2(HL)L]þ.878 Oxidation of
geometrical isomers of [RuCl2(222)2] by Cl2 gives the corresponding RuIII complexes (isolated
as perchlorate salts) with retention of stereochemistry.879

The energies and relative intensities of the lowest-energy electronic transitions in the UV–vis
spectra of the complexes [Ru(X)(R)(CO)2L

N,N] (X¼Cl, Br, I, CF3SO3; R¼ alkyl; LN,N¼N,N0-
diisopropyl-1,4-diaza-1,3-butadiene, bpy, pyridine-2-carbaldehyde-N-isopropylimine) show a sig-
nificant dependency on X and R.880 The excited states of these complexes have been investigated
by using time-resolved absorption, resonance Raman, and IR spectroscopies,881 and syntheses and
spectroscopic properties and representative structural data have been reported for trans,cis and
cis,cis-[Ru(I)(Me)(CO)2L

N,N].882 The reaction of [RuCl2(HL)2] (HL¼ 2,6-Me2C6H3N¼CHCH¼
N-2,6-Me2C6H3) with potassium in THF produces isomers of [RuL2] in which L� contains a
metallated 2-Me group. The reduction of [RuCl2(HL)2] with 3–4 molar equivalents of potassium
results in the formation of K2[RuL2] and a deprotonated derivative, the crystal structure of which
has been determined, confirming that one ligand coordinates to Ru(0) through an N,N0,C-donor
set.883

The mononuclear complexes [Ru(bpy)2(H2223)]
2þ and [Ru(4,40-Me2bpy)2(H2223)]

2þ, and dia-
stereoisomers of the bridged complex [(bpy)2Ru(�-223, Ar¼Ph)Ru(bpy)2]

2þ have been prepared
and characterized. On going from [Ru(bpy)3]

2þ to these complexes, the absorption maxima shift
to lower energies; there is significant electronic interaction between the metal centers in
[(bpy)2Ru(�-223, Ar¼Ph)Ru(bpy)2]

2þ.884 A study of the complexes [M(CO)2(SnR3)2L] in which
M¼Ru or Os, R¼Me or Ph, and L¼ 4,40-bpy, iPrN¼CHCH¼NiPr, (224) or (225), has
focused on the variation in the excited-state properties among this series of complexes. All the
complexes are photostable in a glass at 80K and exhibit long excited-state lifetimes.885

The reactions between PhN¼C(R)NHPh (R¼ various) and [M(H)2(CO)(PPh3)3],
[MH(Cl)(CO)(PPh3)3], or [M(O2CCF3)2(CO)(PPh3)2] (M¼Ru, Os) lead to the formation of
amidinato complexes which include [RuCl(PhNCRNPh)(CO)(PPh3)2], [Ru(O2CCF3)-
(PhNCRNPh)(CO)(PPh3)2], and [OsH(PhNCRNPh)(CO)(PPh3)2].

886 [M(H)2(CO)(PPh3)3]
(M¼Ru, Os) reacts with (PhHN)2C¼NH to yield [M(H){PhNC(NH2)NPh}(CO)(PPh3)2]. In
contrast, the product of the reaction of [M(O2CCF3)2(CO)(PPh3)2] (M¼Ru, Os) with
(PhHN)2C¼NH contains a didentate diphenylguanidinate anion and a monodentate diphenyl-
guanidine.887 The reactions of 1,3-diaryltriazenes (HL with Ph, tolyl, methoxyphenyl, and chloro-
phenyl substituents) with [RuCl2(PPh3)3] generate [RuL2(PPh3)2], which can be oxidized to the
corresponding RuIII complexes. Representative crystal structures have been determined, and

N
N

R

(222)    R = H, Me, Cl
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inter-ligand interactions have been addressed using molecular modeling studies.888 The complex
[RuL2(CO)(PPh3)] has been prepared by the reaction of triphenylguanidine (HL) with
[Ru(O2CCF3)2(CO)(PPh3)2] and has been structurally characterized; the CO and PPh3 ligands
are mutually cis.889 When a mixture of [RuCl2(PPh3)3] and mesityl azide is photolysed and
subsequent phosphine exchange is carried out, the tetrazenido complex [RuCl2(PMe3)2-
(MesN¼NN¼NMes)] is obtained. In contrast, the thermal reaction of mesityl azide with
[RuCl2(H)2(P

iPr3)2] results in the formation of a triazenophosphorane complex.890

A comparison has been made of the structural parameters and hydrogen bonding in
[RuIICl2L(HL)]� and [RuIIICl2L(HL)] where HL¼ (226),891 and the crystal structure of tris
(dimethylglyoxime)ruthenium(II) dichloride has been determined.892
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(229)    R = Cl
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(231)

The bisoxaline (227) acts as an N,N0-chelate in the RuII and RuIII complexes [RuCl2(227)2] and
[RuCl3(227)(dmf)], both of which are useful starting materials for the synthesis of a range of
compounds.45

The five-coordinate complex [Ru(228)(PPh3)3] is assigned as a RuII diamide. Its reactivity has
been investigated including the addition of ethene or styrene and reactions with diphosphines; in
each, ligand (228) remains unchanged.893 The crystal structure of [RuCl2(PPh3)2(228)] has been
determined.894 The complexes [Ru(NH3)4L]nþ where L¼ (228), (229), or (230) and n¼ 2 or 3, are
considered to possess extensively delocalized systems; spectroscopic properties and the results of
ZINDO calculations are discussed, and it is found that the lowest energy, intense absorption in
the visible region of the RuIII complex is MLCT rather than LMCT in character.895 In a novel
methodology, the oxidative dimerization of arylamines has been used to prepare the N-aryl-
1,2-benzoquinone diimine (L, e.g., 231) complexes [Ru(acac)2L] starting from [Ru(acac)3].

896,897

With RuCl3�xH2O as precursor, and the same reaction conditions using PhNH2 as the arylamine,
the product is [RuCl2(PhNH2)2L], i.e., substitution accompanies oxidative dimerization.896

Related osmium chemistry has also been reported in which [OsBr2L2] complexes are prepared
from [OsBr6]

2� and ArNH2.
898,899 Oxidative dimerization is also observed in the reactions of

[RuCl2(ArNH2)2L] with aqueous H2O2 to produce isomers of [RuCl2L2]; the crystal structure of
trans,cis-[RuCl2(231)2] (trans-NH groups and the cis-NPh groups) has been determined.900

The ligand di-2-pyridyl sulfide (dps) acts as an N,N0-chelate in the complex trans-
[Ru(dps)2(MeCN)2]

2þ, formed from [Ru(dps-N,N0)2(dps-N,S)]
2þ in MeCN. The crystal structure

of [Ru(dps)2(MeCN)2][BF4]2�H2O has been elucidated.901 Reaction of [RuCl2(CO)2]n with

N NH

NHN

Ar Ar

Ar Ar

Ar = Ph, tolyl

H  (223)2

MeO N N OMe

(224)

MeO N N OMe

(225)
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4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole (L) gives two isomers of [RuCl2(CO)2L], both of
which have been structurally characterized. The coordination modes of L are N(py),N(triazole)
in one isomer, and N(py),N(amino) in the other isomer. For the bromo and iodo complexes,
preference for particular isomers is observed: N(py),N(triazole) coordination in [RuI2(CO)2L],
and N(py),N(amino) coordination in [RuBr2(CO)2L].902

5.5.3.1.9 Mononuclear complexes of type [M(bpy)L4]
n+ (L =monodentate ligand)

A study of the electronic transitions in [Ru(NH3)4(bpy)]
2þ has shown that the two longest-

wavelength absorptions are red shifted as the Gutmann donor number of the solvent increases.
These observations have been discussed in the light of results of calculations performed at the
INDO/S level.903 Resonance Raman and absorption spectroscopic data have been used to probe
the solvatochromatic behavior of the electronic transitions of [Ru(NH3)4(bpy)]

2þ, arising from
hydrogen bonding between complex and solvent (MeOH, dmso).904 The extent of metal–ligand
orbital mixing in [Ru(NH3)4(bpy)]

2þ and [Ru(NH3)4(phen)]
2þ has been assessed by using an

electrochemical variational technique. The d� electrons appear to be mainly localized at the
metal center, although some d�(Ru)-�*(L) (L¼ bpy, phen) is observed. The results contrast
with those obtained using MLCT oscillator strength measurements.905

The excited-state properties of [Ru(CN)4(bpy)]
2� have been investigated to provide a model for

[Ru(bpy)3]
2þ in which there is a localized excitation involving one bpy ligand906 (see discussions in

Section 5.5.3.1.2). [Ru(CN)4(bpy)]
2� can be conveniently prepared by the photolysis (�¼ 254 nm)

of [Ru(CN)6]
4� with bpy. The complex is a room-temperature emitter; the emission energy is

strongly dependent on solvent and physical state, and lifetimes (298K) have been measured as
101 ns in H2O, 25 ns in EtOH and �4 ns in dmf.907 The luminescence quantum yields of the
lowest-energy d-�* states of [Ru(CN)4(bpy)]

2� and [Ru(CN)4(4,4
0-Me2bpy)]

2� (aqueous solution,
298K) are (8� 1) 10�3 and (7� 1) 10�3 respectively, and the emission lifetimes are reported to
be 125 and 115 ns respectively.908 EPR spectroscopic data have been reported for electrochem-
ically reduced [Ru(CN)4(bpy)]

2�, [Ru(CN)4(bpm)]2�, and [Ru(CN)4(bpz)]
2�; the hyperfine coup-

ling constants indicate that the electron spin density is localized in the �*-orbitals.909

The complexes [OsBr2(PPh3)2(bpy)], [OsBr2(PPh3)2(4,4
0-Me2bpy)], and [OsBr2(PPh3)2(phen)]

have been prepared and spectroscopically and electrochemically characterized. The complexes
exhibit intense MLCT transitions in the visible region.910

Reactions and properties of [RuCl2(CO)2(bpy)] and related complexes have been well explored.
Halide exchange can be achieved by using HBr and HI at 160–200 �C, i.e., cis(CO),trans(Cl)-
[RuCl2(CO)2(bpy)] is converted to cis(CO),trans(X)-[RuX2(CO)2(bpy)] (X¼Br or I); no analo-
gous fluoride complex could be obtained by a parallel route. The complexes can be converted to
[RuX3(NO)(bpy)] by using HNO3 in aqueous HX, and the formation of nitrido-bridged com-
plexes including [(H2O)Br2(bpy)Ru(�-N)RuBr3(bpy)] and [Cl3(bpy)Ru(�-N)Ru(bpy)Cl3]

� has
also been described.911,912 Aqueous HX (X¼Cl, Br, I) has been used as a source of halide for
the formation of [RuX2(CO)2(4,4

0-Me2bpy)]; for X¼Cl and Br, selective routes to the cis(X) or
trans(X) isomers were achieved by X¼ I, only the trans(I) isomer was isolated.913 Starting from
[RuCl2(CO)2(4,4

0-Me2bpy)], reaction in the oxidizing environment of aqueous HCl/HNO3 at
240 �C leads to the formation of [RuCl3(NO){4,40-(CO2H)2bpy}]; when the precursor is
[RuCl2(CO)2(6,6

0-Me2bpy)], the bpy ligand is expelled and the ruthenium-containing product is
[RuCl5(NO)]2�.914 The sterically hindered bpy ligands 4,40-tBu2bpy, 6,60-Me2-4,4

0-tBu2bpy, and
6,60-Ph2-4,4

0-tBu2bpy (L) have been introduced into complexes of type [RuCl2(CO)2L]. For
L¼ 6,60-Ph2-4,4

0-tBu2bpy, the steric demands of the ligand are sufficient to result in the formation
of the cis(CO),cis(Cl) isomer, whereas for the less bulky bpy ligands, the cis(CO),trans(Cl) isomer
is obtained in each case. A cis(CO),cis(Cl) isomer is also obtained for the related complex
[RuCl2(CO)2(2,9-Ph2phen)].

915 Photochemical ligand substitution reactions of [RuCl2
(CO)2(bpy)]

916,917 and [RuCl2(CO)2(4,4
0-Me2bpy)] in MeCN and CH2Cl2 lead to the formation

of products that include [RuCl2(CO)(MeCN)(bpy)], mer-[RuCl(MeCN)3(bpy)]
þ, and fac-

[RuCl(MeCN)3(4,4
0-Me2bpy)]

þ, the structures of which have been determined.916 An overview
of the preparation, characterization, and properties of conductive polymers [Ru(CO)2L]n (L¼ bpy
or derivatives thereof) provides a useful summary of this area.918 Initial work suggested that
only the cis(CO),trans(Cl) isomer of [RuCl2 (CO)2(bpy)] undergoes electropolymerization to
give [Ru(CO)2(bpy)]n, but this conclusion has been updated to include the electropolymerization
of the cis(CO),cis(Cl) isomer.919 Polymer films of [Ru(CO)2L]n can also be generated

628 Ruthenium and Osmium: Low Oxidation States



electrochemically from [Ru2(CO)4(bpy)2(MeCN)2]
2þ.920 The effects of the electron-withdrawing

and donating properties of groups X on the vibrational and absorption spectroscopic properties of
[RuCl2(CO)2(4,4

0-X2bpy)] have been analyzed.921 The syntheses and crystal structures of trans(X)-
[RuX2(CO)2{4,4

0-(CO2H)2bpy}] (X¼Br, I) have been reported. In MeCN, the complexes undergo
photochemical reactions losing CO and forming cis(X)-[RuX2(CO)(MeCN){4,40-(CO2H)2bpy}].
The complex [RuI2(CO)2{4,4

0-(CO2H)2bpy}] exhibits a temperature-dependent luminescence spec-
trum (77–116K).922

5.5.3.1.10 Dinuclear complexes (M =Ru or Os) containing M(NH3)5 or related units

There is some overlap between the content of this section and some species discussed in
Section 5.5.3.1.12, but the emphasis here is on dimetal(II) species containing terminal
M(NH3)5 or related groups. Complexes with N-heterocyclic bridges are well represented.
An electronic model for donor–acceptor systems has been discussed with respect to the
complexes [(NH3)5Ru(�-pyz)Ru(NH3)5]

nþ and [(NH3)5Ru(�-4,40-bpy)Ru(NH3)5]
nþ (n¼ 4,

5, 6), and provides an explanation for the optical properties of the complexes and their
dependence on the oxidation states of the Ru centers.923 The work is extended to include the effects of
crown-ether encapsulation on the position of the near-IR-vis bands of the complexes,924 and to the
study of the trinuclear complexes [{(NH3)5Ru(�-pyz)}2Ru(NH3)4]

nþ (n¼ 6, 7, 8, 9).925 The prepara-
tions and electrochemical properties of [(NH3)4LRu(�-pyz)Ru(NH3)4(dmso)]4þ (L¼NH3, py,
PhCN, dmso) have been reported, and the rates of conversion between isomeric intermediate states
have been investigated.926 The 2,20-bipyrimidine-bridged complex [(NH3)4Ru(�-bpm)Ru(bpy)2]

4þ

has been synthesized and characterized.927 Ligand (232) provides both cyano and imidazole binding
domains and has been incorporated into [(NH3)4Ru(�-232)Ru(bpy)2]

4þ. Controlled oxidation of this
complex gives a mixed valence (RuIIRuIII) species in which the RuIII center is bound by the imidazole
end of the bridging ligand; [(NH3)4Ru(�-232)Ru(bpy)2]

5þ exhibits significant coupling between the
two metal centers.928 The complex [(NH3)4Ru(�-L)Ru(bpy)2]

4þ in which L is 3,6-bis(2-pyridyl)-
1,2,4,5-tetrazine, exhibits intense electronic MLCT transitions at 850, 603, and 370 nm, compared
to bands at 560 and 479nm for the mononuclear complex [(NH3)4Ru(L)]2þ. Electrochemical data are
consistent with substantial communication between the metal centers.929 Mono- and dinuclear com-
plexes involving the dipyridophenazine ligand (92) have been prepared; the electronic spectroscopic
and electrochemical properties of [(NH3)4Ru(92)]2þ and [(NH3)4Ru(�-92)Ru(NH3)4]

4þ have been
investigated.930

NC N
N H2N

H2N NH2

NH2

(232) (233)

There is evidence for extensive delocalization of electron density between the RuII centers in
[(NH3)5Ru(�-L)Ru(NH3)5]

4þ where L¼ 4,40-dithiodipyridine,931 and an overview of a range of
Fe, Ru, and Os-containing complexes containing 4,40-dithiodipyridine or bis(4-pyridine) sulfide
provides a useful summary of the properties of these species.932

Ligand (233) contains two 1,2-phenylenediamine domains that can be independently oxi-
dized, and this is observed in the complex [(NH3)4Ru(�-233)Ru(NH3)4]

4þ which undergoes
two, two-electron ligand-oxidation processes; further oxidation generates RuIII-containing
species.933

5.5.3.1.11 Heterometallic (M =Ru or Os, M0 „Ru or Os) dinuclear and polynuclear complexes

In this section, we consider heterometallic complexes in which the heterometal is one other than
Ru or Os. The organization of the section is according to the type of bridge (if any) between the
metal centers.

An Ru�Mn bond is present in the complexes [(CO)5MnRu(Me)(CO)2L] where L is N,N0-
diisopropyl-1,4-diaza-1,3-butadiene, or pyridine-2-carbaldehyde-N-isopropylimine; crystallographic
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data confirm the structure. Each complex exhibits a strong, solvatochromic absorption in
the visible region, assigned to an Ru(d�)!L(�) transition. Resonance Raman spectroscopic data
are also presented.934

Among a series of complexes with sulfur-containing ligands (e.g., WS4
2�, MoS4

(ethanedithiolate)2
2�, S5

2�) is the trinuclear species [(bpy)2RuS2WS2Ru(bpy)2]
2þ which has been

structurally characterized.935

Cyano-bridged heterometallics are represented by [(bpy)2(CN)Ru(�-CN)Rh(NH3)5]
3þ,

[(bpy)2(CN)Ru(�-CN)Rh(NH3)4I]
2þ, [(bpy)2(CN)Ru(�-CN)Rh(NH3)4Br]2þ, [(bpy)2(CN)Ru(�-CN)-

Rh(NH3)4(CN)]2þ, [(bpy)2Ru{(�-CN)Cr(NH3)5}2]
6þ, and [(bpy)2(CN)Ru(�-CN)Cr(NH3)5]

3þ and
a study has been made of the excited-state relaxation pathways in these species.936 The cyano-
bridged complexes [(bpy)(PPh3)Cu(�-CN)Ru(bpy)2Cl]þ, [(phen)(PPh3)Cu(�-CN)Ru (bpy)2Cl]þ,
and [(PPh3)2Cu(�-CN)Ru(bpy)2Cl]þ have been prepared and characterized.937

Heterometallic complexes involving N-heterocyclic bridges form a large group. The crystal
structure of [(bpy)(CO)3Re(�-4,40-bpy)RuCl{1,2-(Me2As)2C6H4}2][PF6]2 has been deter-
mined.938 For L¼ 1,2-bis(40-methyl-2,20-bipyridyl-4-yl)ethane, the complexes [(bpy)2Ru(�-L)-
Re(CO)3(py)]

3þ, [Ru(bpy)2L]2þ, and [Re(CO)3(py)L]þ have been synthesized and their
emission properties have been studied. Emission was observed from the Re center in the
mononuclear complex, but not in the heterometallic complex; the excitation energy absorbed
by Re is transferred efficiently to the Ru center.939,940 Spectroscopic and electrochemical studies
of the complexes [(bpy)2Ru(�-bpm)Re(CO)3Cl]2þ, [(bpy)2Ru(�-bpm)Mo(CO)4]

2þ, and
[(bpy)2Ru(�-bpm)Cu(PPh3)2]

3þ have shown that the Ru-centered occupied d-orbitals undergo
little change on introducing the heterometal (compared to the all Ru species). Changes in the
absorption spectra as the function of the heterometal fragment are discussed.941 Reactions of
[Ru(bpy)2L]2þ (L¼ 2,3-dpp, 2,3-bpq, 6,7-Me2-2,3-bpq) with [Cu(PPh3)4]

þ lead to the formation
of [(bpy)2Ru (�-L)Cu(PPh3)2]

3þ, and the crystal structures of the 2,3-dpp and 6,7-Me2-2,3-bpq
derivatives have been determined. Coordination to the group 11 metal fragment causes little
stabilization of the �*-orbital of the bridging ligand, and resonance Raman spectroscopic data
are consistent with an assignment of the dominant transition in the visible region as
Ru(d�)!L(�*) charge transfer.942 The syntheses and characterization of the luminescent com-
plexes [(bpy)2Ru(�-2,3-dpp)MX2]

2þ (M¼Pd, X¼Cl; M¼Pt, X2¼Cl2, ClMe, Me2, Ph2,
(4-MeOC6H4)2 or (4-FC6H4)2), [(bpy)2Ru(�-bpm)MX2]

2þ (M¼Pd, X¼Cl; M¼Pt, X2¼Cl2,
ClMe, Ph2, (2-MeC6H4)2, (4-MeOC6H4)2 or (4-FC6H4)2), and [(bpy)2Ru(�-2,3-bpq)Pt(4-
MeOC6H4)2]

2þ have been described. The crystal structure of [(bpy)2Ru(�-2,3-dpp)PdCl2]
2þ

confirms that the bridging ligand acts as an N,N0-chelate to each metal center.943 In these
types of complexes, good 	 donation from the bridging ligand to the Pd2þ or Pt2þ center is
essential to their formation. A pyridine unit is a better donor to the group 10 metal than a
pyrazine or pyrimidine group, and the dpp ligand is particularly suited for bridging between
Ru(bpy)2

2þ and MX2 (M¼Pd or Pt) fragments.944 Dimetallic complexes have resulted from the
photolysis of a mixture of mononuclear precursors: reaction of [Ru(bpy)2(2,3-dpp)]

2þ with
[PtCl6]

2�, [PdCl6]
2�, or [RhCl6]

3� generates [(bpy)2Ru(�-2,3-dpp)MCl4]
2þ. It is suggested that

the reaction proceeds by excited-state acid–base chemistry rather than energy transfer or
electron transfer quenching.945,946

Deprotonation of [Ru(pypzH)3]
2þ (pypzH¼ 3-(pyridin-2-yl)pyrazole) to give [Ru(pypz)3]

�

followed by reaction with CuClO4�6H2O (or CuII) in MeOH yields [Ru(pypz-CuI-
pypz)2Ru]þ (i.e., pz domains of pypz� coordinate to CuI) which possesses a triple-stranded
helical structure.947

The ligand 1,10-phenanthroline-5,6-dione (BQ form in Equation (5)) reacts with [Pt(PPh3)4]
under oxidative conditions to give [(Ph3P)2Pt(L-O,O0)] leaving a phen-like N,N0-donor set free for
further coordination chemistry. Thus, complexes such as [(Ph3P)2Pt(�-L)Ru(PPh3)2Cl2] can be
prepared; the crystal structure of the latter confirms a planar P2Pt(�-L)RuCl2 unit with trans-
PPh3 ligands bound to RuII. This complex undergoes two ligand-based reductions (Equation
(5)).948 Abstraction of Cl� from [(Ph3P)2Pt(�-L)Ru (PPh3)2Cl2] in the presence of a two-electron
donor produces cationic complexes in which changes in the energies of the metal orbitals as a
function of the incoming donor influences the redox chemistry of the system.949 1,10-phenanthro-
line-5,6-dione has been used in the series of complexes [(tBu2bpy)3�nRu{(�-L)Pt(tBu2bpy)}n]

2þ

(n¼ 1–3); at 77K, emission from the Pt center is observed as a result of direct irradiation of
the Pt unit or excitation of the Ru center, giving evidence for Ru–Pt energy transfer.
[(tBu2bpy)2Ru(�-tppz)Pt(tdt)]2þ (H2tdt¼ toluene-3,4-dithiol) has also been prepared and charac-
terized; there are similarities between the spectroscopic properties of [(tBu2bpy)2Ru-
(�-tppz)Pt(tdt)]2þ and [(tBu2bpy)3�nRu{(�-L)Pt(tBu2bpy)}n]

2þ.950
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The heterometallic system [(bpy)2Ru(234)]2þ exhibits several intramolecular energy-transfer
processes: (i) ultrafast singlet-to-singlet transfer, (ii) fast triplet-to-singlet transfer and (iii) singlet-
to-triplet transfer. Excitation into the Ru(bpy)3

2þ domain is followed by rapid energy transfer to
the triplet state of the Zn(porphyrin) fragment. There is no evidence for intramolecular electron
transfer between the Ru(bpy)3

2þ and Zn(porphyrin) units.951
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The pentametal species [Fe{(Cl(bpy)2Ru)2(�-235)}2]
6þ has been prepared. It contains an octa-

hedral FeII center coordinated by two N,N0,N00-donors of ligand (235), each of which carries two
pyridyl-coordinated RuCl(bpy)2

2þ fragments. The complex exhibits MLCT bands at 584 and
486 nm, characteristic of the FeN6 and Ru(bpy)2

2þ chromophores, and emits at 614 nm at 77K;
the latter is assigned to emission from the lowest-energy 3MLCT state of the Ru-centered group.
Electrochemical properties of the complex have been investigated.952 The Ru(bpy)3

2þ domain has
been attached to M{(3,5-Me2pz)3BH}Cl(NO) units (M¼Mo, W) by functionalization of one bpy
ligand in the 4-position with a phenolate capable of acting as a donor to Mo or W. The electronic
spectroscopic and electrochemical properties of the heterometallic complexes indicate a small
degree of electronic communication between the metal centers. Luminescence data show that
there is quenching of the 3MLCT excited state of the Ru-centered fragment; it is proposed that
this occurs by an energy-transfer mechanism.953,954

The phosphine/cumulene-bridged complexes [(bpy)2M{�-L)M(bpy)2]
4þ (L¼ (Ph2P)2

C¼C¼C¼C(PPh2)2; M�M¼Ru�Ru, Ru�Os, Os�Os) have been isolated as the PF6
� salts,

and their properties compared with those of analogous species with shorter Cn spacers. Redox
properties depend strongly on the length of the spacer, electron donation from bridge to metal
varying with n. In the Ru–Os system, efficient energy transfer from Ru to Os is observed.955

Studies have been extended to rhenium-containing systems.956

5.5.3.1.12 Mixed-valence dinuclear complexes

Mixed-valence di- and polynuclear complexes have been of wide interest ever since the discovery
of the Creutz–Taube ion957,958 and progress in the field has been reviewed.959–964 In this section,
we consider representative mixed-valence complexes which are organized according to the type of
bridging ligand.

Cyano-bridged complexes include both di- and polynuclear systems. Spectroelectrochemical
studies of the oxidized and reduced forms of [(bpy)2(CN)Ru(�-CN)Ru(CN)(bpy)2]

þ have been
carried out. This cation and its reduced form exhibit UV–vis spectra that are consistent with the
chromophores being identical. Experimental evidence indicates that the one-electron oxidation
product is valence-delocalized.965 Reaction of [Ru(NH3)5(H2O)]3þ and [Os(CN)6]

4� leads to the
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mixed-valence complex [(NH3)5Ru(�-NC)Os(CN)5]
�. This exhibits an intervalence band at

830 nm assigned to CT from OsII to RuIII. IR and Raman spectroscopic data are discussed.966

Reaction of [Ru(edta)(H2O)]� with [M(CN)6]
4� (M¼Fe, Ru, Os) yields [(NC)5M

II(�-CN)-
RuIII(edta)]5�. An intense absorption in the range 600–1,000 nm depending on M is associated
with an intervalence transition from MII to RuIII. The Hush model indicates that the complexes
are valence-trapped species, with some coupling between the metal centers. When the concentra-
tion of [Ru(edta)(H2O)]� is increased in the syntheses, higher-nuclearity complexes can be
obtained.967 The kinetics of the formation of [(NH3)5Ru(�-NC)Os(CN)5]

� and [(NC)5M
II-

(�-CN)RuIII(edta)]5� (M¼Fe, Ru, Os) have been investigated.966,967 The complex [(NH3)5RuIII-
(�-NC)FeII(CN)5]

� has been studied in detail,968 and an electrochemical variational method
(applied also to mononuclear systems such as [Ru(NH3)4(bpy)]

2þ and [Ru(NH3)4(phen)]
2þ)905

has been used to assess electronic coupling and donor–acceptor orbital mixing in [(NH3)5RuIII-
(�-NC)FeII(CN)5]

�.968 The formation of [(bpy)2(py)RuII(�-CN)RuIII(NH3)5]
4þ and

[(bpy)2(py)RuII(�-CN)FeIII(CN)5]
� is accompanied by a blue shift in the lowest-energy MLCT

band. The luminescence of [Ru(bpy)2(py)(CN)]þ is completely quenched on going to
[(bpy)2(py)RuII(�-CN)RuIII(NH3)5]

4þ.969 The resonance Raman spectroscopic method can be
used to gain insight into vibrational barriers to intramolecular electron transfer, associated
electronic transitions, and the extent of electronic coupling between metal centers in mixed-
valence compounds.970 The technique has been applied to the cyano-bridged species
[(bpy)2(NC)OsII(�-CN)RuIII(NH3)5]

3þ, [(bpy)2RuII{(�-CN)RuIII(NH3)5}2]
6þ, [(bpy)2OsII-

{(�-CN)RuIII(NH3)5}2]
6þ, and [(phen)2(CO)3ReI(�-CN)RuIII(NH3)5]

3þ.970 The combination, via
a cyano bridge, of the electron-acceptor unit Ru(NH3)5

3þ and [(bpy)2(NC)RuII(�-CN)-
{(bpy)2RuII(�-NC)}nRuII(bpy)2(CN)](nþ1)þ (n¼ 0, 1) leads to mixed-valence complexes in
which the lowest-energy Ru(bpy)2

2þ chromophore is that adjacent-but-one to the RuIII-con-
taining group. Complete quenching of the excited states of the poly-Ru(bpy)2

2þ system is
observed and, thus, it is concluded that there is efficient electron transfer along the molecule to
the Ru(NH3)5

3þ acceptor.971 The complex [(NH3)5RuIII(�-NC)RuII(CN)4(�-CN) CoIII(NH3)5]
2þ

exhibits UV–vis absorptions at 647 and 372 nm assigned to RuII!RuIII and RuII!CoIII metal-
to-metal CT transitions. The photoredox chemistry of the complex has been detailed.972

1,4-Dicyanamidobenzene dianion (236) and related ligands which are both 	- and �-donating,
have been used as bridges in a number of mixed-valence dinuclear species. UV-vis/near IR
spectroscopic and electrochemical data for [(NH3)5Ru(�-237)Ru(NH3)5]

3þ are consistent with
there being only weak inter-metal coupling; it is proposed that coupling by the low-energy
LMCT system is symmetry forbidden and that by the high-energy LMCT system is not energe-
tically favorable.973 The metal–metal coupling in [(NH3)5Ru(�-236)Ru(NH3)5]

3þ and
[(NH3)5Ru(�-238)Ru(NH3)5]

3þ is strongly dependent on the solvent. This is explained in terms
of donor–acceptor interactions between solvent and the ammine protons which weaken the RuIII–
cyanamide �-bond, thus decoupling the RuIII center from the superexchange pathway.974,975 The
degree of metal–metal coupling in [(NH3)5Ru(�-L)Ru(NH3)5]

3þ where L¼ (236), (237), (238), or
(239) has been assessed and it was concluded that the Creutz–Newton–Sutin model gives a good
fit to experimental observations.976 The RuIII complexes [(NH3)4(py)Ru(�-L)Ru(NH3)4(py)]

4þ

where L2�¼ (236)–(239) have been prepared and characterized, and structural data for
[(NH3)4(py)Ru(�-236)Ru(NH3)4(py)]

4þ confirm an essentially planar bridging unit. The extent
of metal–metal coupling in the mixed-valence derivatives [(NH3)4(py)Ru(�-L)Ru(NH3)4(py)]

3þ

(L¼ (236)–(239)) has been compared with that in [(NH3)5Ru(�-L) Ru(NH3)5]
3þ.977 The RuIIIRuIII

complexes [(NH3)3(bpy)Ru(�-L)Ru(NH3)3(bpy)]
4þ (L¼ (236), (238), or (239)) possess a mer

arrangement at each RuIII center. Their RuIIIRuII derivatives show strong metal–metal coupling
and possess comproportionation constants in the order L¼ (238) > (236) > (239), consistent with
a hole-transfer superexchange mechanism.978 The solvent dependence of the cyanamide stretching
frequencies of the complexes [(NH3)5Ru(�-L)Ru(NH3)5]

3þ, trans,trans-[(NH3)4(py)Ru-
(�-L)Ru(NH3)4(py)]

3þ, and mer,mer-[(NH3)3(bpy)Ru(�-L)Ru(NH3)3(bpy)]
3þ (L¼ (236) and

various derivatives of (236)) has been investigated, and the data provide information on the effects
of outer-sphere perturbation on the mixed-valence state.979 The RuIIRuII complex
[(tpy)(bpy)Ru(�-240)Ru(tpy(bpy)]4þ has been prepared and characterized and its crystal structure
determined. One-electron oxidation yields the RuIIRuIII species which shows class III behavior.
It exhibits an intervalence band at 1920 nm. Experimental data indicate that bridging ligand
(240) can facilitate metal–metal coupling via hole-transfer and electron-transfer superexchange
mechanisms.980

The reaction of [Ru(NH3)5(3-NCpy)]2þ or [Ru(NH3)5(4-NCpy)]2þ with [Fe(CN)5(H2O)]3�

yields [(NH3)5Ru(�-NCpy)Fe(CN)5]
�, hydrolysis of which generates the mixed-valence complexes
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[(NH3)5Ru(�-3-CONHpy)Fe(CN)5]
� and [(NH3)5Ru(�-4-CONHpy)Fe(CN)5]

�. These are
valence-trapped species containing FeII and RuIII; [(NH3)5Ru(�-4-CONHpy)Fe(CN)5]

� exhibits
an intervalence band at 645 nm. The kinetics for the formation and dissociation of these com-
plexes have been investigated.981 IR and UV–vis spectroscopic data indicate that the pyridine-N
donor is bonded to the RuII center in [Ru(bpy)2(py)(4-NCpy)]2þ, and this mode is retained in the
dinuclear complex [(bpy)2(py)Ru(�-py-4-CN)Ru(NH3)5]

4þ. Oxidation of the latter gives
[(bpy)2(py)RuII(�-py-4-CN)RuIII(NH3)5]

5þ and the process is accompanied by the disappearance
of the lowest-energy MLCT absorption in the UV–vis spectrum.982 In weakly basic solvents, the
stable isomer of [(bpy)2ClRu(�-py-4-CN)Ru(NH3)4(py)]

4þ is trans-[(bpy)2ClRuIII(�-py-4-
CN)RuII(NH3)4(py)]

4þ, whereas in stronger Lewis bases the isomer that is observed is trans-
[(bpy)2ClRuII(�-py-4-CN)RuIII(NH3)4(py)]

4þ. This redox isomerization is supported by several
lines of experimental data, and can also be facilitated by interaction of the ammine ligands with
polyethers or macrocyclic ligands such as dibenzo-36-crown-12.983 The complexes [(NH3)5RuII

(�-py-4-CO2)RuIII(NH3)5]
4þ and [(NH3)5RuII(�-py-4-CONH) RuIII(NH3)5]

4þ have been prepared
and show intervalence CT bands at 720 and 761 nm respectively (at pH 4.8). The electronic
spectra are solvent dependent. The bridging ligands permit coupling between the ruthenium
centers.984 Cerium(IV) oxidation of [(tpy)(bpy)RuII(�-py-4-CN)RuII(NH3)5]

4þ leads to the corres-
ponding RuIIRuIII complex; this exhibits no MMCT bands in the visible region of the
spectrum.985

We move now to mixed-valence complexes containing pyrazine (pyz, the prototypical Creutz–
Taube bridging ligand) and other N-heterocyclic bridges. Resonance Raman spectroscopic data in
the extended near-IR region provide evidence for a three-site mechanism for valence delocaliza-
tion in [(NH3)5Ru(�-pyz)Ru(NH3)5]

5þ.986 The effects of interactions between the Ru(NH3)5
nþ

groups in [(NH3)5Ru(�-pyz)Ru(NH3)5]
5þ and crown ether ligands have been analyzed; double

Ru(NH3)5
nþ-crown encapsulation results in small energy shifts in the visible and near-IR regions

of the electronic spectrum of the complex. These can be interpreted in terms of a three-site (Ru-
bridge-Ru) model.987 The solvent dependence of association between the Ru(NH3)5

3þ unit in
[(bpy)2ClRuII(�-pyz)RuIII(NH3)5]

4þ and crown ethers has been investigated and results show that
for dicyclohexano-24-crown-8, the largest association constants are when the solvent is of low
Lewis basicity.988 DFT methods have been applied to [(NH3)5Ru(�-pyz)Ru(NH3)5]

5þ to provide a
description of the low-lying excited states; the results of vibronic coupling calculations along the
symmetric and anti-symmetric Ru–pyz–Ru stretching modes are reported.989 The complexes
[(Hedta)RuIII(�-L)FeII(CN)5]

3� (L¼ pyz, 4,40-bpy, 3,30-Me2-4,4
0-bpy, (241) (with n¼ 1, and

(242)) have been prepared and characterized, and the kinetics of the formation investigated
using stopped-flow techniques. In their ground states, each complex exhibits a weak Ru–Fe
interaction.990 The properties of [(NH3)5Ru(�-243)Ru(NH3)5]

5þ have been compared to those
of [(NH3)5Ru(�-pyz)Ru(NH3)5]

5þ. The former complex exhibits an unexpectedly weak absorption
arising from the intervalence transition; UV–vis, near-IR, and EPR spectroscopic data are
presented.991 Reaction of [Fe(CN)5(H2O)]3� and [Ru(NH3)5L]2þ results in the formation of
[(NH3)5RuIII(�-L)FeII(CN)5]

� (HL¼ im) which is a valence-trapped species.992 [M(CN)5(H2O)]3�

(M¼Fe, Ru) reacts with [Ru(NH3)5L]2þ (L¼ 4,40-dithiodipyridine) to give [(NH3)5RuII-
(�-L)MII(CN)5]

� that can be oxidized to the RuIIIMII species; the bridging ligand permits
significant delocalization of electronic charge between the metal centers.993 The electronic spectra
of [(NH3)5Ru(�-241)Ru(NH3)5]

5þ (n¼ 0, 1, 2 in ligand (241)) have been compared; the spectra
were deconvoluted into �!�*, M!L, L!M, and intervalence transitions. The inter-ruthenium

(236) R1 = R2 = R3 = R4 = H

(238) R1 = R3 = H; R2 = R4 = Me

(237) R1 = R2 = R3 = R4 = Cl

(239) R1 = R3 = H; R2 = R4 = Cl

NCN NCN

R1 R2

R3R4

NCN N

NCNN

(240)
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coupling shows a near-exponential bridge dependence.994 The influence of solvent on the inter-
valence CT absorption energy of [(NH3)5Ru(�-pyz)Ru(NH3)5]

5þ has been discussed; with the
exception of the solvent being hmpa, the solvent data are in agreement with predictions based on
the Marcus–Hush model.995 The variation in coupling of the metal centers in the series of
complexes [(bpy)2RuIII(�-L)RuII{4,40-(CO2Et)2bpy}2]

5þ in which the bridging ligand L comprises
two 2-(20-pyridyl)benzimidazolyl units linked by spacers (CH2)n (n¼ 1–5 or 10) or CH2C6H4CH2

has been investigated; the separation between Ru centers ranges from 10 Å to 22 Å.996

N
N

N (CH2)3 N
N

N N

NN

N

(241) (242) (243)

n

Mixed-valence complexes terminated in other than ammine and cyano ligands include
[([9]aneS3)ClRu(�-243)RuCl([9]aneS3)]

3þ which exhibits a strong intermetallic interaction consis-
tent with a Robin–Day class III (delocalized) species.997 The synthesis of the RuIIRuIII complex
[{P(OMe)3}2(MeCN)Ru(�-S2)(�-NH2NH2)Ru{P(OMe)3}2(MeCN)]3þ has been reported.998 Oxi-
dation of the MIIMII (M¼Ru or Os) complexes [{40-(4-MeC6H4}tpy)M(�-L)M{40-(4-
MeC6H4}tpy)]

2þ (H2L¼ 3,30,5,50-tetrapyridylbiphenyl) yields the corresponding MIIMIII complexes.
The near-IR spectrum of each complex shows an intense intervalence band, and there is strong
intermetallic coupling across the bis-cyclometallated bridging ligand.999 Chemical oxidation using
peroxydisulfate of [(tpy)(bpy)RuII(�-L)RuII(NH3)5]

nþ gives [(tpy)(bpy)RuII(�-L)RuIII(NH3)5]
(nþ1)þ

(L¼CN, n¼ 3 and 4; L¼ pyz, 4,40-bpy, 4-NCpy, trans-1,2-(4-pyridyl) ethene, n¼ 4 and 5); the
kinetics of the oxidations were studied using stopped-flow techniques.1000

5.5.3.1.13 Complexes containing M(bpy) units coupled to macrocyclic or
calix[4]arene recognition domains

In this section, complexes that contain macrocyclic or calix[4]arene recognition domains coupled
to bpy ligands are considered. In addition, discussions of calix[4]arene-containing complexes are
extended to include a number of species that are of interest other than for anion or cation
recognition. Compounds are organized according to the type of species that they bind.

Complexes of the type [Ru(bpy)2(244)]
2þ and [Ru(244)3]

2þ have been prepared; the complexes
can bind two and six Naþ ions respectively and the PF6

� salts of the Naþ complexes have been
isolated. Related complexes containing bpy ligands bearing trans-vinyl-linked crown ethers (e.g.,
ligand (109)) have also been prepared and electropolymerized to give poly-[RuL3]

2þ-modified
electrodes. Electronic absorption and fluorescence-emission spectroscopic data illustrate that the
complexes in solution and the polymeric films recognize group 1 and 2 metal ions.1001,1002 Binding
of alkali and alkaline earth Mnþ ions is also observed for [RuL3]

2þ where L¼ 6,60-oligoethyle-
neglycol-3,30-bipyridazine,1003 and Liþ and Naþ ions are recognized by the crown ether domain of
the complex [Ru(bpy)2L]2þ where L is a bpy-3,30-crown ether ligand.1004 [Ru(bpy)2(245)]

2þ also
binds Mþ ions; this is one of a series of polypyridine complexes carrying crown ether units that has
been prepared and characterized with emphasis on photophysical and electrochemical proper-
ties.1005 A number of calix[4]arene receptors have been reported and in the case of [Ru(bpy)2(246)]

2þ

and [{Ru(bpy)2}2(246)]
4þ, Ba2þ is bound by the calix[4]arene diquinone in its cone conformation.

Molecular mechanics calculations have been used to model the Ba2þ binding site.1006

Nickel(II) ions are bound by the pendant cyclam unit in [Ru(bpy)2(247)]
2þ. The synthesis and

characterization of [Ru(bpy)2(247)Ni]4þ has been reported; NMR spectroscopic and crystallo-
graphic data show that there is a close contact between the H5 atom of the substituted bpy ring
and the Ni2þ ion held within the cyclam macrocycle.1007 A related Cu2þ derivative has also been
described; coordination to the Cu2þ ion leads to fluorescence quenching of the Ru(bpy)3

2þ

unit.1008 Ligand (248) has been incorporated into the complex [Ru(bpy)2(248)]
2þ and the photo-

chemical properties, and cation and anion binding of the complex have been described.1009 The
cryptand-functionalized bpy ligand (249) coordinates three peripheral Ru(bpy)2

2þ units while the
cryptand cavity hosts two Zn2þ ions. The related complex [(250){Ru(bpy)2}3CuI

2]
8þ has also been

isolated, again with peripheral Ru(bpy)2
2þ groups and a cavity hosting two late d-block metal
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ions.1010 The water-soluble complex [Ru(bpy)2(251)]
2þ binds Cu2þ and Ni2þ with concomitant

deprotonation of the amide NH groups; coordination of Cu2þ and Ni2þ is accompanied by
quenching of the Ru(bpy)3

2þ fluorescence and thus the complex can act as a sensor for these
metal ions.573
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Anion sensing by complexes involvingmacrocyclic and calix[4]arene domains has been reviewed.1011

The receptors [Ru(bpy)2(252)]
2þ (in (252), R¼Ph, 2-HOC6H4, 3-HOC6H4, 4-HOC6H4,

tBu, or
4-tBuC6H4) bind Cl�, Br�, and I�; hydrogen-bonded interactions that contribute to this process
are discussed. All the complexes show the same anion selectivity: Cl� >Br�> I�.1012 The crystal
structure of [Ru(bpy)2{(252),R¼ 3,4-(MeO)2C6H3}Cl]þ confirms the importance of hydrogen
bonding to the binding of the Cl� anion in the bis(amide) cavity.1013 Calix[4]arenes have been
attached to ligand (252) (i.e., replacing the two R groups), and once again, the role of hydrogen
bonding in anion binding has been assessed from structural data for [Ru(bpy)2((252),
R2¼ calix[4]arene)(H2PO4)]

þ.1013 5,50-Bis(amide)-substituted bpy ligands (L) related to the 4,40-
derivatives (252) have also been incorporated into receptors of type [Ru(bpy)2L]2þ. These species
exhibit spectral and electrochemical recognition of Cl�, and spectral recognition of Br� in polar
solvents.1014 Complexes of the type [Ru(bpy)2L]4þ and [(bpy)2Ru(�-L)Ru(bpy)2]

6þ containing
bipyridyl pyridinium ligands L have been prepared as receptors, but show no selectivity preference
for Cl� vs. Br�.1015 The anion selectivity properties of ditopic receptors such as
[Ru(bpy)2(253)]

2þ can be tuned by binding Kþ in the bis-macrocyclic ether cavity. With no Kþ

present, the complexes bind H2PO4
� in preference to Cl�, but this selectivity is reversed in the

presence of Kþ.1016

A number of [Ru(bpy)2L]2þ complexes in which L is a bpy ligand functionalized with a
calix[4]arene (or derivative)1017–1020 or resorcinarene1021 receptor site have been reported. For
example, the complex [Ru(bpy)2L]2þ in which L is related to (253) but with a calix[4]diquinone
replacing the two benzocrown ethers, binds Cl�, MeCO2

�, and H2PO4
�, but shows selectivity for

MeCO2
�. The complex senses MeCO2

� by means of a luminescent emission intensity retrieval
effect.1017 Although not focused on receptor design, the preparation and characterization of
[(254){Ru(bpy)2}4]

8þ is appropriately included in this discussion of calixarene-containing species.
The Ru(bpy)2

2þ groups are introduced using cis-�-[Ru(bpy)2(dmso)Cl]þ and virtually complete
retention of absolute stereochemistry at each metal center is observed on calix[6]arene complex
formation.1022
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The receptor complexes [(bpy)2M(�-255)M(bpy)2]
4þ (M–M¼Ru–Ru or Os–Os) show selectivity

for H2PO4
� over halide ions, and NMR titration data have been used to determine stability

constants for the receptor:anion complexes. The nature of group R in ligand (255) has a critical
effect on the strength of anion binding.1023 A series of [Ru(bpy)2L]2þ complexes in which L is a
polyaza-functionalized bpy ligand has been reported. These water-soluble complexes bind phos-
phate and ATP anions; quenching of the MLCT emission that accompanies anion binding is
observed and means that the complexes can be used as sensors for phosphate and ATP.1024

5.5.3.1.14 Complexes containing 2,20:60,200-terpyridine ligands and cyclometallated analogs

The discussion in this section is organized as follows: (i) mononuclear complexes containing non-
functionalized tpy ligands, (ii) mononuclear complexes containing functionalized tpy ligands,
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(iii) di- and polynuclear complexes, and (iv) tpy-like ligands (e.g., 6-phenyl-2,20-bipyridine) which
are cyclometallated upon complex formation.

A common precursor to RuII tpy chemistry is [RuIII(tpy)Cl3], the crystal structure of which has
been elucidated.1025 Whereas the chemistry of [M(bpy)3]

2þ is complicated by the complex being
chiral, that of [M(tpy)2]

2þ does not suffer from this problem. The crystal structures of perchlorate
salts of [Ru(tpy)2]

2þ and [Os(tpy)2]
2þ,1026 and of [Ru(tpy)2][PF6]2�2MeCN1027 have been deter-

mined, and vibrational spectroscopic data for [Ru(tpy)2]
2þ have been reported.1028 The tpy ligand

exhibits didentate coordination in a number of complexes, and examples include cis-[Ru(tpy-
N,N0)(bpy)(CO)(CO2H)]þ,1029 and trans,cis-[RuX2(CO)2(tpy-N,N

0)] (X¼Cl, Br, I);1030 further
examples are described later in the section.

The reductive cleavage of oxo dimers provides a convenient method of preparing
[Ru(tpy)(H2O)3]

2þ, which itself is a useful precursor to several Ru(tpy)2þ-containing species.1025

Cyano complexes containing the Ru(tpy)2þ group include [Ru(tpy)(CN)3]
�, fully-assigned 13C

NMR spectroscopic data for which have been reported.1031 In a study of [Ru(tpy)(bpy)(CN)]þ, it
has been observed that the excited state produced on MLCT excitation decays in a process for
which k¼ 1.3 108 s�1.1032 The phenylcyanamido complex [Ru(tpy)(bpy)(4-IC6H4NCN)]þ has
been prepared and characterized by spectroscopic, electrochemical, and crystallographic methods;
one-electron oxidation produces a radical species resulting from phenylcyanamide-centered
oxidation.1033

Ruthenium(II) tpy complexes that feature phosphine ligands include [Ru(tpy)(PPh3)2H]þ, the
structure of the salicylate salt of which has been determined.1034 [RuCl(tpy)(256)]þ is a rare
example of an undistorted, octahedral complex in which the bis(phosphine) ligand has its P,P-
donors in a trans configuration. The synthetic route involves reaction between
[RuCl(tpy)(Ph2PC6H4CH2OH)2]

þ and ClCO(CH2)3COCl.1035 Sodium azide reacts with
[Ru(tpy)(PPh3)2Cl]þ to give [Ru(tpy)(PPh3)2(N3)]

þ, isolated and structurally characterized as the
perchlorate salt.1036 Syntheses of the derivatives [Ru(tpy)(PR3)2(NO2)]

þ and [Ru-
(tpy)(PR3)2(NO)]3þ (R¼Et, Pr, Bu, Ph, Bz) have also been described. Electrochemical data for
[Ru(tpy)(PR3)2(NO2)]

þ illustrate that the nature of the PR3 ligand affects whether the cyclic
voltammogram is reversible or irreversible.1037 In an extension of this work, the complexes
[Ru(tpy)(PR3)(PMe3)(NO2)]

þ (R¼Et, Pr, Ph, Bz) have been prepared and their electrochemistry
investigated.1038 The crystal structures of trans-[Ru(tpy)(PPh3)(PMe3)(NO2)][ClO4]�H2O,1038

trans-[Ru(tpy)(PPh3)2(NO2)][PF6],
1039 and trans-[Ru(tpy)(PPr3)2(NO2)][ClO4]

1040 have been deter-
mined. In the complex [Ru(tpy)Cl(OH)(NO)][PF6], the hydroxyl group is trans to the nitrosyl
ligand, and the Ru�O bond suffers some shortening as a result of this arrangement.1041 Another
nitrosyl complex that has been studied is [Ru(tpy)(acac)(NO)]2þ. This is one of a series of
complexes containing the Ru(tpy)2þ unit that has been prepared and characterized, and these
include [Ru(tpy)(acac)Cl], [Ru(tpy)(acac)(H2O)]þ, [Ru(tpy)(ox)(H2O)], [Ru(tpy)(ox)(py)],
[Ru(tpy)(acac)(py)]þ, and [Ru(tpy)(acac)(NO2)]. The electrochemical properties of these species
have been detailed.1042

We move now to complexes containing Ru(tpy)(bpy)2þ fragments. [Ru(tpy)(bpy)(H2O)]2þ and
related species in which bpy is replaced by, for example, 4,40-Me2bpy, phen, 2,9-Me2phen, or 6,60-
Cl2bpy, have been prepared. The aqua ligand may be substituted by MeCN and the kinetics of
this process have been studied. The work has been extended to include MeCN-for-H2O substitu-
tion in [Ru(N-N)2(H2O)(PR3)]

2þ (N–N¼ bpy or bpy derivative) and data have been analyzed to

R = X = CO2Et

R = X = CO2Et

R = X = CO2Et or Me

R = X = CO2Et
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provide values of cone angles for the bpy ligands.1043 The electrochemical properties of
[Ru(tpy)(bpy)(H2O)]2þ are unaffected by changes in solvent from water to CH2Cl2 or acetone.
Moreover, these properties are maintained on formation of poly(pyrrole-[Ru(tpy)(bpy)(H2O)]2þ)
films.1044 The complexes [Ru(tpy)L(CO)]2þ in which L¼ bpy, 4,40-Me2bpy, 4-(2-methylpro-
pyl)bpy or phen have been synthesized by a photochemical route. The CO ligand is an active
site for substitutions (e.g., with py, PPh3, or Cl�) and these reactions proceed with retention of
stereochemistry.1045 Irradiation of [Ru(tpy)(bpy)(MeCN)]2þ in the MLCT region leads to ligand
substitution by py, 4-Phpy, and 2-Mepy. Attempts to perform similar reactions with the OsII

analog were unsuccessful. The crystal structure of [Ru(tpy)(bpy)(py)][PF6]2�Me2CO reveals an
asymmetrically bound bpy ligand, presumably as a result of steric crowding. These data have been
used to understand difficulties encountered in preparing the 2-methylpyridine analog.1046 In basic,
aqueous solution, the MeCN ligand in [Ru(tpy)(bpy)(MeCN)]2þ (the crystal structure of which
has been determined)1047 is converted to MeCONH2, and the RuII product is [Ru-
(tpy)(bpy)(OH)]þ.1048 The complex [Ru(tpy)(4,40-X2bpy)H]þ (X¼H, MeO) exhibits greater hydri-
dic character than [Ru(bpy)2(L)H]þ (L¼CO, PPh3, AsPh3); the kinetics of the reactions of
[Ru(tpy)(4,40-X2bpy)H]þ with CO2 to give [Ru(tpy)(4,40-X2bpy)(OCHO)]þ have been studied in
various solvents and it is proposed that the rate-determining step involves nucleophilic attack of
H� on CO2. Structural data for [Ru(tpy)(bpy)(OCHO)][PF6] are presented.1049 The syntheses,
spectroscopic, and electrochemical properties of [Ru(tpy)(4,4-X2bpy)(H2O)]2þ (X¼MeO, NO2)
have been described; for X¼NO2, the behavior of the complex is rationalized in terms of the
presence of deprotonated species in solution.1050 The crystal structure of [Ru(tpy)(bpy)-
(pyz)][PF6]2 shows the RuII center to be in a distorted octahedral environment, indicative of steric
crowding of the ligands.1051 For the complexes [RuII(tpy)L(py)]nþ (L¼ bpy, 4,40-Me2bpy, 4-NO2bpy,
ox2�, acac�), electronic absorption and luminescence spectroscopic properties have been investi-
gated and the results indicate that these species may be good triplet-energy acceptors when
incorporated into organic and polymeric light-emitting devices.1052

6-Thienyl-2,20-bipyridine (HL) forms [Ru(tpy)(HL)]2þ or [Ru(tpy)L]þ depending on conditions:
the cyclometallated complex [Ru(tpy)L]þ is converted to [Ru(tpy)(HL)]2þ on treatment with acid,
and the reverse process occurs in aqueous NaOH.1053 Reaction between [Ru(tpy)Cl3] and
2,20:60,400-terpyridine (HL) produces [Ru(tpy)(HL)Cl]þ and [Ru(tpy)(LH)]2þ in which LH repre-
sents the cyclometallated ligand (L�) which has been protonated on the non-coordinated N atom.
The reaction can be encouraged along one of the two pathways by changing the reaction
conditions.1054 In the complexes [Ru(tpy)(bpy)2]

2þ, [Ru(tpy)(phen)2]
2þ, and [Ru(6-Brtpy)-

(bpy)2]
2þ, tpy acts as a didentate ligand.1055

A Ru(tpy)(bpy)2þ-like coordination sphere is present in the complexes [Ru(tpy)LCl]þ and
[Ru(tpy)L(H2O)]2þ (L¼ 1,10-biisoquinoline) isolated as ClO4

� salts; in the solid state, the two
isoquinoline rings in the former cation are mutually twisted by 37.4�. [Ru(tpy)L(H2O)]2þ exhibits
two reversible/quasi-reversible oxidation RuII/RuIII and RuIII/RuIV couples.1056 The aqua com-
plexes [Ru(tpy)L(H2O)]2þ where L¼ 3,6-bis(pyrid-2-yl)pyridazine, 3,6-bis(6-methylpyrid-2-yl)
pyridazine, or 3,6-bis(6-chloropyrid-2-yl)pyridazine can be made by treating the corresponding
chloro complexes with aqueous Agþ; the H2O ligand can be replaced by MeCN.1057 For L¼ 2,3-
bis(2,20-bipyridin-6-yl)pyrazine, NMR spectroscopic studies of [Ru(tpy)L]2þ and [{Ru(tpy)}2-
(�-L)]4þ have elucidated their fluxional behavior. Results for the solution species are compared
with structural data obtained for [{Ru(tpy)}2(�-L)]4þ.1058 The solution fluxional properties of
[Ru(tpy)(CO)2Cl2] in which tpy is an N,N-chelate have also been investigated; the tpy ligand
exchanges between equivalent didentate sites.1030 The spectroscopic, electrochemical, and photo-
physical properties of [Ru(tpy)LCl]þ and [Ru(tpy)L(py)]2þ where L¼ 2,3-dpp, 2,3-bis(2-pyridyl)-
quinoxaline (2,3-dpq) and 2,3-bis(2-pyridyl)benzoquinoxaline (2,3-dpb) have been described; the
MLCT absorption shifts to lower energy for the complexes in the order 2,3-dpp> 2,3-dpq> 2,3-
dpb, and going from the chloro to py complex for each L results in a blue shift for the MLCT
band.1059 The 2,20-bipyrazine (L) complexes [Ru(tpy)LCl]þ and [Ru(tpy)L(H2O)]2þ have been
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O O
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characterized by spectroscopic and (for the chloro complex) X-ray diffraction methods. Over the
pH range 0–11, [Ru(tpy)L(H2O)]2þ undergoes one reversible redox process, assigned to a single
two-electron oxidation of RuII.1060 In the solid-state structure of the PF6

� salt of
[Ru(tpy)(biq)Cl]þ, the latter contains a distorted octahedral RuII coordination sphere.1061

The complexes [Ru(tpy)LCl] (L� is salicylaldiminate or 2-(arylazo)phenolate ion) exhibit
intense MLCT absorptions and reversible RuII/RuIII and irreversible RuIII/RuIV redox processes
plus a tpy reduction at �1.45V (vs. SCE). Reaction of [Ru(tpy)LCl] with aqueous Agþ yields
[Ru(tpy)L(H2O)]þ.1062 Reaction of [Ru(tpy)Cl3] with HL (HL¼ (257)) gives [Ru(tpy)L0Cl] in
which L0� is derived directly from (257) for X¼CH, but for X¼NH, the imine has undergone
tautomerism to the azo form.1063 The preparation, structure, and electrochemical properties of
[Ru(tpy)(dipic)] (H2dipic¼ dipicolinic acid) have been described as part of a study involving this
and related [Ru(bpy)2L]nþ complexes.1064

R OH

N
R' X

R = H,  X = CH2,  R' = H
R = H,  X = CH2,  R' = Me
R = NO2,  X = CH2,  R' = H
R = H,  X = NH,  R' = H
R = H,  X = NH,  R' = Me
R = NO2,  X = NH,  R' = H

(257)

The electrochemical properties of the quinone-containing complex [Ru(tpy)(Q)(H2O)]2þ

(Q¼ 3,5-di-tert-butyl-1,2-benzoquinone) in the presence of base have been studied in detail and
differences in the behavior of aqua and hydroxo complexes analyzed and applied to the conver-
sion of the proton gradient to electricity.1065

The reaction of [Ru(tpy)Cl3] with 2,20:60,200:600,2000:6000,20000-quinquepyridine, qpy, (or derivatives)
leads to [Ru(qpy-N,N0,N00)(tpy-N,N0,N00)]2þ (in which two of the five N-donors in qpy are non-
coordinated) and [(tpy)Ru(�-qpy)Ru(tpy)Cl]4þ in which the bridging ligand is didentate with
respect to one metal center and tridentate with respect to the other.1066

In the next part of this section, we consider complexes containing functionalized tpy ligands; a
general abbreviation, e.g., 40-Rtpy, will be used to indicate a tpy ligand substituted in the, for
example, 40-position by an R group. As a general point, reaction to form [Ru(40-Xtpy)2]

2þ starting
from [Ru(40-Xtpy)Cl3] may be accompanied by the formation of minor amounts of [Ru(40-Xtpy-
N,N0,N00)(40-Xtpy-N,N0)Cl]þ.1067 The 1H NMR spectroscopic and electrochemical properties of a
range of [Ru(40-Xtpy)2]

2þ and [Ru(40-Xtpy)(40-Ytpy)]2þ complexes (X or Y¼NMe2, Cl, OH, OEt,
Ph) have been investigated; the general method of synthesis is via the intermediate complex
[Ru(40-Xtpy)Cl3]. The redox properties of the complexes are correlated with a Hammett para-
meter (	 0) that is defined for the pair of ligands taking 	 0 ¼ 0 for the unsubstituted ligands in
[Ru(tpy)2]

2þ. Two linear correlations are found for plots of 	 0 against Eo(RuII/RuIII) (vs. Fc/
Fcþ); complexes involving the 40-Me2Ntpy ligand fall on a separate correlation line from all other
species and this is rationalized in terms of a conformational change of coordinated 40-Me2Ntpy on
going from RuII to RuIII.1068 For X¼Cl or MeSO2 in [Ru(40-Xtpy)2]

2þ, the complexes are
luminescent in fluid solution at 298K,1069 and for substituents X and Y being H, MeSO2,
NMe2, Cl, OH, Oet, or Ph, the complexes [Ru(40-Xtpy)(40-Ytpy)]2þ are strongly luminescent
(rigid matrix, 77K) with lifetimes of 1–10 ms. The effects of the different substituents on the
photophysical properties, and correlations between RuII/RuIII redox potentials, the Hammett para-
meter 	 0 and the energy of the luminescent level are discussed.1070 The excited-state properties of [Ru(40-
Xtpy)2]

2þ for X¼Ph, 4-MeC6H4, 4-HOC6H4, 4-MeOC6H4, 4-ClC6H4) have also been investigated;
lowering the temperature (298 to 77K) significantly increases the luminescence quantum yield.1071

The complexes [Ru(tpy)(40-Rtpy)]2þ where R¼C19H39 or C31H63 have been prepared, the
ligands first being made by coupling 1-bromoalkanes to 40-Metpy. [Ru(tpy)(40-C19H39tpy)]Cl2
exhibits lyotropic mesomorphism in water, while [Ru(tpy)(40- C31H63tpy)] shows the formation of
a mesophase in ethylene glycol.1072 The tri-tert-butyl-substituted ligand 4,40,400-tBu3tpy has been
prepared and incorporated into the complexes [Ru(4,40,400-tBu3tpy)(bpy)Cl]þ, [Ru-
(4,40,400-tBu3tpy)(4,4

0-tBu2bpy)Cl]þ, [Ru(4,40,400-tBu3tpy)(bpy)(CF3SO3)]
þ, [Ru(4,40,400-tBu3tpy)

LCl2] (L¼CO, PPh3, PMe3, PMe2Ph, P(OPh)3, P(OMe)3). The introduction of the tBu substi-
tuents has the advantage of increasing the solubility of the complexes.1073–1075

2,20:60,200-Terpyridine ligands carrying aryl substituents have been widely studied and this
includes the use of aryl spacers between two tpy ligands to construct potentially bridging ligands.
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The reactions of [CpRu(PPh3)2Cl] with 40-Phtpy and ligand (258) yield [CpRu(PPh3)(4
0-Phtpy)]þ

and [{CpRu(PPh3)}2(�-4
0-Phtpy)]2þ in which each tpy-based ligand behaves as an N,N0-donor,

leaving one pyridyl group non-coordinated.1076 On going from [Ru(tpy)2]
2þ to [Ru(4,40-

Ph2tpy)2]
2þ or [Ru(4,40,400-Ph3tpy)2]

2þ, the lifetime of the excited state of the complex increases;
conjugation between Ph and the low-lying �*-orbital of tpy occurs, stabilizing the emissive CT
excited state relative to the thermally accessible 3d–d excited state and thereby affecting the decay
pathway.1077 The electrochemical and photophysical properties of [M(tpy)2]

2þ, [M{40-(4-
MeC6H4)tpy}2]

2þ, and [M(4,40,400-Ph3tpy)2]
2þ (M¼Ru, Os) have been compared; MLCT

excited-state quenching measurements using different redox-active species have illustrated that,
when irradiated with light, [Ru(4,40,400-Ph3tpy)2]

2þ is a good electron-transfer agent.1078 Along the
series [M{40-(4-MeC6H4)tpy}2]

2þ for M¼Fe, Ru, or Os, the OsII complex exhibits the most
intense luminescence; the excited state of [Os{40-(4-MeC6H4)tpy}2]

2þ reacts with MV2þ by elec-
tron transfer. The properties of [Os{40-(4-MeC6H4)tpy}2]

2þ have been compared with those of
[Os{40-(4-MeC6H4)tpy}(259)]

2þ and the quenching effects of the viologen group investigated.1079

The complexes [Ru{40-(4-MeC6H4)tpy}L(MeCN)]2þ (L¼ 1-(2-pyridyl)-3,5-dimethylpyrazole or
6,60-Me2bpy) undergo photosubstitution reactions involving the MeCN ligand.1080

NN

N

N

N

N

N

N

CH2 N N  Me

(258) (259)

N

The properties of the complexes [Ru(tpy){40-(4-FC6H4)tpy}]
2þ and [Ru{40-(4-FC6H4)tpy}2]

2þ

illustrate that the 4-FC6H4 substituent is electron-releasing.1081 Laser-flash spectroscopy has been
used to obtain the absorption spectrum of the 3MLCT triplet state of [Ru{40-(4-ClC6H4)tpy}2]

2þ;
it is concluded that the excited electron is localized on one of the 40-(4-ClC6H4)tpy ligands.1082

Dimethylation of the complexes [Ru(tpy){40-(3,4-(MeO)2C6H4)tpy}]
2þ and [Ru{40-(3,4-

(MeO)2C6H4)tpy}2]
2þ produces complexes with catechol coordination domains on the periphery

of the complexes; these sites have been used to prepare di- and trinuclear species in which
Ru(bpy)2

2þ or Pd(bpy)2þ units are coordinated by the O,O0-donor sites in the catecholate,
benzosemiquinone, or benzoquinone oxidation levels.1083

The phosphine-functionalized tpy ligand 40-Ph2Ptpy has both hard and soft donor sites; the
ligand is prone to oxidation to 40-Ph2P(O)tpy and this affects the method of preparation of
[Ru(40-Ph2Ptpy)2]

2þ.1084 The complex [RuL(4,40-Me2bpy)(NCS)] where L¼ 4-phosphonato-
2,20:60,200-terpyridine, shows two ground-state pKa values at 6.0 and <4.0. The emission spectrum
of the complex and the excited-state lifetimes are pH-dependent.1085

Amino and nitro-functionalized tpy ligands include 40-NH2tpy and 40-NO2tpy and these ligands
have been incorporated into the complexes [Ru(40-NH2tpy)2]

2þ, [Ru(40-NO2tpy)2]
2þ, and [Ru(40-

NH2tpy)(4
0-NO2tpy)]

2þ as well as FeII analogs.1086,1087 The ligand 40-(4-NH2C6H4)tpy and its
complexes can be functionalized further at the amine site to give, for example, [Ru(tpy)L]2þ where
L¼ (260) and (261). Related bridging ligands containing two tpy domains linked by functional-
ities derived from those in (260) and (261) have also been prepared and used to generate dinuclear
complexes or mononuclear species with a pendent tpy group. The latter is a versatile entry point
into the synthesis of higher-nuclearity complexes.1088,1089 The complex [Ru{40-(4-
NH2C6H4)tpy}2]

2þ has also been prepared and characterized, and has been used as a building
block in polymers of the type shown in (262) where the schematic about the RuII center represents
the Ru{40-(4-NC6H4)tpy}2-unit derived from [Ru{40-(4-NH2C6H4)tpy}2]

2þ. The polymer films
exhibit emission and electroluminescent properties.1090

The pendant py group in RuII and OsII complexes containing 40-(4-py)tpy reacts with electro-
philes to generate complexes containing 40-(4-Hpy)tpyþ and 40-(4-HMepy)tpyþ.1091 A group of
nanoscale rigid-rod complexes of axis dimension¼ 35.5 Å has been made in which the central
metal is RuII or OsII and the ligands are triarylpyridino-functionalized tpy and 40-(4-
NMe2C6H4)tpy. Structural data for ligands and two complexes (evidencing a pronounced twist
angle between photosensitizer and pyridinium ring of the acceptor) are presented in addition to
solution NMR properties.1092 A luminescent, rod-like Ru–Zn–Ru complex has been assembled by
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the interaction of [Ru{40-(4-MeC6H4)tpy}L]2þ (L is related to ligand (258) but has no phenyl
spacer) with Zn2þ; the photophysical properties of the Ru–Zn–Ru species are compared with
those of the complex containing ligand (258).1093 The syntheses and properties of triads contain-
ing a [Ru(40-Phtpy)2]

2þ core attached to ZnII and AuIII-containing porphyrin groups have been
summarized in reviews of systems with long-range photoinduced energy and electron trans-
fer,1094,1095 and relevant to this topic are systems involving an [M(tpy)2]

2þ (M¼Ru or Os)
photosensitizer covalently linked to electron donor (e.g., phenothiazine) and acceptor (e.g.,
MV2þ) sites.1096–1098 Reactions between [M{40-(4-py)tpy}2]

2þ (M¼Ru, Os) and [Ru(ttp)(CO)(E-
tOH)] lead to linear systems of type RuII(porph)–RuII(tpy)2–RuII(porph) in which intramolecular
phosphorescence quenching is observed.1099 The absorption spectra and luminescence properties
of [M{40-(9-anthryl)tpy}2]

2þ (M¼Ru, Os, Zn) compared to those of [M(tpy)2]
2þ have been

presented.1100

A tpy-functionalized �-cyclodextrin has been prepared. It bears one pendent tpy domain and
reacts with [Ru(tpy)Cl3] or [Ru{40-(4-MeC6H4)tpy}Cl3] in the presence of N-ethylmorpholine to
give complexes with a pendent Ru(tpy)2

2þ or Ru{40-(4-MeC6H4)tpy}2-unit. Their absorption and
emission properties, which respond to guest binding, are described.1101 In related work, a
Ru(bpy)3

2þ unit has been appended to �-cyclodextrin; a mixture of diastereoisomers was pro-
duced. Electron transfer within and outside the cyclodextrin cavity has been investigated.1102

Bis(tpy) RuII complexes with an appended C60 cage on either one or both ligands have been
prepared; 1H NMR spectroscopic and electrochemical studies show that there is electronic
interaction between the fullerene and RuII center.1103 The Ru(tpy)2

2þ center has been used as a
central motif in the construction of a catenate. Each tpy ligand is functionalized so as to permit
ring closure only on itself; the final catenate consists of two 38-membered rings.1104 Enantiomeri-
cally pure ligands (263) and the [4,5:400,500]-fused analog (263a), have been synthesized along with
the complexes [RuL2]

2þ, [RuLCl2], and [RuLCl3]. In the RuII complexes, the ligands exhibit a
helically distorted tpy unit.1105

Ligand (264) has been prepared and complexed with RuII to give [Ru(264)(4-Metpy)]2þ which
protonates on the cyclam N atoms to give a series of species up to [Ru(H3264)(4-Metpy)]5þ. In
aqueous solution, the system acts as a selective luminescent sensor for ATP (with respect to
phosphate, sulfate, and chloride ions).1106 Oxaaza macrocycles attached to the 40-position of tpy
either directly or with a spacer as in (265) have been synthesized; in addition, 1,10-diaza-18-
crown-6 has been incorporated as a bridging unit between two tpy domains.1107,1108 Ruthenium(II)
complexes containing these ligands have been studied. Recrystallization of [Ru(tpy){40-
(1,10-diaza-18-crown-6)tpy}]2þ from a solution containing traces of NaBF4 lead to a complex
(structurally characterized) in which the crown binds Naþ.1107

The next part of this section focuses on di- and polynuclear RuII/OsII systems (organized
according to the bridging ligands), and pertinent reviews covering multicomponent molecular
arrays should be consulted.1109,1110 The cyano-bridged complexes [(bpy)(tpy)Ru(�-CN)RuII/III

(NH3)5]
nþ (n¼ 3 or 4) have been studied. Picosecond excitation of [(bpy)(tpy)Ru-

(�-CN)Ru(NH3)5]
3þ results in the observation of a transient intermediate which decays by an

RuN

O

O

X N

O

O

nN
N

N

N OO

N
N

N

HN O

R

R = Me, Ph

(260) (261)

X = various aromatic spacers

(262)
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intramolecular electron-transfer process (k¼ 3.8 1010 s�1).1032 The mixed-valence 1,4-dicyana-
midobenzene (L) bridged complex [(bpy)(tpy)Ru(�-L)Ru(bpy)(tpy)]3þ exhibits strong coupling
and has an intervalence absorption at �¼ 1,090 nm.1111 The CO2-bridged complex
[(MeCN)(CO)(tpy)Ru(�-CO2)Ru(tpy)(CO)2]

2þ (in which the MeCN ligand can be replaced by
CO) has been prepared from cis-[Ru(tpy)(CO)2Cl]þ and aqueous Na2CO3 in MeCN.1112 The N2-
bridged complex [(tpy)Cl2Os(�-N2)OsCl2(tpy)] results from the reductive coupling of
[Os(tpy)Cl2(N)]þ. The crystal structure of [(tpy)Cl2Os(�-N2)OsCl2(tpy)] has been determined;
for the bridging unit, N�N¼ 1.132(13) Å and Os�N�N bond angles are 171.5(9)� and
172.1(9)�.1113

The luminescence and excitation spectroscopic properties and transient absorption decays of
[(bpy)2Ru(�-266)Ru(bpy)2]

4þ, [(tpy)(CN)Ru(�-266)Ru(CN)(tpy)]2þ, and [(bpy)2Ru(�-266)Ru-
(CN)(tpy)]3þ in MeCN solution and low-temperature glasses indicate that efficient intramolecular
energy transfer from the MLCT excited state of the Ru(bpy)2(266)

2þ unit to the MLCT state of
the Ru(CN)(tpy)þ group occurs in [(bpy)2Ru(�-266)Ru(CN)(tpy)]3þ.1114 An unexpected cyclome-
tallated complex [(tpy)ClRu(�-L)Ru(tpy)]2þ where HL¼ (267) is obtained from the reaction of
[Ru(tpy)Cl3] and HL in the presence of N-methylmorpholine; the L� ligand acts as an N,N,
C-donor to the Ru(tpy)2þ unit and an N,N-donor to the RuCl(tpy)2þ group.1115

N

N

N N

N

N N

(266) (267)

N

Bridging ligands involving two tpy domains coupled either directly or by various spacers
feature in a significant number of complexes, some examples of which were cited earlier.1093

The complexes [(tpy)M(�-268)M(tpy)]4þ (M–M¼Ru–Ru, Ru–Os, Os–Os) have been prepared
and characterized; they show MLCT absorptions involving both tpy and ligand (268) and the
data are consistent with ligand (268) possessing a lower-lying �* level than tpy. Electrochemical
reduction of [(tpy)Os(�-268)Os(tpy)]4þ generates a species that luminesces at 298K, contrasting
with low-temperature luminescence of the reduced diruthenium complex.1116 The electronic
absorption spectra and luminescence spectra and lifetimes of [(tpy)Ru(�-269)Ru(tpy)]4þ,
[(tpy)Os(�-269)Os(tpy)]4þ, [(tpy)Ru(�-269)Os(tpy)]4þ, [(tpy)Ru(�-269)Ru(�-269) Ru(tpy)]6þ, and
[(tpy)Ru(�-269)Os(�-269)Ru(tpy)]6þ have been reported. The results indicate significant interaction
between the metal centers, and in the heterometallic species, Ru!Os energy transfer occurs.
The luminescence lifetimes of [(tpy)Ru(�-269)Os(tpy)]4þ and [(tpy)Ru(�-269)Os(�-269)Ru(tpy)]6þ
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are 120 and 125 ns respectively (293K).1117,1118 Ligand (270) is synthesized by the condensation of
40-Cltpy and 40-HOtpy, or can be prepared in situ as a bridging ligand by reacting [(tpy)Ru(40-
Cltpy)]2þ with [(tpy)Ru(40-HOtpy)]2þ. The latter strategy has been extended to assemble, for
example, [Ru(270)2]

2þ starting from [Ru(40-Cltpy)2]
2þ, and [(40-Xtpy)Ru(�-270)Ru(�-270)Ru-

(40-Xtpy)]6þ (e.g., X¼Cl). The work has been further extended to species of the type [{(40-
Cltpy)Ru(�-270)Ru}3(�-L)]12þ where L¼ 1,3,5-tris{40-(2,20:60,200-terpyridinyl)}benzene.1119 This
trinucleating ligand has also been used as the core in the complexes [{(40-Xtpy)Ru}3(�-L)]6þ for
X¼H, Cl, OH, OEt, NMe2, Ph, SMe, and MeO2S.

1120 Ligand (258) and its analog with no phenyl
spacer (258a) have been used to assemble the rigid, dinuclear complexes [(40-Xtpy)Ru(�-L)Ru(40-
Xtpy)]4þ (L¼ 258 or 258a; X¼H, Cl, OH, OEt, NMe2, Ph, SMe, and MeO2S).

1120 Heterometallic
complexes [(40-Xtpy)Ru(�-L)Os(40-Xtpy)]4þ (X¼ 4-MeC6H4 or MeO2S) have also been studied for
L containing 0, 1, or 2 phenyl spacers (n¼ 1 is 258). The luminescence of the Ru(tpy)2

2þ unit is
quenched by the Os-centered group in each complex, and quenching is accompanied by sensitiza-
tion of the Os-based luminescence.1121,1122 In the related mononuclear species, [{40-(4-
MeC6H4)tpy}RuL]2þ which contains a non-coordinated tpy domain, the extent to which proto-
nation of the latter site affects the luminescence properties of the complex have been discussed.1123

The properties of [{40-(4-MeC6H4)tpy}Ru(�-L0)Os{40-(4-MeC6H4)tpy}]
2þ containing bis(N,C,N)-

donor bridging ligands L0 where H2L¼ (271), have also been investigated;1124 (see also ref. 1151).
The photophysical properties of [{40-(4-MeC6H4)tpy}Ru(�-L)Ru{40-(4-MeC6H4)tpy}]

4þ (L¼ 258 or
258a)1125 may be compared with those of the heterometallic complexes [{40-(4-MeC6H4)tpy}Ru-
(�-L)Rh{40-(4-MeC6H4)tpy}]

5þ.1126,1127 Work in this area has been overviewed1128 and includes
comparisons of the properties of complexes with phenylene and bicyclo[2.2.2]octane spacers between
the tpy domains in the bridging ligands in Ru–Os systems.1129 The preparation and characterization
of polymeric species using the bridging ligand 4,400-bis(2,20:60,200-terpyridine)-20,50-dihexyl-p-terphe-
nyl between RuII centers have been reported.1130
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(271)

The complexes [Ru3(272)2]
6þ and [Ru3(273)2]

6þ contain three Ru(tpy)2
2þ domains. The lumi-

nescence properties of [Ru3(272)2]
6þ are similar to those of [Ru(tpy)2]

2þ, whereas [Ru3(273)2]
6þ

exhibits a room-temperature 3MLCT emission (�¼ 690 nm, � ¼ 11 ns).1131

The ligand 2,3,5,6-tetrakis(2-pyridyl)pyrazine (tpp) possesses two tpy-like binding sites, making
it an ideal bridging ligand in [(tpy)M(�-L)M(tpy)]4þ and related species. Using a building-block
strategy, [(tpy)M(�-tpp)RuCl3]

þ and [(tpy)M(�-tpp)Ru(tpp)]4þ (M¼Ru, Os) have been prepared;
the complexes exhibit long-lived excited states. In the chloro complexes, the RuII center coord-
inated by Cl� is easier to oxidize than MII. The HOMO of [(tpy)M(�-tpp)Ru(tpp)]4þ is M-based
(M¼Ru or Os); the lowest excited state is an MLCT state for L¼ tpp, and can be tuned to
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involve either Ru or Os centers depending on the local environment. The range of tpp-bridged
dinuclear complexes that has been studied also includes [(tpy)Ru(�-tpp)Ru(tpy)]4þ, [(tpy)Ru(�-
tpp)Ru(MeCN)3]

4þ, [(tpy)Ru(�-tpp)Ru(dpq)Cl]4þ (dpq¼ 2,3-bis(2-pyridyl)benzoquinone), and
[(tpy)Ru(�-tpp)RhCl3]

2þ.1132–1135 In the latter complex, excitation into the Ru! tpp MLCT
state is followed by electron transfer to the Rh center and quenching of the emission from the
excited state.1135 Like tpp, the phenazine-based ligand (274) exhibits two binding sites each
resembling tpy. The electronic spectra of the complexes [Ru{40-(4-MeC6H4)tpy}(274)]

2þ, [{40-
(4-MeC6H4)tpy}Ru(�-274)Ru{40-(4-MeC6H4)tpy}]

4þ, and [{40-(4-MeC6H4)tpy}Ru(�-274)Ru(�-
274)Ru{40-(4-MeC6H4)tpy}]

6þ show low-energy Ru! tpp MLCT absorptions. In each case,
the first one-electron reduction is centered on ligand (274). Electrochemical data for the metal-
centered oxidation processes in the di- and trinuclear complexes indicate a strong degree of
electronic coupling between the metal centers.1136 Ligand (275) (H4L in its fully protonated
form) forms the complexes [(tpy)Ru(�-H4L)Ru(tpy)]4þ and [(tpy)Ru(�-L)Ru(tpy)] which can be
interconverted by changes in pH; the effects of protonation state on the spectroscopic and
electrochemical properties of the species have been discussed.1137
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The complex [(tpy)Ru(�-276)Ru(tpy)]4þ has been prepared and characterized both in solution
and the solid state; structural data confirm a single-stranded helicate and reveal that the ethynyl
bridge suffers from severe bending.1138 Other alkyne-containing bridging ligands impose rigidity
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on the system, e.g., two tpy domains linked at the 40-positions by a C	CC6H4C	C or
C	C(bpy)C	C spacer to give bridging ligands L. Compared to [Ru(tpy)2]

2þ, [(tpy)Ru(�-L)-
Ru(tpy)]4þ are strongly emissive with the luminescence maxima being red-shifted, and exhibit
triplet lifetimes of around 100 ns.1139 Triplet lifetimes for [(tpy)Ru(�-L)Ru(tpy)]4þ where
L¼ (277–(280)) range from 55 ns to 720 ns,724 and fast energy transfer has been observed from
RuII to OsII in [(tpy)Ru(�-278)Os(tpy)]4þ.1140 Alkyne spacers in polynuclear systems containing
tpy or bpy coordination domains are fundamental to families of photoactive molecular wires and
progress in the area has been reviewed.1141,1142
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(277)     n = 1, m = 0 

(278)     n = 2, m = 0
(279)     n = 1, m = 1
(280)     n = 2, m = 1

Polynuclear rack and grid complexes can be assembled using bis(tpy) domains, capitalizing on
the fact that the two tpy donor sets in each M(tpy)2 unit are orthogonal. Ligands (281) and (282)
contain two and three tpy-like bonding domains and form the rack-type complexes
[(281){Ru(tpy)2}2]

4þ and [(282){Ru(tpy)2}3]
6þ. Solution NMR spectroscopic and the photophysical

properties of these species have been reported; the complexes exhibit emission from the 3MLCT
state (� in the range 40–80 ns) at 298K in fluid solution and the properties can be varied by
changing the R group (H, Me, Ph) in ligand (281).1143–1145
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Oxidative coupling of [RuII(tpy){2,6-(CH2NMe2)2C6H3}]
þ leads to the formation of a diruthe-

nium(III) complex that undergoes two-electron reduction to give [(tpy)RuII{�-2,6-
(CH2NMe2)2C6H3}RuII(tpy)]2þ in which the bridging ligand presents an N,C,N0-donor set to
each metal center. The central biphenylene unit is nonplanar in the solid state.1146 6-Phenyl-2,20-
bipyridine (HL) undergoes cyclometallation to provide an N,N0,C-donor set and this is observed
in the complex [Ru(tpy)L]þ, which, in contrast to [Ru(tpy)2]

2þ, luminesces at 298K in fluid
solution. The lifetime of the 3MLCT state is 60 ns (MeCN).1147 The reaction of [Ru(tpy)Cl3]
with 6-Phbpy (HL) is influenced by solvent. In glacial MeCO2H, the product is [Ru(tpy)(HL-
N,N0)Cl]þ while in aqueous solution, [Ru(tpy)(L-N,N0,C)]þ is formed. Both complexes are isolated
from reactions carried out in MeOH or BuOH.1148 ‘‘Back-to-back’’ bis(6-phenyl-2,20-bipyridine)
ligands, H2L, in which the binding domains are either directly coupled through the 40-positions of
6-Phbpy or are coupled through C6H4 or C6H4C6H4 spacers, along with an analogous tris(6-
phenyl-2,20-bipyridine) ligand, H3L

0, have also been prepared. Their noncyclometallated
and cyclometallated complexes [Cl(tpy)Ru(�-H2L)Ru(tpy)Cl]2þ, [{Cl(tpy)Ru}3(�-H3L

0)]3þ,
[(tpy)Ru(�-L)Ru(tpy)Cl]2þ, and [{(tpy)Ru}3(�-L

0)]3þ have been studied.1149 6-Phenyl-2,20-bipyri-
dine units have also been coupled through the 4-position of the phenyl rings to give H2L. This
ligand has the potential to act as an N,N0- or bis(N,N0)-donor or to undergo cyclometallation and
coordinate through N,N0,C-, bis(N,N0,C), or (N,N0)(N,N0,C)-donor sets.1150

Di-(2-pyridyl)-1,3-benzene (HL) undergoes cyclometallation to act as an N,C,N0-donor in, for
example, [M(L){40-(4-MeC6H4)tpy}]

2þ (M¼Ru, Os). The ‘‘back-to-back’’ bis-derivative of HL is
ligand (271) with n¼ 0 (HL–LH), and has been used to form the cyclometallated complexes [{40-
(4-MeC6H4)tpy}M(�-L-L)M{40-(4-MeC6H4)tpy}]

4þ (M–M¼Ru–Ru, Os–Os, Ru–Os at a separation
of 11 Å), the luminescence and electrochemical properties of which have been described.1151

Ruthenium and Osmium: Low Oxidation States 645



The same N,C,N0-donor set has been appended to the rim of a cyclodextrin, H(283), and used to
prepare [Ru(tpy)(283)]þ, giving a route into luminescent cyclodextrins.1152 It is also present in
ligand H2(284) which reacts with [Ru{40-(4-MeC6H4)tpy}Cl3] in the presence of AgBF4, followed
by [PdCl2(PhCN)2] to give the doubly cyclometallated complex [{40-(4-MeC6H4)tpy}Ru-
(�-284)PdCl]þ.1153

The orthogonal nature of the ligands in [Ru{40-(4-MeC6H4)tpy}L]þ where HL¼H(285)
or H(286) places these complexes among those containing cyclometallated-tpy analogs. The
properties of these species have been compared; while [Ru{40-(4-MeC6H4)tpy}(286)]

þ does not
luminesce in MeCN at 298K, the more sterically crowded [Ru{40-(4-MeC6H4)tpy}(285)]

þ lumi-
nesces and has an excited-state lifetime of 95 ns.1154 Changing the substituents in these ligands
leads to variation in the excited-state lifetimes (70–106 ns).1155 Cyclometallation involving pyrene
units has proved difficult but has been achieved.1156
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tBu

tBu

tBu

tBu

tBu

N

N
R

R'

H(285)

H(286)

 R   = 4-MeC6H4 
             R'   

 R   = H; R' = OMe

H(283) H2(284)
= Me

Monomethylation of tpy blocks one N-coordination site, and, depending on the reaction
conditions, N-Metpyþ coordinates to RuII either as an N,N0- or N,N0,C-donor.1158

5.5.3.1.15 Complexes containing ligands with N,N 0,N 00- or N,C,N 0-donor sets
excluding tpy and tripodal ligands

There is necessarily some overlap between the content of this and the previous sections. The
theme in the present section is complexes containing N,N 0,N 00- or N,C,N 0-donor ligands other
than tpy and related species; tripodal ligands are covered in the next section.

2,6-Bis[(dimethylamino)methyl]pyridine (L) reacts with [RuCl2(PPh3)3] to yield mer,trans-
[RuCl2L(PPh3)] which is a useful precursor to a series of complexes containing ligand L, e.g.,
[RuCl(L)(PPh3)]

þ, [RuCl(MeCN)(L)(PPh3)], [Ru(MeCN)2(L)(PPh3)]
2þ, [RuCl2(CO)(L)], and

[RuCl(CO)2(L)]þ. The work extends to cover related P,N,P complexes.1157 The reaction of
H2(287) with [RuCl2(PPh3)3] generates [RuCl2(PPh3)(287H2)] in which the amide groups in
H2(287) are deprotonated and involved in coordination, and the pendent pyridine N atoms are
protonated. [RuCl2(PPh3)(287H2)] can be converted to nitrosyl, thiocyanate, or acetate deriva-
tives.1159 The ligand 4-(4-MeC6H4)-2,6-dipyrazinylpyridine (L) can present an N,N 0,N 00-donor set
to RuII in a similar manner to tpy; [RuL2]

2þ has been prepared and structurally characterized.1160

Ligand (288) and its unsaturated dihydroacridine and acridine analogs also act as pseudo-tpy
ligands in the homoleptic complexes [RuL2]

2þ.1161 Ligand (289) has available both tpy- and bpy-
like binding domains and both modes of coordination have been observed. Assignments of the 1H
NMR spectra of [Ru(tpy)(289)]2þ and [Ru(tpy)(�-289)Ru(bpy)2]

4þ are aided by comparisons of
the spectra with those of [Ru(tpy-d11)(�-289)Ru(bpy-d8)2]

4þ.1162

A range of RuII complexes incorporating tridentate bis(pyrazolyl)pyridine or related ligands
has been reported. Six complexes of type [RuLL0]2þ (L¼L0 or L 6¼L0) in which L and L0 are
ligands (290) have been prepared; the oxidation potentials for the RuII/RuIII couple decrease as
the number of Me substituents increases.1163 The tridentate coordination mode of ligands (291)
and (292) have been confirmed by structure determinations of [Ru(291)(NO2)(PMe3)][ClO4]

1164
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and [Ru(291)Cl(PPh3)][ClO4].
1165 In both complexes, the PPh3 groups are mutually trans. The

presence of the 1,3-substituted �-diketonate ligand L� in [Ru(291)(L)X] and [Ru(293)(L)X]nþ, or
the ligands containing the dimethyl analog of (291) and (293) (X¼Cl or an N-heterocycle; n¼ 0, 1),
lowers the RuII/RuIII redox potential with respect to related polypyridyl complexes; variation in
the substituents in the ligands allows the potential to be systematically altered.1166 Spectroscopic,
electrochemical, and representative structural data have been reported for [Ru(293)(bpy)Cl]þ,
[Ru(293)(phen)Cl]þ, and [Ru(293)(4,40-Me2bpy)Cl]þ.1167 Ligands (294) act, as expected, as triden-
tate donors in the complexes [Ru(294)2]

2þ for which 1H and 13C NMR spectra have been fully
assigned; electronic spectroscopic and redox behavior have been described.1168 Replacing the
pyrazol-1-yl group in (291) by oxazolin-2-yl or 4-iso-propyloxazolin-2-yl groups gives rise to
novel ligands that have been used to prepare chiral and achiral RuII complexes.1169 2,6-Bis(benz-
imidazol-2-yl)pyridine and N-methyl derivatives form [RuL2]

2þ complexes in which the ligands
act as N,N0,N00-bis chelates. For L¼ 2,6-bis(benzimidazol-2-yl)pyridine, [RuL2]

nþ for n¼ 2 or 3
behave as tetrabasic acids with pKa values in the range 2.5–10.7.1170 For the same L, the structure
of [RuL(NO2)(PPh3)][ClO4] has been determined; the bis(imidazolyl)pyridine RuII unit is planar
but steric crowding forces the benzene rings of the ligand out of plane.1171 6-(Benzimidazol-2-yl)-
2,20-bipyridine, L0, forms [Ru(L0)2]

2þ; a study of the redox potential as a function of pH shows
there to be two one-proton/one-electron transfer processes in the pH regions 1.39–2.58 and
5.92–7.97, and a two-proton/one-electron transfer in the pH range 2.58–5.92.1172 A series of
substituted 2,6-bis(4,5,6,7-tetrahydroindazol-3yl)pyridines has been prepared and combined with
RuII to give homo- and heteroleptic complexes.1173

N
N N

N N
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R' R'

N (CH2)n
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(291)  R = R' = H
(292)  R = Ph; R' = H
(293)  R = R' = Me (294)

The versatility of the quinolyl derivative (295) is exemplified in the complex [Ru(295-N,N0)(295-
N,N 0,N 00)Cl]þ. The coordination behavior of (295) has been compared with those of (296) and
(297) and factors influencing didentate vs. tridentate preferences have been examined.1174

Perchlorate salts of [Ru(tpy)L)]2þ and [RuL2]
2þ where L¼ (298)–(300) have been synthesized

and characterized, and their properties compared with those of [Ru(tpy)2]
2þ.1175 Complexation of

RuII with 2,6-bis(40-phenyl-20-quinolyl)pyridine (L) affords [RuL2]
2þ, spectroscopic properties of

which have been discussed.514 The bis(70-methyl)-derivative of this ligand, LMe, has also been
prepared and incorporated into the complexes [M(LMe)2]

2þ, [M(LMe)Cl3] (M¼Ru, Os), and
[Ru(LMe)(tppz)]2þ where tppz¼ 2,3,5,6-tetra(20-pyridyl)pyrazine. Related cyclometallated com-
plexes have also been studied. All the complexes luminesce at 77K and [M(LMe)2]

2þ (M¼Ru
or Os), [Ru(LMe)(L0)]2þ, and two of the cyclometallated species are luminescent at room
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N N

MeMe
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N N
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temperature.1176 In the complex [Ru(tppz)(4,40-Me2bpy)Cl]þ, the coordination environment about
the RuII center is highly distorted, and the effects of this on 1H NMR chemical shifts are
noted.1177 An investigation of the photophysical properties of [Os(tppz)(PPh3)2X]nþ (X¼Cl� or
MeCN, n¼ 1 or 2) and [Os(tppz)L]2þ (L¼ tpy, tppz) reveals that these complexes possess
relatively long-lived MLCT excited states; the presence of the tppz ligand makes these species
suitable as building blocks in supramolecular assembly.1178 Methylation of one of the non-
coordinated pyridyl groups gives a viologen that can act as an electron acceptor.1179 Examples
of tppz acting as a bridging ligand include [Cl(bpy)Ru(�-tppz)Ru(bpy)Cl]2þ and [Cl(4,40-
Me2bpy)Ru(�-tppz)Ru(4,40-Me2bpy)Cl]2þ.1180

The ability of polypyridine ligands to partition themselves into N,N 0- and N,N 0,N 00-binding
domains has already been illustrated in the structure of [(tpy)Ru(�-qpy)Ru(tpy)Cl]4þ

(qpy¼ 2,20:60,200:600,2000:6000,20000-quinquepyridine).1066 In [Ru2(qpy)2Cl2]
2þ, the two ligand strands

form a double helical arrangement, placing one RuII center in an N6-coordination sphere and the
second in an N4Cl2 environment. The ‘‘prehelicate’’ [Ru(qpy)2]

2þ contains four (two sets of two)
non-coordinated N-donor atoms.1181

5.5.3.1.16 Complexes containing [HBpz3]
-, HCpz3 (pz = pyrazolyl), and related ligands

The chemistry of hydrotris(pyrazolyl)borate, [HBpz3]
�, straddles the coordination–organometallic

border. The coverage in this section is, therefore, selective but should give a useful entry into
the field. A review covering the period 1993–1998 provides a survey of ruthenium complexes
containing the [HBpz3]

� ligand.1182 Unless otherwise specified, the [HBpz3]
� ligand in the com-

plexes described below is tridentate, coordinating through three pyrazolyl N atoms.
The compound [Ru(HBpz3)(MeCN)3][PF6] can be made by treating [Ru(HBpz3)(cod)Cl] with

[NH4][PF6] in hot dmf/MeCN; the kinetics of MeCN exchange are compared with those for
[CpRu(MeCN)3][PF6].

1182 Reaction of [Ru(HBpz3)Cl(PPh3)2] with NaS2CNMe2 leads to the
formation of [Ru(HBpz3)(Me2NCS2)(PPh3)], the structure of which has been determined. Treat-
ment of [Ru(HBpz3)Cl(PPh3)2] with (4-MeC6H4S)2 in the presence of Zn yields the trinuclear
complex [{(HBpz3)(PPh3)Ru(�-4-MeC6H4S)2}2Zn]; an alternative route to this species also yields
[(HBpz3)(PPh3)Ru(�-4-MeC6H4S)2Zn(SC6H4-4-Me)(MeOH)].1183 Abstraction of Cl� from
[Ru(HBpz3)(Me2NCH2CH2NMe2)Cl] in acetone or dmf (solv) generates [Ru(HBpz3)-
(Me2NCH2CH2NMe2)(solv)]

þ, which are shown to be useful intermediates in the formation of
vinylidene complexes.1184 Reactions of the [Ru(HBpz3)(Me2NCH2 CH2PPh2)]

þ unit have also
been studied, including those giving N2, H2O, CO, MeCN, Me2CO, and vinylidene complexes.
Structural data for [Ru(HBpz3)(Me2NCH2CH2PPh2)(�

2-N2)]
þ reveal an N�N bond length equal

to that in free N2, indicating that the effects of 	-donation and �-back donation offset one
another.1185 The reaction of [Ru(HBpz3)Cl(PPh3)(MeCN)] with NaBH4 in RCH2OH unexpect-
edly produce [Ru(HBpz3)(PPh3)(CO)(R)].1186 The synthesis and structure of [Ru(HBpz3)(PPh3)-
(CO)(PMe3)][PF6] have been reported as part of a study of the reactions of [Ru(HBpz3)-
(PPh3)(CO)X] (X¼H, Cl).1187 Reaction of [Ru(HBpz3)(PPh3)2Cl] with dppm, dppe, or dppf
results in phosphine substitution and the formation of [Ru(HBpz3)(dppx)Cl]; with neat tBuNC,
[Ru(HBpz3)(PPh3)2Cl] reacts to give [Ru(HBpz3)(PPh3)Cl(tBuNC)] but the product depends on
solvent and is [Ru(HBpz3)(PPh3)(

tBuNC)]þ if the reaction is carried out in CH2Cl2/MeOH. A
range of other reactions are reported,1188 including that with NaS2CNMe2 described earlier.1183

Substitution of the PPh3 ligands in [Ru(HBpz3)(PPh3)2Cl] by 1,2-bis(diisopropylphosphino)ethane
(dippe) followed by treatment with NaBH4 yields [Ru(HBpz3)(dippe)H]. This and the complex
[Ru(HBpz3)(PPh3)2H] are both protonated by HBF4.OEt2 at low temperature to give cationic H2

complexes.1189,1190 The crystal structure of [Ru(HBpz3)(dippe)(H2)][BF4] has been determined,1189

and both this and [Ru(HBpz3)(PPh3)2H] are reactive with respect to displacement of H2 by, for
example, CO, N2, and thf.1189,1190 Several routes to [Ru(�2-HBpz3)(PPh3)2(CO)H] have been
described. The �2-HBpz3

� ligand in this complex can be converted to an �3-bound form by
heating, and the change is accompanied by loss of PPh3. The synthesis of [Ru(�2-
HBpz3)(PPh3)2(CS)H] has also been achieved and again, the mode of coordination of HBpz3

�

changes when the complex is heated.1191 The synthesis and characterization of the dihydrogen/
hydride complex [Ru(HBpz3)(H2)H(PCy3)2] has been reported.1192

The 3,5-dimethylpyrazolyl derivative [HB(3,5-Me2pz)3]
� reacts with [RuH(Cl)(CO)L3]

(L¼PPh3 or AsPh3) to give, rather surprisingly as a result of B�N cleavage, [RuH(Cl)-
(CO)L2(3,5-Me2pzH)].1193 Trifluoromethanesulfonic acid reacts with [Ru{HB (3,5-iPr2pz)3}H5]
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in thf to give [Ru{HB(3,5-iPr2pz)3}(H2O)2(thf)][CF3SO3] which is reactive with respect to
substitution of the labile thf and H2O ligands and is, therefore, a useful synthon.1194

Although a didentate rather than a tripodal ligand, [H2Bpz2]
� is mentioned in this section

because of its relationship to [HBpz3]
�. Examples of complexes involving [H2Bpz2]

� are
[Ru(H2Bpz2)H(CO)(PPh3)2],

1195 [Ru(H2Bpz2)H(CS)(PPh3)2],
1195 [Ru(H2Bpz2)(COMe)(CO)

(PMe3)2],
1196 and [Ru(H2Bpz2)H(CO)(AsPh3)2].

1197 The coordination of dihydrobis(benzotriazolyl)-
borate, [H2Bbt2]

� to RuII has also been studied; complexes in the series [Ru(H2Bbt2)(X)-
(CO)(PPh3)2] (e.g., X¼H, Cl, Br, I, 4-MeC6H4) have been prepared and characterized.1198

The reaction between Tl[Bpz4] and [RuCl2(PhCN)4] in refluxing CH2Cl2 leads to the formation
of [Ru(Bpz4)Cl(PhCN)2], but when the solvent is changed to benzene, the product is [Ru(Bpz4)2].
Each [Bpz4]

� ligand acts as an N,N 0,N 00-donor.1199 With [Ru(Bpz4)Cl(PhCN)2] as the precursor,
reactions with a range of ligands lead to products that include [Ru(Bpz4)Cl(L)(L0)] (L¼L0 ¼
4-picoline, MeCN, PEt3, PiPr3, or L¼PhCN and L0 ¼PPh3 or 2,4-lutidine), and [Ru(Bpz4)L3]

þ

(L¼MeCN, CO).1200

The ligand HCpz3 is isoelectronic and shares a common coordination mode with [HBpz3]
�.

One of the simplest complexes of RuII to incorporate HCpz3 is [Ru(HCpz3)(H2O)3]
2þ, the

structure of which has been determined.1201 The complexes [Ru(HCpz3)(H2O)(4,40-X2bpy)]
2þ

(X¼H, Me, NH2, NO2, and CO2Et) that differ in the electron-withdrawing or accepting proper-
ties of X, make up a series in which the redox potentials are tuned by changing the substituent.1202

The complexes [Ru(HCpz3)(bpy-PTZ)Cl]þ, [Ru(HCpz3)(bpy-PTZ)(H2O)]2þ, [Ru(HCpz3)(bpy-PTZ)-
(py)]2þ, and [Ru(HCpz3)(bpy-PTZ)(N-Me-4,40-bpy)]3þ all contain an electron-donating pheno-
thiazine unit (bpy-PTZ¼ 4-methyl-40-(N-phenothiazylmethyl)-2,20-bipyridine). The last complex in
the series also contains the quencher N-Me-4,40-bpyþ (related to MVþ). A detailed study of the
photochemical and photophysical properties of these complexes has been carried out.1203 cis-
[Ru(�-diimine)2(�

2-Bpz4)]
þ, cis-[Ru(�-diimine)2(�

2-HCpz3)]
2þ (�-diimine¼ bpy, phen) and related

complexes each exhibit an intense MLCT absorption associated with the Ru(�-diimine)2
2þ unit;

the complexes are room-temperature emitters. In [Ru(�-diimine)2(Bpz4)]
þ, the two pendant pz

groups permit [Bpz4]
� to act as a bridging ligand, for example in the formation of [(bpy)2Ru-

(�-Bpz4)Ru(bpy)2]
3þ.1204

Complexes of the tripodal ligand tris(2-pyridylmethyl)amine are described in the next section.
See also structure (377) and ref. 1709.
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5.5.3.1.17 Complexes containing noncyclic ligands with N,N 0,N 00,N 000-donor sets

We have already discussed coordination chemistry of the two quaterpyridine ligands (129) and
(155) which are effective at connecting two metal sites.659–662 Now we consider tetradentate
N-donor ligands that include derivatives of another isomer of quaterpyridine, (301). The com-
plexes trans-[Ru(302)X2], trans-[Ru(303)X2], trans-[Ru(304)X2], and trans-[Ru(305)X2] (X¼Cl,
NCS) have been prepared and characterized; they exhibit MLCT bands in the visible and near-IR
regions, and compared to the spectra of complexes with X¼Cl, those with X¼NCS are blue-
shifted. The properties of the complexes indicate that they are suitable for use as sensitizers in
TiO2-based solar cells;1205 (see also ref. 571 and following). Closely related to trans-[Ru(305)X2]
are the complexes trans-[RuLX2] where L¼ (306)–(309) and X¼Cl, Br, or CN. Their absorption
spectra exhibit strong MLCT bands between 450 and 600 nm. The RuII/RuIII oxidation potential

Ruthenium and Osmium: Low Oxidation States 649



varies with X� (Cl�<Br�<CN�).1206 1,2-Bis(2,20-bipyridin-6-yl)ethane, L, is similar to quater-
pyridine (301) in that it possesses two bpy binding domains. It forms the complexes trans-
[RuL(MeCN)Cl]þ (structurally characterized as the PF6

� salt), trans-[RuL(MeCN)2]
2þ,

and trans-[RuL(MeCN)(CN)2]. The cyano complex is a room-temperature emitter in fluid
solution.1207
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(304)   R = 4 -MeO2CC6H4; R' = tBu

R

The substituted amine (310) acts as a tetradentate tripodal ligand, e.g., in cis-
[Ru(310)Cl(dmso)]þ. The derivative [Ru(311)Cl(dmso)]þ has been structurally characterized as
the perchlorate salt. The dinuclear complexes [{Ru(310)}2(�-Cl)2]

2þ and [{Ru(311)}2(�-Cl)2]
2þ

have also been prepared and characterized. The electron-donating effects of the Me groups in
(311) lowers the RuII/RuIII redox potential in each (311)-containing complex compared to the
analogous complex with ligand (310).1208 Related RuIII complexes have also been
reported.1208,1209 The reaction between 310�3HClO4 and Ru3(CO)12 in the presence of MeCO2H
leads to the formation of cis-[Ru(310)(CO)(MeCO2-O)][ClO4].

1210 In the complex [Ru(312)Cl]þ,
ligand (312) is an N,N 0,N 00,N 000,O-donor, with one amide O atom residing cis- to the chloro ligand;
[Ru(312)Cl]þ is fluxional in solution.1211
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5.5.3.1.18 Complexes containing porphyrin ligands

In this first part of this section, complexes are grouped according to the axial ligands. We then
move to pocket and picket-fence porphyrins and finally focus on multinuclear species.

Methyl to CO transformation has been observed in the reaction of [Ru(OEP)Me] with 2,2,6,
6-tetramethylpiperidine-1-oxyl (TEMPO). There is clear evidence that the CO ligand in the
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product [Ru(OEP)(CO)] is derived from the axially bound CH3 group.47 The complexes
[Ru(TPTBP)(CO)] and [RuL(CO)(ax)], where H2TPTBP is meso-tetraphenyltetrabenzoporphyrin
and the axial ligand, ax, is NEt3, piperidine, 1-Meim, py, or PBu3, have been synthesized and
characterized. The wave number of the absorption assigned to �(CO) in the IR spectra of the
complexes is sensitive to the �-bonding abilities of the axial ligand, indicating that there is
RuII!CO backbonding. A comparison of values of �(CO) along the series [Ru(TPTBP)(CO)],
[Ru(OEP)(CO)], and [Ru(TPP)(CO)] indicates that TPTBP2� is a better 	-donor and �-acceptor
than TPP2� or OEP2� and, probably, than other commonly used prophyrinato ligands. Oxidation
processes in [Ru(TPTBP)(CO)] are discussed in relation to those in other [Ru(porph)(CO)]
systems.1212 Resonance Raman spectroscopic studies of [Ru(OETPP)L] (H2OETPP¼
2,3,7,8,12,13,17,18-octaethyl-5,10,15,20-tetraphenylporphyrin, L¼CO or py) provide evidence
for RuII! porph backbonding; the effects of the substituents on the orbital energy levels is
discussed.1213 RuII! porph backbonding is also apparent in RuII derivatives involving octa-
chloro- and octabromotetra(pentafluorophenyl)porphyrin and CO and py axial ligands; it is also
noted that the reduction potentials of these complexes are significantly more positive than those
for the corresponding non-halogenated species.1214 An important property of the 5,10,15,20-
tetra(pentafluorophenyl)porphyrinato complex [Ru(TPFPP)(CO)] is its ability to act as an effi-
cient catalyst in hydrocarbon oxygenations; there is evidence that the reaction proceeds through
an RuIII intermediate.1215 Static and time-resolved emission spectroscopy and ultra-fast transient
absorption measurements have been used to probe the lowest-energy excited states (shown to be
Os-to-ring 3(d,�*) CT) of [Os(OEP)(CO)L], [Os(OEP)L2], [Os(TTP)(CO)L], and [Os(TTP)L2]
(L¼ 	-donor, e.g., py). These results have been compared with those reported for analogous
RuII complexes, and the part played by the axial ligands in determining the character of the
lowest excited states has been assessed.1216 The electrochemical behavior of [Ru(OEP)(CO)L] and
[Ru(OEP)(CO)] (L¼ various axial ligands) in a range of different solvents has been investigated.
Depending on the solvent, the complexes undergo two porphyrin-centered oxidations and either
one or two reduction processes which may be either porphyrin or Ru-centered, depending on
solvent and the nature of the ligand L.1217 Ruthenium(II) porphyrinato complexes incorporating
an axial thiocarbonyl ligand include [Ru(TPP)(CS)(EtOH)] which has been structurally charac-
terized.1218 The reaction of the analogous carbonyl complex with an excess of diethyl diazoma-
lonate results in the formation of a carbene species; reactions of [Ru(TPP)(CO)(EtOH)] with CO,
py, and PPh3 have also been studied.1219 The one-electron oxidation of [Ru(TPP)(CS)(EtOH)]
yields the corresponding radical cation which has been characterized spectroscopically. It has
been noted that the Ru�CS bond is strong and resists attack by nucelophiles.1220 The coordin-
ation of PF3 as an axial ligand in RuII porphyrinato complexes has also been reported.1221

The solid-state structures of ruthenium porpyrinato complexes containing axial NO ligands
have been included in a structure-based review.1222 The reaction of [Ru(OEP)(CO)] with NOþ and
exposure to air leads to the formation of [Ru(OEP)(NO)(H2O)]þ, the structure of which has been
determined. [Ru(OEP)(NO)(H2O)]þ is a convenient precursor to a number of complexes including
some with novel ligands, e.g., [Ru(OEP)(NO)(SR)], [Ru(OEP)(NO)(Et2NNO-O)]þ, and
[Ru(OEP)(NO)(NHEt2)]

þ.1223,1224 The OsII complex [Os(OEP)(NO)(Et2NNO-O)]þ may be pre-
pared by the reaction of NOþ with [Os(OEP)(CO)(Et2NNO-O)], itself made by reaction of the
nitrosamine with [Os(OEP)(CO)].1224 As well as the OEP2� derivative described above,
[Ru(TPP)(NO)(H2O)]þ has also been prepared, and treatment with pyridine yields
[Ru(TPP)(NO)(py)]þ. Both [Ru(TPP)(NO)(H2O)]þ and [Ru(TPP)(NO)(NO2-O)] (the structure
of which has been determined)1225,1226 undergo irreversible Ru-centered reduction with concomi-
tant dissociation of the ligand trans to NO.1225 Starting from the appropriate carbonyl complex,
[Ru(OEP)(NO)(NO2-O)], [Ru(OEP)(NO)(OH)], and [Ru(TPP)(NO)(OH)] have been prepared
and structurally characterized.1226 The kinetics of the reactions between nitric oxide and
[Ru(OEP)(CO)] or [Ru(TMTP)(CO)] to give [Ru(OEP)(NO)(NO2-O)] or [Ru(TMTP)-
(NO)(NO2-O)] (H2TMTP¼ 5,10,15,20-tetra(3-tolyl)porphyrin) and N2O have been investigated.
The data are consistent with an initial rate-limiting step in which CO dissociates from a reactive
intermediate which is formed in low concentrations by the reversible addition of NO to
[Ru(porph)(CO)].1227 Grignard reagents react with [Ru(TPP)(NO)Cl] to give alkyl or aryl deri-
vatives [Ru(TPP)(NO)R] and the crystal structure of [Ru(TPP)(NO)(4-FC6H4)] has been eluci-
dated. Insertion by SO into the Ru�C bond in [Ru(TPP)(NO)Me] has been observed.1228 The
preparation of OsII alkyl and aryl derivatives [Os(OEP)(NO)R] has been carried out by reaction
of [Os(OEP)(CO)] with NOþ followed by treatment with an appropriate Grignard reagent
RMgX. Depending on the reaction conditions, the products may include [Os(OEP)R2],
[Os(OEP)(NO)X], and [{Os(OEP)(NO)}2(�-O)].1229 The synthesis and crystal structure of
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[Ru(TTP)(NO)(OMe)] have been described; this complex undergoes substitution of the MeO�

ligand and is a useful starting material for a range of compounds, including [Ru(TTP)-
(NO)(SC6H4-4-Me)], (considered to be an analog of an NO adduct of P-450 monooxygenases),
[Ru(TTP)(NO)Cl], [Ru(TTP)(NO)(NO2-O)], and [Ru(TTP)(NO)(NO3-O)].1230 The reactions of
[Os(OEP)(CO)] and [Os(TTP)(CO)] with RSNO or RONO lead to the formation of [Os(OEP)
(NO)(SR)] and [Os(OEP)(NO)(OR)] or [Os(TTP)(NO)(SR)] and [Os(TTP)(NO)(OR)] respect-
ively. Representative structures have been determined.1231 The complex [Os(OEP)(CO)] reacts
with n-butyl nitrite, iso-pentyl nitrite, or iso-pentyl thionitrite to give [Os(OEP)(NO)(OBu)],
[Os(OEP)(NO)(OiC5H11)], or [Os(OEP) (NO)(SiC5H11)] respectively. The reaction of
[Os2(OEP)2][PF6]2 with iso-pentyl thionitrite results in the formation of [Os(OEP)(NO)][PF6],
hydrolysis of which affords [Os(OEP)(NO)(O2PF2)], the structure of which has been been con-
firmed by an X-ray diffraction study.1232 Starting from the appropriate thionitrite, reaction with
[Ru(OEP)(CO)] gives a route to [Ru(OEP) (NO)(SCMe2CH2NHCOMe)], protonation of which
yields [Ru(OEP)(NO)(HSCMe2CH2NHCOMe)]þ almost quantitatively. Both the thiolate and
thiol complexes have been structurally characterized.1233 When [Ru(OEP)(NO)L]
(HL¼ iC5H11OH, CF3CH2SH) are irradiated at low temperature, metastable �1-O and �2-NO
linkage isomers are formed.1234 The reactions of [Ru(OEP)(NO)(OTf)] and [Ru(TTP)(NO)(OTf)]
with [Bu4N][OsO3N] yield [(OEP)(NO)RuII(�-N)OsVIIIO3] and [(TTP)(NO)RuII(�-N)OsVIIIO3],
respectively. Formation of the nitrido bridge has been confirmed by the structural determination
of [(OEP)(NO)RuII(�-N)OsVIIIO3]; pertinent bond angles are Ru�N�O¼ 153(1)� and
Ru�N�Os¼ 138.4(8)�. Several related nitrido-bridged species have also been reported.1235 On
treatment of [Ru(TTP)(NS)Cl] with AgNO2, an unexpected thionitrosyl/nitrite to nitrosyl/thiazate
transformation is observed.1236 The direct transfer of an O atom from N2O to [Ru(TMP)(thf)2]
(H2TMP¼ 5,10,15,20-tetramesitylporphyrin) has been observed with the formation of
[RuVI(TMP)(O)2].

1237 [Ru(TMP)(PhCH2NH2)2] has been isolated and structurally characterized;
this complex and analogous species are intermediates in the aerobic dehydrogenation of amines
catalyzed by [Ru(TMP)(O)2].

1238 The reactions of [Ru(porph)(O)2] (H2porph¼H2TTP or H24-
ClTPP) with Et3N result in the formation of [Ru(porph)(EtN¼CHMe)2] complexes which have
been characterized spectroscopically and by the crystal structure determination of [Ru(TTP)-
(EtN¼Me)2].

1239

The addition of CF3CH2NC or CH2FCH2NC to [Ru(TPP)(CO)] yields
[Ru(TPP)(CF3CH2NC)2] or [Ru(TPP)(CFCH2CH2NC)2] respectively. 1H and 19F NMR spectro-
scopic data for these and the corresponding alkyl isocyanide derivatives suggest similarities in the
bonding properties of members of this family of compounds.1240

The photophysical properties of [Ru(TBP)(CO)(EtOH)], [Ru(TBP)(pyz)2], [Ru(TBP)(pyz)]n
(H2TBP¼ 5,10,15,20-tetra(3,5-tert-butyl-4-hydroxyphenyl)porphyrin) have been investigated by
steady-state and time-resolved absorption and emission spectroscopies. The complexes are weakly
luminescent, and the origins of this behavior is discussed.1241 Transient Raman spectroscopic
data have been reported for [Ru(TPP)(py)2], [Ru(TPP)(CO)(py), and [Ru(TPP)(pip)2] (pip¼
piperidine),1242 and nanosecond time-resolved resonance Raman spectroscopy has been used to
examine the CT excited states of [Ru(OEP)(py)2] and [Ru(TPP)(py)2].

1243

The reaction of [Ru2(OEP)2] with RR0S or RR0SO (R¼Me, Et, C10H20; R
0 ¼Me, Et) produces

[Ru(OEP)(RR0S)2] or [Ru(OEP)(RR0SO-S)2], respectively. Electrochemical oxidation of the sulf-
oxide complex is accompanied by S- to O-bound linkage isomerization.1244 When solutions of the
[Ru(OEP)(RR0S)2] complexes containing PhCO2H are exposed to O2 or air, the thioether ligands
are oxidized to sulfoxides. A possible mechanism for this process is discussed.1245 Heating
[Ru(OEP)(SCH2CH2)2] (SCH2CH2¼ ethylene sulfide) under vacuum leads to the formation of
[(OEP)Ru(�-S)Ru(OEP)], confirmed by a crystal structure determination.1246

The reaction of cis-carbonaldehydic methyl ester and pyrrole leads to the formation of the
D2-symmetric atropisomer of tetramethylchiroporphyrin, H2TMCP. The complex [Ru(TMCP)-
(CO)(EtOH)] has been prepared and its structure determined; the cyclopropyl substituents are
alternatively above and below the N4-containing ring. The complex enantioselectively binds chiral
aliphatic alcohols and the intermolecular interactions that lead to this recognition are
discussed.1247 The chiral recognition of amino esters1248,1249 and racemic benzylmethylphenylphos-
phine1250 by RuII picket-fence porphyrin complexes bearing �-methoxy-�-(trifluoromethyl)phe-
nylacetyl groups has also been reported. The preparations and structural characterization of
[Ru(TPP)(CO)(1-Meim)] and the pocket-porphyrinato complex [Ru(�-PocPivP)(CO)(1-Meim)]
have been described; the structural parameters have been compared with those of a range of related
complexes.1251 The protected pocket of [Ru(�-PocPivP)(CO)(H2O)] hosts the H2O axial ligand, and
hydrogen bonding between the guest molecule and amide O atom is observed in the solid-state
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structure of the complex.1252 In a related structural study, an axially bound H2O ligand in a
capped-porphyrinato RuII complex also resides in the sterically protected site, but in this case, the
important intermolecular interactions are between H2O and the aromatic �-system of the capping
unit.1252

A number of polynuclear porphyrin-containing RuII and OsII complexes have been reported.
These fall into three general types, although there is overlap between the categories: (i) systems
assembled by bridging [Ru(porph)] units via the axial ligand sites, (ii) [Ru(porph)] complexes
carrying peripheral metal-binding domains, or (iii) porphyrin ligands carrying peripheral RuII-
binding domains. Photochemical decarbonylation of [Ru(TBP)(CO)] (H2TBP¼ 5,10,15,20-
tetra(3,5-tert-butyl-4-hydroxyphenyl)porphyrin) in the presence of pyrazine or 4,40-azopyridine
results in oligomers consisting of Ru(TBP) units bridged by pyz or 4,40-azopyridine ligands (the
so-called ‘‘shish kebab’’ oligomers). Diiodine oxidizes the RuII centers, and intervalence transi-
tions between RuII and RuIII are observed in the near-IR region.1253 The electrochemical, two-
electron oxidation of [Ru(TPP)L2] (e.g., L¼ 4,40-bpy, (E)-1,2-bis(4-pyridyl)ethene, 4,40-azopyridine)
gives rise to ‘‘shish kebab’’ oligomers which differ from those formed by chemical oxidation.1254

Discrete dinuclear and trinuclear complexes which also contain diaza bridges have been
prepared: [(OEP)(CO)Ru(�-L)Ru(CO(OEP)],1255 [(OEP)(CO)Ru(�-pyz){Ru(CO(OEP)}(�-pyz)Ru-
(CO(OEP)],1256 and [(TPP)(CO)Ru(�-4,40-bpy){Ru(CO(TPP)}(�-4,40-bpy)Ru(CO(TPP)].1256 The
monomers [Ru(OPTAP)L2] (H2OPTAP¼ octaphenyl tetraazaporphyrin; L¼ py, pyz, 1,2,4,5-
tetrazine, tBuNC, 1,4-(NC)2-2,3,5,6-Me4C6) have been prepared and characterized. For L¼ pyz
and 1,2,4,5-tetrazine, heating solutions of [Ru(OPTAP) L2] at reflux results in the formation of
[L(OPTAP)Ru(�-L)Ru(OPTAP)L] and some oligomeric products. For L¼1,4-(NC)2-2,3,5,6-
Me4C6, insoluble polymers are formed on heating the monomer.1257 The reaction between
H2Py4P (5,10,15,20-tetra(4-pyridyl)porphyrin) and [Ru(TPP)(CO)(EtOH)] leads to substitution
of the EtOH ligands and the formation of [{(CO)(TPP) Ru}4(H2Py4P)] with each pyridyl group of
the H2Py4P acting as an axial ligand to a Ru(TPP)(CO) unit. The ZnII complex [{(CO)(TPP)-
Ru}4(ZnPy4P)] has also been prepared. The two complexes have box-like structures and the zinc
complex captures RuII(Me2SO) species into the cavity via S!Zn bond formation.1258 In related
chemistry, the direct reactions of a series of pyridyl porphyrins H2PynPh4�nP (n¼ 1–4) with
RuII(Me2SO) species have been studied.1259 Members of this series of porphyrins have been
used as building blocks to create assemblies with porphyrin units that are mutually perpendicular,
e.g., cis-[{Os(OEP)(CO)}2(H2Py2Ph2P)], trans-[{Os(OEP)(CO)}2(H2Py2Ph2P)], [{Os(OEP)(CO)}3-
(H2Py3PhP)], [{Os(OEP)(CO)}4(H2Py4P)],1260 and RuII analogs.1261 The crystal structure of
[Ru(OEP)(CO)(H2PyPh3P)] has been elucidated.1261 A similar methodology, but with RuII

coordinated within the pyridyl porphyrin, is used to construct cyclic tetramers such as
[{Ru(PyPh3P)(CO)}4],

1262 as well as cofacially arranged chain-like tetramers.1263 The cyclic
tetramer [{Ru(PyPh3P)(CO)}4] undergoes a photochemical substitution reaction in which each
CO is replaced by an H2PyT3P ligand (H2PyT3P¼ 5-(4-pyridyl)-10,15,20-tetra(40-methylphenyl)
porphyrin) thereby generating a Ru4(porph) core surrounded by four porphyrin ligands capable
of acting as metal-binding domains.1264 Ruthenium(II) porphyrin-centered complexes bearing
peripheral NiII or ZnII porphyrin groups have been prepared and used as building blocks for
the assembly of much larger arrays consisting of, for example, 21 porphyrin units.1265

Collman et al. have reported the syntheses, characterization, and properties (including magnetic
behavior, representative structural details, and resonance Raman spectroscopic data) of a range
of homo- and heterometallic porphyrin dimers and tetramers supported by metal–metal multiple
bonds: [Ru2(OETAP)2],

1266,1267, [Ru2(OEP)2],
1267 [Os2(OEP)2],

1267 [Os(OETAP)2],
1266 [(OEP)RuRu-

(OETAP)],1266 [(OEP)RuRu(OETAP)]þ,1266 [(OEP)OsRu(OETAP)],1266 [(OEP)MoOs-
(OEP)],1268,1269 [(OEP)MoRu (TOEP)],1268 [(OEP)MoRu(OEP)],1270 [(OEP)WRu(OEP)],1269

[(OEP) WOs(OEP)],1270 [(OEP)MoRu(TPP)]þ,1270,1271 [(OEP)MoOs(TPP)]þ,1269 [(OEP)WRu-
(TPP)]þ,1269 [Ru2(TPP)2]

þ,1272 and [(OETAP)Ru2(�-DPA)Ru2(OETAP)]1273 (H2OETAP¼
octaethyltetraazaporphyrin; H2TOEP¼ 5-(4-methylphenyl)-2,3,7,8,12,13,17, 18-octaethylporphy-
rin; H4DPA¼ 1,8-bis{5-(2,8,13,17-tetraethyl-3,7,12,18-tetramethyl)porphyrinyl}anthracene).

Ruthenium(II) complexes [Ru(313)XY] containing the tetraazaporphyrinogens (313) have been
prepared and characterized (X¼Y¼ py, pz, MeCN, PhCN, 4-MeOpy, 3-Mepyz, 3,5-Me2pyz;
X¼ dmso, Y¼H2O, py; X¼MeCN, Y¼ py). The dynamic behavior of these complexes in
solution has been investigated using variable-temperature 1H NMR spectroscopy.1274 Ligands
(314) are closely related to (313), and the properties and solution behavior of the complexes
[Ru(314)XY][PF6]2 (X, Y¼ dmso, MeCN, py, pz, or 3,5-Me2pz) have been compared to their
tetrapyrazole analogs.1275 Development of this work has led to the introduction of ferrocenyl
substituents into ligand (313).1276
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5.5.3.1.19 Complexes containing phthalocyanine ligands

Much of the work described in this section comes from the independent groups of Hanack and
Homborg. The bis(isocyanide) complexes [Ru(Pc)(CNR)2] (H2Pc¼ phthalocyanine; R¼ tBu,
Cy, Bz, Ph, 2,6-Me2C6H3) and their FeII analogs have been prepared and characterized, and
the effects of changing the metal ion on metal–ligand bonding have been assessed.1277 Aza-
naphthalene has also been introduced as an axial ligand in [Ru(Pc)L2] complexes.1278 The
reactions of phthalonitrile with [Ru2Cl3(PEt2Ph)6]Cl in the presence of DBU, and of [RuPc]
with PEt2Ph or PPh3 lead to the complexes [Ru(Pc)L2] where L¼PEt2Ph or PPh3.

1279 Molten
[Bu4N]X (X¼Cl, Br) reacts with [Ru(Pc)(py)2] to produce the [Bu4N]þ salts of [Ru(Pc)X2]

2� for
which spectroscopic and electrochemical data have been reported.1280 Halogen oxidation of
[Ru(Pc)X2]

2� (X¼Cl, Br, OH) yields the corresponding RuIII complexes. The values of
�eff¼ 2.48 and 2.56 �B for [Ru(Pc)Cl2]

� and [Ru(Pc)Br2]
2� respectively are consistent with

systems consisting of two independent spins, i.e., low-spin RuIII and Pc�.1281 Oxidation
of [RuII(Pc2�)(CO)X]� (X¼Cl, Br) is ligand-centered and produces [RuII(Pc�)(CO)X].1282

Carbon monoxide reduces [Ru(Pc)(OH)2]
� to the RuII complex [Ru(Pc)(CO)(H2O)], and

treatment of this with excess [Bu4N]X (X¼Cl, Br, I, NCO, NCS, N3) yields diamagnetic salts
of [Ru(Pc)(CO)X]�.1283 The compounds [Bu4N][Ru(Pc)(py)X] (X¼CN, N3, NCO, NCS, NO2)
can be prepared from [Bu4N]2[Ru(Pc)X2] in boiling pyridine; the crystal structure of [Bu4N]
[Ru(Pc)(py)(CN)] has been determined.1284 The complexes [Ru(Pc)(NO)X] (X¼F, Cl, Br, I,
CN, NCO, NCS, NCSe, N3, NO2) have been prepared starting from the bis(nitro) deriva-
tive.1285 Electrochemical studies of [Os(Pc)(CN)2]

2� and [Os(Pc)(py)2] in MeCN, dmf, and
aqueous solutions have been carried out.1286

Initial attempts to prepare the tetrakis(tert-butyl) derivative [Ru(tBu4Pc)] led to an impure
product from which, after treatment of pyridine, [Ru(tBu4Pc)(py)2] can be isolated. The adducts
[Ru(tBu4Pc)(2-pic)2], [Ru(tBu4Pc)(3-pic)2], [Ru(tBu4Pc)(4-pic)2] (pic¼ picoline), [Ru(tBu4Pc)(2,5-
lut)2], and [Ru(tBu4Pc)(2,6-lut)2] (lut¼ lutidine) have also been prepared and characterized.1287

The photophysical properties of [Ru(tBu4Pc)(py)2] have been investigated; the complex phosphor-
esces at room temperature.1288 The thermal decomposition of [Ru(tBu4Pc)L2] (L¼NH3, 3-Clpy)
proves to be a successful route to [Ru(tBu4Pc)].1289 Thermal loss of axial 3-Clpy ligands is also
observed from the complex [Ru{(Me3Si)4Pc}(3-Clpy)2] and allows the synthesis of [Ru{(Me3-
Si)4Pc}], which has been spectroscopically characterized.1290

The synthesis of [RuL] where H2L¼ 2,3-naphthalocyanine has been reported. Reactions with
suitable bridging ligands lead to oligomers, electrical conductivity data for which have been
compared with those of related compounds.1291 The tetrakis(tert-butyl) derivative [Ru (tBu4L)]
has been prepared by the thermal decomposition of the [Ru(tBu4L)(Lax)2] (Lax¼NH3, 3-Clpy).1289

The results of an EXAFS study of [Ru(Pc)] have been compared with those of [Ru(Pc)-
(BuNH2)2]. Data for [Ru(Pc)] confirm a dimeric structure.1292 This has been independently
confirmed from large-angle X-ray scattering studies.1293 The wide-angle X-ray scattering tech-
nique has been used to investigate the structure of [Os(Pc)], obtained from the bis(pyridine) adduct.
A dimeric structure is consistent with the data.1294 Vacuum pyrolysis of [Ru(R8Pc)(3-Clpy)2]
(H2R8Pc¼ octa-substituted H2Pc derivatives with R¼C5H11O, 2-ethylhexyloxy) leads to
[Ru(R8Pc)]. This reacts with 1,4-diisocyanobenzene or 1,4-diisocyano-2,3,5,6-tetramethylbenzene
(L) to produce oligomers in which the ligands L bridge between the RuII centers.1295 1,2,4-
Triazines (L) have also been used as bridging ligands in oligomeric complexes; the oligomeric
species [Ru(Pc)L]n show good semiconducting properties.1296
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5.5.3.1.20 Complexes containing aza-macrocyclic ligands

The azamacrocycle 1,4,7-triazacyclononane (tacn) and its tris(N-methyl) analog (Me3tacn) are
popular ligands in macrocyclic chemistry. Complexes of both MII and MIII (M¼Ru, Os) contain-
ing the tacn ligand are dealt with together in this section along with several dinuclear, M�M
bonded species.

The reaction of tacn with [Os2Br4(CO)2(PPh3)4] in the presence of a small amount of ZnCl2
leads to the formation of [Os(tacn)(CO)Cl(PPh3)]

þ as a minor product. The product was isolated
as the [ZnCl4]

2� salt and has been structurally characterized.1297 The crystal structures of the
ruthenium-blue complexes [Ru2(�-X)3(tacn)2][PF6]2�nH2O (X¼Cl, n¼ 4; X¼Br, n¼ 2; X¼ I,
n¼ 0) have been determined; structural parameters have been compared with those of the
analogous ammine complexes.1298 In [Ru(Me3tacn)Cl3], the Cl� ligands are readily substituted
by NCO�, NCS�, and N3

� in aqueous solution. The azido complex [Ru(Me3tacn)(N3)3] readily
converts to [Ru(Me3tacn)(N3)2(N2)].

1299 The preparation and crystal structure of
[Ru(Me3tacn)(bpy)(H2O)]2þ have been reported; the complex exhibits two reversible proton-
coupled one-electron redox processes assigned to the stepwise oxidation of RuII to RuIII to
RuIV.1300 The complexes [Os(Me3tacn)Cl3] and [Os(tacn)Cl3] have been prepared starting from
[Os2Cl8]

2�. Reaction of the tacn derivatives with triflic acid generates [LOs(�-Cl)3OsL]3þ

(L¼ tacn, Me3tacn). These OsIII–OsIII species are reduced to mixed valence complexes on treat-
ment with zinc amalgam in solution, and the latter can also be accessed electrochemically. Further
electrochemical reduction leads to the formation of the corresponding OsII–OsII species.1301 The
reaction of [RuIII(Me3tacn)Cl3] with 1,2-phenylenediamine, L, in aqueous solution in air yields
[RuII(Me3tacn)(L

0)(H2O)]2þ where L0 is the diimine ligand derived from L. At pH 12, this
is converted into [(Me3tacn)(L

0)RuII(�-H3O2)RuII(Me3tacn)(L
0)]3þ. Reactions of

[Ru(Me3tacn)(L
0)(H2O)]2þ with MeCN and N3

� result in replacement of the aqua ligand;
[Ru(Me3tacn)(L

0)(I)]þ can be obtained directly from [RuIII(Me3tacn)Cl3] by treatment with
L and I� in aqueous solution. Structural and electrochemical data are presented for the new
products.1302 The protonation of [Ru(tacn)H(LL0)] and [Ru(Me3tacn)H(LL0)] where
LL0 ¼ (PPh3)2, dppe or (CO)(PPh3), leads to [Ru(tacn)(H2)(LL0)]2þ and [Ru(Me3tacn)(H2)(LL0)]2þ

respectively. The acidities of these species have been investigated and compared with those of
corresponding complexes in which the azamacrocycle is replaced by [HBpz3]

� or Cp�.1303

1,4,8,11-Tetraazacyclotetradecane (cyclam) forms the complexes trans-[Ru(cyclam)Cl(L)]þ in
which L¼ 4-pic, py, isonicotinamide or 4-acetylpyridine; the precursor is trans-[RuCl2(cyclam)]þ.
The Cl� ligand in [Ru(cyclam)Cl(L)]þ is inert to substitution.1304 When an aqueous solution
of trans-[RuCl2(16-TMC)]þ (16-TMC¼ 1,5,9,13-tetramethyl-1,5,9,13-tetraazacyclohexadecane)
under N2 is reduced with Zn, the product is trans-[RuCl(N2)(16-TMC)]þ, confirmed by a struc-
ture determination.1305

The reaction of Li2(315) with [RuCl2(PPh3)3] results, after workup, in the formation of trans-
[Ru(315)(PPh3)2]. The crystal structure of the complex reveals a geometry for the macrocyclic
ligand that illustrates a distortion from the saddle-shaped structure found for the free H2(315)
ligand. At low temperature, the solution 31P NMR spectrum of [Ru(315)(PPh3)2] exhibits two
signals, consistent with the presence of major and minor isomers. The ability of [Ru(315)(PPh3)2]
to act as a catalyst for the hydrogenation and isomerization of hex-1-ene has been studied.1306 In
work that is related to that described at the end of Section 5.5.3.1.19,1275,1276 the syntheses and
complex formation of a series of unsymmetrical macrocyclic ligands have been described. Repre-
sentative members of the group of ligand groups are (316) and (317), and each reacts with
[RuCl2(dmso)4] to give an [RuLCl2] complex.1307

5.5.3.1.21 Complexes with miscellaneous N-donor heterocyclic ligands

This section covers RuII and OsII complexes of a number of N-heterocyclic ligands that were not
readily included in previous sections. There is some overlap with coverage in Section 5.5.3.1.1.

The ligand pyrazin-2-yl 2-pyridyl sulfide (L) has been prepared and its reactions with
[Ru(bpy)2(NO)(NO2)]

2þ, [Ru(dps)2(NO)(NO2)]
2þ, and cis-[Ru(dps)2Cl2] (dps¼ di(2-pyridyl) sul-

fide) studied. In each of the products [Ru(bpy)2(L)(NO2)]
2þ, [Ru(dps)2(L)(NO2)]

2þ, and
[Ru(dps)2(L)Cl]þ, L is monodentate and has the potential to act as a bridging ligand as is
observed in [(bpy)2Ru(�-L)Ru(bpy)2(NO2)]

3þ, for example.1308 The carbazole ligand (318) has
been incorporated into the complexes [Ru(318)(NH3)5]

2þ and [Ru(318)(bpy)(tpy)]2þ in which
(318) binds through the pyridine N-donor. The ground-state electronic properties of the
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complexes have been investigated using electrochemical and UV–vis spectroscopic methods. The
fluorescence of the carbazole unit is reduced on complex formation.1309 The 2,3-dpp ligand (88)
forms the complex [Ru(2,3-dpp)(CN)4]

2�, the spectroscopic properties of which indicate that, in
these types of complexes, 2,3-dpp possesses �-acceptor properties partway between those of bpy
and bpz. The mixed-valence complex [(CN)4Ru(�-2,3-dpp)Ru(CN)4]

3� has also been prepared
and exhibits a weak interaction between the Ru centers.1310

N N
H

(318)

The basicity of the non-coordinated pyrazine N atom in the complexes [Ru(pyz)(NH3)5]
2þ and

[Ru(pyz)(CN)5]
3� has been probed by DFT methods. For a representation of behavior in solu-

tion, solvent effects were modeled using a self-consistent reaction field Onsager model.1311 The
reaction of 2,6-Me2pyz with [RuCl2(dmso)4] leads to the formation of a mixture of geometrical
isomers of [RuCl2(dmso)2(2,6-Me2pyz)2]. The more stable isomer of the two formed possesses cis-
Cl, cis-dmso and trans-2,6-Me2pyz ligands.1312

Pyrazole complexes of type [RuCl2(pz)(dmso-S)3] and [RuCl2(pz)2(dmso-S)2] have been synthe-
sized and characterized spectroscopically and crystallographically. The complexes react with a
range of species including CO, NOþ, and H�.1313

Benzotriazole (Hbta) reacts with [MH(Cl)(CO)(PPh3)3] (M¼Ru, Os) to yield isomers of
[MH(Cl)(Hbta)(CO)(PPh3)2]. Starting from [M(H)2(CO)(PPh3)3], the reaction with Hbta produces
[MH(bta)(Hbta)(CO)(PPh3)2] for which a crystal structure has been determined for M¼Os. The
bta� Hbta ligands are mutually cis and are associated by hydrogen bonding.1314,1315 The reactions
of [Ru(dmf)6]

3þ with imidazole, N-methylimidazole, and 5-methylimidazole (L) lead to the for-
mation of [RuL6]

2þ; with 2-methylimidizaole, it was possible to isolate trans-[Ru(CO)(dmf)-
(2-Meim)4] (from which CO is readily lost) in which the CO ligand originates from dmf.
Structural data are presented for [Ru(im)6][CF3SO3]2, [Ru(1-Meim)6][CF3SO3]2, and [Ru(5-
Meim)6][CF3SO3]2.

1316 A series of RuII complexes involving 1,3-thiazole (thz) and anti-leukaemia
drug thiopurines has been reported; these include [RuCl2(PPh3)2(thz)2], [RuCl2(PPh3)(thz)3] (for
which the crystal structure was determined), [Ru(H2L)2(PPh3)(thz)]

2þ (HL¼ purine-6-thione), and
[Ru(H2L

0)2(PPh3)2]
2þ (H2L

0 ¼ purine-6-thione, purine-2-amino-6-thione, purine-6-thione 20,30,50-
tri-O-acetylriboside).1317

5.5.3.1.22 Interactions of ruthenium(II) complexes with DNA and related work

Interest in the interactions between DNA and RuII complexes such as [Ru(phen)3]
2þ has led to a

large number of publications between the mid-1980s and 2002. Severe page constraints on this
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review mean that is not possible to provide a fully comprehensive survey of this area. However, it
is hoped that the discussion that follows will give the reader an appropriate entry into the
literature. Chiral polypyridyl complexes of, for example, RuII find wide use as probes of DNA
structure. The exact mode of binding between ligand/complex and DNA is, however, open to
much discussion concerning nonintercalative vs. intercalative interactions. This is well illustrated
by the results reported in this section. A highly pertinent review looks at the applications of
phen and its derivatives in, for example, the chiral recognition of DNA and the development of
DNA assays.1318

Before looking at individual complexes and models, we focus on some work of general
significance. One particularly interesting step forward into probing ligand–DNA binding is the
use of scanning force microscopy (SFM). Using [Ru(phen)3]

2þ as the test complex, it is concluded
that [Ru(phen)3]

2þ binds to duplex nucleic acids through nonintercalative modes.1319 One recent
method for the site-specific incorporation of polypyridyl complexes into oligonucleotides applies
automated phosphoramidite chemistry. [M(3-ethynyl-phen)(bpy)2]

2þ (M¼Ru, Os) units are cova-
lently linked via the terminus of the ethynyl substituent to 20-deoxyuridine residues (see also
refs. 1359, 1360). This provides a route to metal-containing phosphoramidites with predetermined
absolute configuration at the MII center which can be used in the preparation of diastereomeri-
cally pure MII-containing DNA oligonucleotides.1320,1321 Molecular modeling calculations that
allow for solvent effects have been applied to the interactions between �- and �-[Ru(phen)3]

2þ

and DNA. For both optical isomers, the lowest-energy binding geometry places one phen ligand
in the major groove, but is not intercalated. Significantly, the results show that positioning
�-[Ru(phen)3]

2þ with two phen ligands in the major groove gives a state that is energetically similar
to that with one phen ligand in the groove. This is, however, not the case for �-[Ru(phen)3]

2þ.
Complex binding in the minor groove results in no energetic preference over external electrostatic
binding.1322 When �-[Ru(phen)3]

2þ binds in the major groove of DNA, molecular mechanics
calculations indicate that there is a preference for interactions involving purine-30,50-pyrimidine
rather than pyrimidine-30,50-purine sites.1323 Using a new parameter set at the semi-empirical
INDO level, geometry optimizations have been carried out on a large number of RuII complexes
including phen-containing species. DNA-binding of [Ru(phen)2(98)]

2þ (98¼ dipyrido[3,2-a:20,30-
c]phenazine) has been modeled using a complex of [Ru(phen)2(98)]

2þ with poly(dA-dT).1324

The remaining part of this section is organized by metal-bound ligand, e.g., phen, bpy,
phenazine derivatives. The crystal structure of [Ru(4,7-Ph2phen)3]Cl2 was determined and the
structural details used to propose a model for the binding of �-[Ru(4,7-Ph2phen)3] to right-
handed DNA.1325 The results of equilibrium binding studies have shown that both �- and
�-[Ru(phen)3]

2þ bind only weakly to DNA (K¼ (4.9� 0.3) 104 for � and (2.8� 0.2) 104 for
�-isomer, 293K). The conclusion of this work is that electrostatic interactions are dominant, and
viscosity data support the lack of intercalation.1326 In a related study, competition dialysis was
used to probe the preferences for the �- and �-isomers of [Ru(phen)3]

2þ for binding to right-
handed (B-form) and left-handed (Z-form) DNA. The results do not suggest that there is any
significant selectivity.1327 Little enantioselectivity is also observed in the interactions of �- and
�-[Ru(4,7-Ph2phen)3]

2þ with the B-form of DNA.1328 NMR spectroscopic techniques have
advanced dramatically over the past 20 years, and a 2D NMR investigation of the binding of
[Ru(phen)3]

2þ to the decanucleotide duplex [d(CGCGATCGCG)]2 was reported in 1992. The
data indicate that both �- and �-[Ru(phen)3]

2þ interact with the AT region of the minor groove
in a nonintercalative mode.1329 Extension of this work using NOESY spectroscopy supports these
conclusions.1330 Absorption, linear dichroism (LD), and circular dichroism (CD) spectroscopies
and molecular modeling have been used to probe the interactions of �- and �-[Ru(phen)3]

2þ,
[Ru(4,7-Me2phen)3]

2þ, [Ru(5,6-Me2phen)3]
2þ, and [Ru(3,4,7,8-Me4phen)3]

2þ with DNA, poly(dA-
dT)2, and poly(dG-dC)2. The conclusions reached are that the binding mode depends on the
enantiomer, the DNA base sequence, and the phen substituents; concentration effects are also
discussed.1331 The results of studies into the binding of �- and �-[Ru(phen)2(phi)]

2þ and
[Ru(bpy)2(phi)]

2þ with a number of duplex polynucleotides including calf thymus DNA have
led to the conclusions that the phi ligands are intercalated between the base pairs of the poly-
nucleotides and that DNA exhibits chiral discrimination.1332

The phen derivatives (319) and (320) contain intramolecular hydrogen bonds, and have been
incorporated into the complexes [Ru(319)(bpy)2]

2þ and [Ru(320)(bpy)2]
2þ. Spectroscopic methods

and viscosity data have been used to investigate the interactions between these species and calf
thymus DNA. It is proposed that binding of [Ru(319)(bpy)2]

2þ involves the intercalation of ligand
(319) between the base pairs of DNA; partial intercalation is proposed for
[Ru(320)(bpy)2]

2þ.1333,1334 The length of the spacer in the bridging ligand (321) in [(phen)2Ru(�-321)
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Ru(phen)2]
4þ influences the binding of the complex to double-stranded DNA,1335 and it is found

that the related complex [(bpy)2Ru(�-321)Ru(bpy)2]
4þ (n¼ 5 or 7 in (321)) binds more strongly to

DNA and shows enhanced photocleavage properties than [Ru(bpy)3]
2þ or [Ru(bpy)2(4,4

0-
Me2bpy)]

2þ.1336,1337 1,4-Aryl diazopentane-2,4-diones, H2L, have been prepared along with the
RuII complex [(phen)2Ru(�-L)Ru(phen)2]

2þ. Luminescence and UV–vis spectroscopic properties
of this complex and the results of studies of its interactions with DNA have been reported.1338
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N N
H

N
OH

N

N N
H

N
OH

N
N

Me

(CH2)n N
N
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(319) (320) (321)   n = 5, 7, 10

The complexes [Ru(bpy)2(322)]
2þ and [Ru(tap)2(322)]

2þ (tap¼ 102) containing the phen deri-
vative, (322), have been prepared and characterized; protonation and deprotonation of the
quinoline unit causes unfolding and folding of the complexes. This phenomenon is discussed in
terms of the interactions with DNA,1339 and the interaction of [Ru(bpy)2(322)]

2þ with DNA has
been studied using luminescence and absorption spectroscopies.1340 [Ru(tap)2(322)]

2þ and
[Ru(tap)2(phen)]

2þ have been tested as photoprobes of DNA; when [Ru(tap)2(322)]
2þ binds to

DNA, an emission enhancement of 16–17 times is observed, and the emission depends on the
guanine content of the polynucleotide to which the complex binds.1341 A series of complexes
[Ru(bpy)2(323)]

2þ has been synthesized and characterized. Their interactions with DNA lead to
increased emission lifetimes. It is proposed that the complexes bind to DNA through intercala-
tion.1342–1344 DNA-binding studies have also been carried out with [Ru(bpy)2L]2þ where L¼ (323)
with R¼ 2-ClC6H4 or 2-O2NC6H4. Here, data indicate that the complexes bind through a partial
intercalative mode which differs from that suggested for the binding of [Ru(bpy)2(323,
R¼H)]2þ.1345 Ligand (324) has been prepared and characterized, along with the complexes
[Ru(bpy)2(324)]

2þ and [(bpy)2Ru(�-324)Ru(bpy)2]
4þ. Spectrophotometric and viscosity measure-

ments have been used to show that [Ru(bpy)2(324)]
2þ binds to DNA through intercalation,

whereas electrostatic interactions are involved in binding [(bpy)2Ru(�-324)Ru(bpy)2]
4þ to

DNA.1346
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R = H, Ph, 4-ClC6H4, 
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       4-MeOC6H4, 4-Me2NC6H4

(323) (324)

The interactions of the complexes �- and �-cis-�-[Ru(phen)(picchxn)]2þ, where
picchxn¼N,N 0-dimethyl-N,N 0-di(2-picolyl)-1R,2R-diaminocyclohexane, with [d(CGCGAT
CGCG)]2 have been investigated by NMR spectroscopy. It is shown that binding occurs in the
minor groove, but that the interactions differ for the different forms of the complex.1347 Studies of
closely related systems have been independently reported. Results for the interaction of �-cis-�-
[Ru(dpq)(picchxn)]2þ (dpq¼ dipyrido[3,2-f:20,30-h]quinoxaline) with [d(CGCGATCGCG)]2
suggests minor-groove intercalation at the GA base site. For the binding of �-cis-�- and �-cis-
�-[Ru(phi)(picchxn)]2þ, binding in the major groove is proposed.1348

Stereoselective covalent binding to DNA was observed in a study that involved the complexes
[Ru(phen)2(H2O)2]

2þ, [Ru(phen)(tpy)(H2O)]2þ, [Ru(bpy)(tpy)(H2O)]2þ, [Ru(bpy)2(H2O)2]
2þ,

[Ru(phen)2(H2O)2]
2þ, [Ru(phen)2(py)(H2O)]2þ, and [Ru(tmen)(tpy)H2O)]2þ (tmen¼N,N,N 0,
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N 0-tetramethylethylenediamine).1349 Differences in the ability of [Ru(bpy)3]
2þ, [Ru(bpz)3]

2þ and
cis-[Ru(bpy)2Cl2] to photosensitize DNA damage have been assessed.1350 The complexes
[Ru(bpy)2L]2þ and [Ru(phen)2L]2þ (L¼ Schiff bases or phenylhydrazones derived form 4,5-diaza-
fluoren-9-one) have been prepared; it is proposed that their modes of binding to DNA involve
electrostatic interactions, and nonintercalative and intercalative modes depending on the overall
shape of each complex.1351 Changes to the 1H NMR spectra of �,�- and �,�-[(4,40-
Me2bpy)2Ru(�-bpm)Ru(4,40-Me2bpy)2]

4þ upon addition to [d(CAATCCGGATTG)]2 have been
investigated, along with NOESY and nOe studies. The results indicate that the complex binds into
the minor groove of DNA, but that steric effects limit the possible sites of binding.1352 Intramo-
lecular quenching of the excited state of [Ru(bpy)2L]2þ (L¼ 2,20-bipyridine-5-carboxamide linked
to a 1,4,5,8-naphthalene diimide acceptor) has been studied in the absence or presence of DNA.
The diimide group intercalates into DNA. Significantly, the interaction with DNA does little to
alter the electron transfer within the complex.1353

A number of bpy-containing systems have involved nucleobases and are included in this
section. For example, derivatives of [M(4,40-tBu2bpy)2(bpy)]

2þ (M¼Ru or Os) carrying cytosine
or guanine nucleobases on the bpy ligand have been prepared and their ability to interact through
complementary base-pairing has been studied. Photoinduced energy transfer from Ru to Os is
observed for the Ru(cytosine)–(guanine)Os base-pair.1354 The work has been extended to include
adenine–thymine base pairs, but there is significantly less association between the Ru(adenine)
and Os(thymine) complexes than between Ru(cytosine) and Os(guanine) species.1355 Structural
data for adenine and thymine-containing [M(bpy)2L]2þ and [M(4,40-tBu2bpy)2L]2þ (L is a bpt
ligand with pendant nucleobase) have provided insight into adenine-protonated adenine (Watson–
Crick type) and thymine–thymine (Hoogsteen type) hydrogen-bonded interactions.1356 Hydrogen-
bonded interactions between 20,30-isopropylidine adenosine and [Ru(tpy)2]

2þ derivatives bearing a
thymine group have also been investigated.1357 9-Methyladenine (9-MeAde) acts as an N,N 0-
chelate in the complexes [Ru(bpy)2(9-MeAde)]2þ and [Ru(218)2(9-MeAde)]2þ (218¼ 2-phenylazo-
pyridine), and 1H NMR spectroscopic data reveal that the 9-MeAde ligand is present as the imino
tautomer.1358

Earlier, we described the development of automated phosphoramidite chemistry with respect to
DNA-binding studies.1310,1321 By using an automated synthesizer, three RuII-containing
oligonucleotide conjugates with complementary arms have been prepared. Molecular modeling
studies show that these oligonucleotides may form low-energy hairpin conformations. Studies of
emission lifetimes and quantum yields illustrate that the presence of the nucleobases adjacent to
the Ru(bpy)3

2þ unit has little effect on the photophysical properties of the complexes.1359 Large-
scale syntheses of [Ru(bpy)2L]2þ (L¼ 20-iminomethylpyridyl-20-deoxyuridine) containing oligonu-
cleotides has been achieved; as in the previous example, the presence of the nucleobases do not
significantly alter the emission properties of the Ru(bpy)3

2þ unit.1360 The synthesis of the
20-deoxyuridine derivative (325) has been reported, and the complex exhibits an 3MLCT excited
state lifetime of 1300 ns.1361
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DNA-binding studies involving RuII tpy complexes included a study of the interactions
between [Ru(phen)(tpy)(H2O)]2þ, [Ru(bpy)(tpy)(H2O)]2þ, and [Ru(tmen)(tpy)H2O)]2þ

(tmen¼N,N,N 0,N 0-tetramethylethylenediamine) and DNA.1349 The addition of DNA to solutions
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of these complexes results in a significant decrease in current for the RuIV/RuIII and RuIII/RuII

couples, consistent with complex-DNA binding; the results of an investigation of the electro-
catalytic cleavage of DNA are presented.1362 Binding to DNA by [Ru(tpy)(bpy)(H2O)]2þ and
[Ru(tpy)(phen)(H2O)]2þ results in enhancement of their emission in fluid solution; solutions of
[Ru(tpy)(dppz)(H2O)]2þ (dppz¼ dipyridophenazine, (98)) are not emissive but become so when
the complex binds to DNA. Each complex is able to bind to DNA by the replacement of the aqua
ligand by a donor in DNA.1363

The complex [Ru(tpy)Cl3] binds to DNA, and is active as a cytostatic in L1210 leukemia cells.
Its activity lies between those of cisplatin and carboplatin. Model complexes [Ru(tpy)L(H2O)]2þ

in which L¼ 9-ethylguanine or 9-methylhypoxanthine, have been prepared and characterized
using 1H NMR spectroscopy.1364 Proton NMR spectroscopy has been applied to a study of
hydrogen bonding between 20,30-isopropylidine adenosine and [Ru(tpy)2]

2þ derivatives bearing a
thymine group.1346

A number of binding studies involve RuII or OsII complexes containing the hat (101) and tap
(102) ligands. The efficiency of electron transfer between photoexcited [Ru(tap)2(hat)]

2þ or
[Ru(phen)3]

2þ and a range of cationic quenchers increases in the presence of sodium poly(dA-
dT)�poly(dA-dT) or DNA. Reasons for this enhancement are discussed.1365 Luminescence
quenching of [Ru(tap)3]

2þ by nucleotides is found to approach the diffusion rate when the
nucleotide is guanosine-50-monophosphate (GMP),1366 and the rate of quenching1367 by GMP of
the excited states of hat and tap-containing RuII complexes depends on the reduction potential of
the excited-state complex. The excited state of, for example, [Ru(tap)3]

2þ, is oxidizing enough to
remove an electron from guanine in DNA. Photoinduced electron transfer from guanine to the
RuII complex is crucial to photoadduct formation between [Ru(tap)3]

2þ and DNA in which
covalent bond formation occurs between atom N(2) of guanine and one tap ligand in the complex.
The proposed mechanism involves (i) initial oxidation of guanine by the excited state of the RuII

complex, (ii) Hþ transfer, (iii) coupling of the radicals formed, and (iv) loss of two H atoms to give
[Ru(tap)2(2-tap-GMP)].1368 A related adduct is formed between [Ru(tap)2(bpy)]

2þ and a guanine
residue in DNA.1369 The dinuclear complex [(tap)2Ru{�-bistap}Ru(tap)2]

4þ (bistap¼ 2,20-
bis(1,4,5,8-tetraazaphenanthrene)) has been isolated from the photoreaction of [Ru(tap)3]

2þ in
the presence of GMP.1370 Comparisons have been made between the absorption spectroscopic,
and luminescence and electrochemical properties of [Os(tap)3]

2þ (which is photostable),
[Ru(tap)3]

2þ, and [Os(phen)3]
2þ. The emission from the excited state of [Os(tap)3]

2þ is quenched
in the presence of GMP; photoinduced electron transfer occurs leading to adduct formation.1371

Phenanthrolino[5,6-b]-1,4,5,8,9,12-hexaazatriphenylene (167) is related to the ligand hat. The
excited state of [Ru(phen)2(167)]

2þ does not luminescence in aqueous solution, but does so upon
binding to DNA; intercalation into DNA involves ligand (167). The excited state of
[Ru(phen)2(167)]

2þ can remove an electron from GMP, but no photoadduct is formed.1372

Ligands (326) and (327) are structurally similar to (167). [Ru(bpy)2(326)]
2þ and [Ru(bpy)2(327)]

2þ

have been prepared and characterized, and DNA binding studies indicate that both complexes
bind enantioselectively through intercalation, the latter being more effective for the planar ligand
(326) than for the diphenyl derivative (327).1373 Acetonitrile solutions of [Ru(bpy)2(328)]

2þ and
[Ru(phen)2(328)]

2þ exhibit strong luminescence, although aqueous solutions are only weakly
luminescent, and solutions (MeCN or aqueous) of [Ru(2,9-Me2phen)2(328)]

2þ are nonluminescent.
Each complex binds to DNA, [Ru(bpy)2(328)]

2þ and [Ru(phen)2(328)]
2þ through an intercalative

mode and [Ru(2,9-Me2phen)2(328)]
2þ via nonintercalation.1374
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The interactions between each of the stereoisomers of [(phen)2Ru(�-hat)Ru(phen)2]
4þ and

GMP and adenosine-50-monophosphate (AMP) have been investigated,1375 and the effects on
the photophysical properties of this complex of the presence of mono- and polynucleotides have
been examined. Strong ion pairs are formed between [(phen)2Ru(�-hat)Ru(phen)2]

4þ and GMP or
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AMP. Luminescence studies indicate that this diruthenium complex is a good photoprobe for
denatured DNA, there being significant emission enhancement not observed with normal calf-
thymus DNA.1376 Ruthenium(II)-labeled oligonucleotides have been assembled using
[Ru(tap)2(4,7-Ph2phen)]

2þ connected to a nucleotide base, and bind to complementary single-
stranded DNA. Observed luminescence quenching is attributed to photoinduced electron trans-
fer1377,1378 from guanine to tap, from which photoproducts result with concomitant cross-linking
of oligonucleotide strands.1378

The pyrazine derivative (329) is related to 2,3-dpp (88), but whereas (329) is constrained to
being rigidly planar, 2,3-dpp is not. In a study that looks at the effects of ligand planarity on the
binding of [Ru(bpy)2L]2þ to DNA, there is evidence for intercalative binding when L¼ (329) but
not when L¼ 2,3-dpp. An intercalative mode is also proposed for the complex [(bpy)2Ru(�-329)-
PtX2]

2þ, although significant perturbation of the DNA backbone is caused by the steric demands
of the bridging (vs. mono-chelating) ligand (329).1379 Both enantiomers of [Ru(bpy)2(329)]

2þ

bind to DNA, and the results of absorption, fluorescence, and resonance enhanced Raman
spectroscopic studies are consistent with binding within the major groove.1380 More generally,
studies with RuII dipyridophenazine complexes have led to the conclusion that resonance Raman
spectroscopy is an effective probe for the interactions between such complexes and DNA,1381 and
examples have involved [Ru(phen)2(dppz)]

2þ,1382,1383 and [Ru(tap)2(dppz)]
2þ (dppz¼ dipyrido-

phenazine, 98).1384 Ruthenium(II) complexes containing the dppz ligand (98) have been investi-
gated in detail with respect to DNA binding and development of molecular ‘‘light switches’’, i.e.,
emission enhancement associated with binding. In the last part of this section, we focus on this
group of complexes.
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The complex [Ru(bpy)2(dppz)]
2þ does not exhibit detectable photoluminescence in aqueous

solution, but luminesces strongly when it binds to DNA, the enhancement of luminescence being
�104.1385 [Ru(phen)2(dppz)]

2þ behaves likewise, and a series of other dppz complexes has been
investigated to assess the extent of these effects.1386 The complex [Os(phen)2(dppz)]

2þ acts as a
red-emitting DNA probe,1387 and a number of complexes of type [Os(dppz)(L)(L0)]2þ, where L
and L0 are bpy, phen, or derivatives thereof, emit at �� 740 nm on binding to DNA with excited-
state lifetimes around 10 ns.1388 The range of techniques used to investigate the binding of
[Ru(phen)2(dppz)]

2þ to DNA has included fluorescence and absorption spectroscopies, isothermal
titration calorimetry, viscosity measurements,1389 and NMR spectroscopy1390–1393 (see below).
The interactions of �- and �-[Ru(phen)2(dppz)]

2þ with DNA have been examined using LD
spectroscopy, and the results are consistent with both enantiomers binding by intercalative
modes.1394,1395 Deuteration of selected ligands in [Ru(phen)2(dppz)]

2þ has been used to simplify
1H NMR spectra and aid in the analysis of variable-temperature spectra obtained for the
�-[Ru(phen)2(dppz)]

2þ/[d(GTCGAC)]2 system. The data have been used to argue in favor of
major-groove binding.1390 In contrast, 1H NMR spectroscopic data including NOESY and nOe
results for the �-[Ru(2,9-Me2phen)2(dppz)]

2þ/[d(GTCGAC)]2 system are consistent with inter-
calation into the minor groove of this duplex.1391 A 1H NMR spectroscopic investigation of the
interactions between [Ru(phen)3]

2þ, [Ru(phen)2(dpq)]
2þ (dpq¼ 2,3-bis(2-pyridyl)quinoxaline),

and [Ru(phen)2(330)]
2þ and oligonucleotides also support binding in the minor groove. Details of

the interactions are addressed using molecular modeling.1392 Photophysical data have been pre-
sented that are consistent with the intercalation of [Ru(phen)2(dppz)]

2þ into the minor groove of
DNA. The results also show that biexponential decay accompanies the binding of �- or �-forms
of [Ru(phen)2(dppz)]

2þ to any sequence of nucleic acids, and it is concluded that the interaction of
[Ru(phen)2(dppz)]

2þ with nucleic acids is more complex than binding of a simple intercalator.1396

The ‘‘light switch’’ effects of [Ru(phen)2(dppz)]
2þ, [Ru(phen)2(dppz)]

2þ, and related complexes
depend on the lack of a detectable luminescence in aqueous solutions. The emission of
[Ru(phen)2(dppz)]

2þ in water and in mixtures of water and acetonitrile has been studied in detail.
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In water, there is an initial emission arising from a typical MLCT excited state; the very low
quantum yield is due to the efficient formation of another MLCT state followed by its radiation-
less decay.1397 An investigation of the photoluminescence of [Ru(phen)2(dppz)]

2þ in a variety of
nonaqueous solvents (with and without DNA present) shows that solvent polarity is a crucial
factor in determining luminescence lifetimes.1398 Binding constants have been measured for the
interaction of [Ru(phen)2(dppz)]

2þ with a range of oligonucleotides, and an intercalated mode is
proposed for all examples studied; relationships between oligonucleotide structure (‘‘straight’’,
‘‘kinked’’, and ‘‘bent’’) and mode of interaction are discussed.1399 DNA-binding studies by the
same researchers have been extended to [Ru(NH3)4(dppz)]

2þ.1400

Binding studies for a number of complexes related to [Ru(phen)2(dppz)]
2þ have also been

reported. Evidence for an intercalative binding mode for [Ru(phen)2(7,8-Me2dppz)]
2þ in DNA

comes from fluorescence and UV–vis spectroscopic data in which it is observed that [Fe(CN)6]
4�

and NaCl do not quench the fluorescence of the bound complex.1401 The complex
[Ru(331)2(dppz)]

2þ has been prepared and characterized, and a binding constant of 2.1 107

has been determined for its interaction with DNA.1402 The ligand dppz possesses an extended
�-system, and, therefore, complexes related to [Ru(bpy)2(dppz)]

2þ and [Ru(phen)2(dppz)]
2þ in

which the non-bpy ligand also has an extended �-system are of interest in terms of their
luminescent and DNA light-switch effects. Ligands (332) and (333) have been chosen as two
examples of such ligands. The photophysical properties of [Ru(bpy)2(332)]

2þ and [Ru(bpy)2-
(333)]2þ are significantly different. While [Ru(bpy)2(332)]

2þ is reminiscent of [Ru(bpy)3]
2þ, it

does, nonetheless, show an enhanced luminescence quantum yield in the presence of DNA.
Spectroscopic data are consistent with ligand (333) in [Ru(bpy)2(333)]

2þ binding to DNA.1403

The dinuclear complex [(phen)2Ru(�-334)Ru(phen)2]
4þ binds strongly to DNA, and different

binding geometries have been proposed for the �,�- and �,�-isomers. The �,�- and �,�-
[(bpy)2Ru(�-334)Ru(bpy)2]

4þ complexes also bind strongly, but in a similar manner to each
other.1404 The interactions of [(bpy)2M(�-dpb)PtCl2]

2þ (M¼Ru or Os) with DNA have been
investigated and results are consistent with binding of the complexes inducing a significant
perturbation to the conformation of DNA.1405,1406 The synthesis and characterization of the
complexes [Ru(phen)3�nLn]

2þ (L¼ 6,7-dicyanodipyrido[2,2-d:20,30-f]quinoxaline, n¼ 1–3) have
been described. The complexes bind quite strongly to DNA, and [Ru(phen)2L]2þ and
[Ru(phen)L2]

2þ (but not [RuL3]
2þ) act as ‘‘light-switches’’ for DNA.1407

N

N

N

H
N

N

N
R

R
N

N

N

N
N

N

N

N

(331) (332)   R = H
(333)   R = CN

(334)

Dynamic quenching of the MLCT excited state of [Ru(phen)2(dppz)]
2þ by Hþ transfer in

MeCN solution occurs for proton donors with pKa values in the range 4.7–15.7. Comparisons
of the quenching have been made in the presence and absence of DNA.1408 The addition of
Cu2þ to DNA-bound [Ru(bpy)2L]2þ (L is the phenazine derivative (167)) leads to lumines-
cence quenching. This is explained in terms of complexation of Cu2þ with the vacant coord-
ination site of L in [Ru(bpy)2L]2þ. Formation of the [Ru(bpy)2L]2þ/Cu2þ complex in the
presence of DNA is proposed to place one metal center in the major groove and one in the
minor groove.1409

LD spectra of �- and �-[Ru(phen)2(dppz)]
2þ intercalated in DNA are very different and this is

rationalized in terms of deviations from the idealized intercalation geometry. LD spectroscopic
data for intercalated meso-, �,�-, and �,�-[(phen)2Ru(�-335)Ru(phen)2]

4þ indicate that the
Ru(phen)2(dppz)-like units bind in similar orientations to the mononuclear complexes. Formation
of the intercalated species must involve threading of the [(phen)2Ru(�-335)Ru(phen)2]

4þ complex
through the DNA strands.1410
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Studies involving [Ru(phen)2(dppz)]
2þ tethered to oligonucleotides include work from Barton

et al. in which the phen ligands are replaced by 5-(glutaric acid monoamide)-1,10-phenanthroline
(phen0). A 15-mer functionalized with a hexylamine at its 50-terminus is then coupled to
[Ru(phen0)2(dppz)]

2þ. When the complementary oligonucleotide strand is added, the system
luminesces, consistent with intercalation of the [Ru(phen0)2(dppz)]

2þ complex into the helical
oligonucleotide assembly.1411 Studies have also been made of [Ru(phen)2(dppz)]

2þ tethered
to the 30 or 50-terminii or a middle site of oligodeoxyribonucleotide.1412,1413 The preparation
and characterization of [Ru(phen)(336)(dppz)]2þ have been described. Conversion of
[Ru(phen)(336)(dppz)]2þ to the corresponding phosphonate [Ru(phen)(337)(dppz)]2þ provides a
complex that can be readily coupled to the 50-terminus of an oligonucleotide, and the isolation of
enantiomerically pure �- and �-RuII-labeled oligonucleotides, and the results of studies with
these systems, have been reported.1414

The emission spectrum of [Os(phen)2(dppz)]
2þ is red-shifted with respect to the RuII analog.

The photoinduced electron transfer between DNA-bound �-[Os(phen)2(dppz)]
2þ and

�-[Rh(phi)2(bpy)]
3þ has been investigated, and comparisons are made between the behaviors of

the complexes [M(phen)2(dppz)]
2þ for M¼Os and Ru.1415 Electron transfer between DNA-

bound [M(phen)2(dppz)]
2þ and [Rh(phi)2(bpy)]

3þ (an intercalated acceptor) or [Rh(NH3)6]
3þ

(an externally bound acceptor) has been investigated using different oligonucleotide sequences.
The two RhIII acceptors exhibit different quenching behaviors. The most efficient quenching by
[Rh(phi)2(bpy)]

3þ is observed for AT-only oligonucleotides, whereas high efficiencies for
[Rh(NH3)6]

3þ are observed when the DNA polymers consist of GC-only sequences.1416

Designing potential DNA intercalators has led to an investigation of a series of
[Ru([9]aneS3)LCl]þ complexes where L is a didentate polypyridyl ligand. Structural data for the
complexes are discussed in terms of hydrogen-bonded interactions and �-stacking between
extended aromatic systems, e.g., dppz and 4,7-Ph2phen.

1417

5.5.3.1.23 Complexes as models for Photosystem II

Two pertinent reviews cover the applications of ruthenium polypyridine complexes as photosen-
sitizers in biomimetic models for Photosystem II (PSII).1418,1419 Scheme 2 summarizes a proposed
pathway for photoinduced electron transfer in a model Ru(bpy)3

2þ�MnII system in the presence
of MV2þ. The RuIIMnII complex was prepared by treating [Ru(bpy)2(4-MebpyCH2CH2bpy-
4-Me)]2þ with MnCl2. Compared to that in [Ru(bpy)2 (4-MebpyCH2CH2bpy-4-Me)]2þ

(� ¼ 980 ns), the emission in the Ru(bpy)3
2þ–MnII complex was significantly quenched

(� ¼ 260 ns).1420 This system (reported to be the first in which an MnII complex has been utilized
as an electron donor to a photo-oxidized photosensitizer) has been developed by changing the
coordination environment around the MnII center,1421 and by linking both MnII and tyrosine to
the Ru(bpy)3

2þ group. In the latter, stepwise electron transfer from Mn to tyrosine to Ru has
been shown to occur.1422

Flash photolysis has been used to investigate the kinetics of electron transfer from tyrosine to
Ru in [Ru(bpy)2(4-Me-40-CONH-L-tyrosine ethyl ester-2,20-bpy)]2þ as a function of pH and
temperature.1423 Model systems for PSII have moved to di- and trimanganese systems containing
up to six Ru(bpy)2

2þ units1424 and are continuing to be developed.
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5.5.3.2 Phosphorus-, Arsenic-, and Antimony-donor Ligands

5.5.3.2.1 Mononuclear complexes containing monodentate ligands

The molecular structure of cis-[Ru(PMe3)4H2] has been reported and compared with that of
[Ru{P(CH2CH2CH2PMe2)3}H2]. Deviations from an idealized octahedral coordination environ-
ment are discussed for the two complexes.1425 The reaction of cis-[Ru(PMe3)4H2] with NH4PF6 in
Et2O leads to the formation of cis-[Ru(PMe3)4H(NH3)]

þ or, when NH4PF6 is used in excess, cis-
[Ru(PMe3)4(NH3)2]

2þ. Substitution reactions of [Ru(PMe3)4H(NH3)]
þ have been studied, with

NH3 being displaced by a range of ligands.1426 The complexes cis-[RuX2(PMe2Ph)4] (X¼Cl, Br)
and trans-[RuX2L4] (X¼Cl, Br, I; L¼PMe3, AsM2Ph, SbMe2Ph) have been prepared and
characterized. Oxidation of trans-[RuX2L4] to the corresponding RuIII complexes occurs with
AgBF4 or concentrated HNO3 in aqueous HBF4. The crystal structures of trans-[RuX2L4] (X¼ I,
L¼AsMe2Ph; X¼Br, L¼ SbMe2Ph), [Ru2Br5(SbMe2Ph)4], and [Ru2I3 (PMe2Ph)6][CF3SO3] have
been determined.1427 The preparation and characterization of trans-[OsI2L4] (L¼PMe3, AsMe3,
and SbMe3) have been reported along with related OsIII chemistry which includes the crystal
structure of trans-[Os(AsMe3)4I2][I3].

67 The photochemically induced trans-cis isomerization of
[OsCl2(PMe2Ph)4] has been investigated by IR and NMR spectroscopies.1428 A study of mer-
[RuX3L3] (X¼Cl, Br; L¼PMe2Ph, AsMe2Ph) has included assignments of UV–vis spectra and
structural determinations of the arsine complexes. Attempts to prepare analogous stibine com-
plexes were not successful. Decomposition of the complexes in solution yielded [Ru2X5L4] species,
and the structures of [Ru2Br5(PMe2Ph)4], [Ru2Br5(AsMe2Ph)4], and [Ru2I5(AsMe2Ph)4] have been
determined.1429

The complex trans,mer-[OsCl2(MeCN)(PMe2Ph)3] has been prepared by an electrosynthetic
method. The structure of the complex was confirmed by X-ray crystallography.1430 The reaction
of [OsHCl(CO)(PPh3)3] with MeCN results in the formation of [OsH(CO)(MeCN)2(PPh3)2]

þ

(isolated as the BF4
�) salt. The cationic complex is a precatalyst for the hydrogenation of, for

example, cyclohexanone, cyclohexene, and quinoline.1430 The cis,cis,trans-isomers of [RuCl2-
(CO)2(PPh3)2] and [RuCl2(CO)2(AsPh3)2] have been synthesized and characterized, the structures
being confirmed crystallographically.1431 The structures of the all-trans isomer of [OsBr2-
(CO)2(PPh3)2]

1432 and the all-cis and all-trans isomers of [OsBr2(CO)(MeCN)(PPh3)2]
1433 have

also been determined. A series of [OsCl2 (CO)2L2] complexes (L¼ various phosphines) has been
prepared starting from [Os2Cl2(CO)6 (�-Cl)2]. The crystal structure of [OsCl2(CO)2(PEt3)2] con-
firms cis-Cl, cis-CO, and trans-PEt3 ligands.1434 The reactions of AgBF4 with cis- or trans-
[RuCl2(CO)2(PPh3)2] yield [Ru(CO)2(PPh3)2]

2þ (stabilized by coordination of BF4
� ions),

[RuCl(CO)2(PPh3)2]
þ, or [Ru(CO)3(PPh3)2]

2þ. The reactivity of these cationic species has been
investigated, and products include [Ru(CO2Me)2(CO)2(PPh3)2] and [Ru(CO2Me)Cl-
(CO)2(PPh3)2].

1435 NMR (1H and 31P) spectroscopic data are consistent with there being two
conformers of each of [Ru(COMe)I(CO)(PtBu2Me)2] and [Ru(H)Cl(CO)(PtBu2Me)2]. These
differ in their rotational conformation about the Ru�P bonds. Two conformers also exist for

N
N

N
N N

N
2+Ru

N

N
MnCl2(H2O)2

Me

N NMe Me

hν

(ii) intramolecular electron transfer

(i) photoinduced intermolecular 

electron transfer producing RuIII 

and MV+

Scheme 2
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[Ru(Me)I(CO)(PtBu2Me)2], but the barrier for interconversion between them is lower than for
[Ru(COMe)I(CO)(PtBu2Me)2].

1436

The reactions of [RuCl2(PPh3)3] with the pyridine derivatives 4-tBupy, 4-CNpy, 4-Mepy,
3-Mepy, 4-Me2Npy, 4-Phpy, 4-CONH2py, or 4-vinylpy (L) or with bpy, phen, 4,40-Me2bpy, 4,40-
(MeO)2bpy, 4,40(MeS)2bpy, or 4,40-Cl2bpy (L2), result in phosphine substitution and an increase
in coordination number to give [RuCl2(PPh3)2L2]. The crystal structure of [RuCl2(PPh3)2(phen)]
has been determined, and the electrochemical behavior of the complexes has been discussed.
[RuCl2(PPh3)2(4-

tBupy)2] is an efficient precatalyst for the hydrogenation of cyclohexane and
benzaldehyde.801,1437 Addition reactions occur between [RuCl2(CO)(PiPr2Me)2] and two-electron
donors such as CO, pz, and 3,5-Me2pz, and metathesis reactions take place with Na[S2CNEt2],
K[S2COR] (R¼Me, Et, iPr), and K[acac].1438 Tris(N-pyrrolyl)phosphine (Ppyr3) is a strong �
acceptor and reacts with [OsHCl(CO)(PPh3)3], displacing the PPh3 trans to the H� ligand. The
complex [OsH(4-MeC6H4)(CO)(Ppyr3)(PPh3)2] has also been prepared.1439

Several complexes possess novel phosphine ligands and intra- or intermolecular interactions.
The complex [RuCl2{PPh2(2,6-Me2C6H3)2}] was the first example of a neutral Ru complex
exhibiting two agostic interactions. These involve one Me group from each 2,6-Me2C6H3 sub-
stituent and complete the octahedral coordination environment of the RuII center.1440 Treatment
of RuCl3�xH2O or [RuCl2(PPh3)3] with excess P(CH2OH)3 yields [Ru{P(CH2OH)3}2-
{PH(CH2OH)2}2Cl2], which is water soluble. The solid-state structure of the complex exhibits a
network of hydrogen-bonded interactions.1441 The ligand 6-Ph2PCH2CH2bpy (L) has been pre-
pared and reacted with [Ru(CO)2Cl2]n to yield [RuCl2(CO)2(6-Ph2PCH2CH2bpy-P)2] in which the
phosphine ligands are mutually trans. The complex has available two N,N-donor sets and
combines with CuII to form a macrocyclic Ru2Cu2 complex.1442

Several arsine and stibine complexes were described earlier in the section.1427,1429,1431 The
crystal structure of trans-[RuCl2(SbPh3)4] has been determined as part of an investigation of
RuII and RuIII complexes of SbPh3.

1443 1,9-Dimethylpurine-6-thione (L) reacts with trans-
[RuCl2(SbPh3)4] to give [RuCl2(SbPh3)2(L-N,S)]; no further substitution of stibine ligand is
observed and this is also true with other N-donor ligands such as 3,5-dimethylpyridine and 1,
4-pyrazine.1444 The syntheses of [Ru(H)2(CO)(AsPh3)3] and [Ru(H)2(CO)(AsPh3)L] (L¼ dppe,
Ph2AsCH2CH2AsPh2, Ph2AsCH2CH2PPh2) have been reported; the catalytic activities of the
complexes have been investigated and compared to those of the PPh3-containing analogs.1445

The series of complexes [RuX2(EPh3)L2] (X¼Cl, Br; E¼P, As; L¼ 2-HOC6H4CHO,
4-MeOC6H4CHO) has been synthesized and characterized, and the compounds tested as catalysts
for the aerobic oxidation of PPh3.

1446 The study follows earlier studies of similar complexes
containing aromatic aldehyde ligands.1447

The structure of [Ru(H)(CO)(H2Bpz2)(AsPh3)2]�H2O (with trans AsPh3) has been determined
and shows significant hydrogen-bonded interactions in the crystal lattice.1448

5.5.3.2.2 Mononuclear complexes containing didentate ligands

This section begins with a look at complexes containing dppm, dppe, dppp, dppb, and related
ligands. The reactions of [RuCl2(dppm)2] with isocyanides (RNC, R¼ tBu, Ph) lead to various pro-
ducts depending on conditions. Complexes that have been isolated and characterized are trans-
[RuCl(CNR)(dppm-P,P 0)2]Cl, trans-[RuCl(CNR)(dppm-P,P 0)2][PF6], [RuCl(CNR)2(dppm-P,P 0)
(dppm-P][PF6], and [Ru(CNR)2(dppm-P,P 0)2][PF6]2. Treatment of [RuCl(CNtBu)2(dppm-P,P 0)
(dppm-P)]þ with H2O2 results in the formation of [RuCl(CNtBu)2(dppm-P,P0)(dppmO-P)]þ

from which [Ru(CNtBu)2(dppm-P,P 0)(dppmO-P,P0)]2þ can be made.1449 The complexes fac-
[RuCl3(NO)(dppm)], cis-[RuCl2(dppm)2], and mer-[RuCl3(NO)(dppb)] have been isolated and
their solid-state structures determined.1450 The reaction of RuCl3�xH2O and Hquin in the pre-
sence of dppm in basic solution gives rise to the 2-quinaldinate complex trans-[Ru(dppm-P)2(quin-
N,O)2]; when the phosphine is PPh3, the products are cis- and trans-[Ru(PPh3)2(quin-N,O)2]. The
monodentate nature of the dppm ligands is confirmed by a structure determination of trans-
[Ru(dppm-P)2(quin-N,O)2]�2MeOH.1451 The reaction between [Ru(CO)2(PPh3)2(thf)2]

2þ and
LiTCNQ (TCNQ¼ 7,7,8,8-tetracyanoquinodimethane) produces [Ru(CO)2(PPh3)2(TCNQ)]þ.
The preparation and characterization of [Ru(dppm-P,P 0)2(dppm-P)(TCNQ)]þ and [{Ru(dppe-
P,P 0)(dppe-P)}2(�-TCNQ)2]

2þ have also been described.1452

The syntheses and characterization of trans-[RuCl2(dppe)2] and [RuCl(dppe)2]
þ have been

reported; the crystal structures of both complexes have been determined.1453 A comparison of
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structural data for the tetrafluoroborate salts of trans-[RuCl(CO)(dppe)2]
þ and trans-

[RuCl(CO)(dppm)2]
þ illustrates the increased steric effects on going from the bis(dppm) to

bis(dppe) complex. This is further implied by the differences in redox properties of the two
complexes.1454 The complexes [RuHCl(CO)(PPh3)L] (L¼ dppe, Ph2AsCH2CH2PPh2 and
Ph2AsCH2CH2AsPh2) have been made starting from [RuHCl(CO)(PPh3)3], and the products
have been tested as catalysts for the hydrogenation of propanal.1455 The complex trans-
[RuCl2(dppe)2] reacts in neat Me3Al to yield trans-[RuCl(Me)(dppe)2] and [RuCl(dppe-P,P0)
{Ph2PCH2CH2PPh(C6H4)-P,C}], the latter being structurally confirmed.1456

The complex cis-[RuH2(dmpe)2] has been the subject of a photochemical investigation, and
[Ru(dmpe)2] has been isolated in an argon matrix. Reactions of this unsaturated species that have
been described include those with CO, PMe3, and ethene.1457 Reactions of [RuH2(dmpe)2] with
(CF3)2C¼CFCF2CF3 and with CF3CF¼CF2 result in Ru�F bond formation in the novel com-
plex cis-[Ru(dmpe)2F2]HF in which there is association between the fluoro ligand and HF.1458

The crystal structures of trans-[RuCl2(dppp)2]
1459 and [RuCl(dppp)2][PF6]

1460 have been deter-
mined. The latter complex cation was formed electrochemically. The reaction of [RuF(dppp)2]

þ

with diphenylallyl bromide results in the formation of [RuBr(dppp)2]
þ.1461 The unsaturated center

in [RuH(dppp)2]
þ is brought up to six-coordination by an agostic interaction involving a C–H

group of one ligand. A structure determination confirms that the C–H�Ru interaction is cis to
the Ru�H bond.1462

Several routes to [RuCl2(dppb)(NH2CH2Ph)2] starting from dinuclear precursors have been
described. However, when (PhCH2)2NH is used in place of PhCH2NH2 in the reactions, no
mononuclear species is obtained and the reactions are accompanied by dealkyation of the
amine.1463 The preparations of [RuBr2(dppb)(PPh3)] and [Br(dppb)Ru(�-dppb)RuBr(dppb)]
and the reactions of [RuBr2(dppb)(PPh3)] with dmso, Me2S, and related ligands have been
reported. Structural data for [RuCl2(dppb)(PPh3)], [RuBr2(PPh3)3], and [RuCl2(PPh3)3] are com-
pared with data obtained from 31P CP/MAS NMR spectroscopy in order to illustrate the
application of the latter technique to the characterization of RuII phosphine complexes.1464 A
series of RuII complexes containing dppb and N-donor ligands have been prepared. These include
[RuCl2(dppb)(py)2] (with cis-py and trans-Cl), cis-[RuCl2(dppb)(bpy)] and cis-[RuCl2(dppb)
(phen)] for which crystal structures have been determined.1465 (see also Section 5.5.3.2.4.)

1,2-Bis(diisopropylphosphino)ethane (dippe) contains sterically demanding substituents. It
reacts with [RuCl2(PPh3)3] to give [RuCl2(dippe)2]. Treatment of this with NaBH4 yields cis-
[RuH2(dippe)2]. The reaction between [RuHCl(PPh3)3] and dippe produces [RuHCl(dippe)2],
dissociation of which leads to [RuH(dippe)2]

þ. The reactivity of this cationic complex has been
investigated. An interesting reaction of cis-[RuH2(dippe)2] is that with O2 to give [RuH(�2-O2)-
(dippe)2]

þ, the crystal structure of which confirms the unusual nature of the product.1466 The
related complexes [OsX(�2-O2)(dcpe)2]

þ (dcep¼ 1,2-bis(cyclohexylphosphino)ethane, X¼Cl, Br)
have also been reported; treatment of these with gaseous HCl results in OsIV oxo species.1467

When [RuCl2(dippe)2] reacts with NaBPh4 in MeOH, chloride abstraction leads to the formation
of [RuCl(dippe)2]

þ. The analogous OsII complex has also been isolated, via [OsCl2(dippe)2], itself
prepared from [OsCl6]

2� and dippe. The two cationic complexes react with PhSH to yield
[M(SPh)(dippe)2]

þ (M¼Ru, Os).1468

The diphos ligands dppe, dppp, dppb, and dppf react with [RuH(CO)(MeCN)2(PPh3)2]
þ to give

[RuH(CO)(MeCN)(PPh3)2(diphos-P)]
þ and [RuH(CO)(MeCN)(PPh3)(diphos-P,P

0)]þ. The cataly-
tic properties of the complexes with respect to homogeneous propanal hydrogenation have been
studied.1469 The reactions of [RuHCl(CO)(PPh3)3] with the diphos ligands dppm, dppe, dppp,
dppf, and (Z)-1,2-bis(diphenylphosphino)ethene result in the formation of [RuHCl(CO)
(PPh3)(diphos)]. These species catalyze the hydrogenation of cyclohexene.1470 The bisphosphines
dppe, dppp, dppb, and dppf react with [RuH2(CO)(PPh3)3] yielding [RuH2(CO)(PPh3)(diphos)].
The crystal structure of the dppp complex has been established.1471

The complex [RuCl2(dmso)4] reacts with dcpe in the presence of BPh4
� or PF6

� to form, not
the chloro, but the hydrido species, [RuH(dcpe)2]

þ. The preference for this cation is anion-
dependent. When the dcpe ligand is replaced in the reaction by bis(dicyclohexylphosphino)-
methane (dcpm), the isolated products are trans-[RuHCl(dcpm)2] or trans-[RuCl2(dcpm)2].
A structural determination of the BPh4

� salt of [RuH(dcpe)2]
þ reveals an almost planar RuP4

unit. This is consistent with the hydrido ligand completing a square-based pyramidal coordination
environment for the RuII center rather than the more usual trigonal bipyramidal arrangement.1472

Nitrosyl complexes of formula [Ru(NO)Cl3(diphos)] in which diphos¼ dppm, dppe, dppp, or
(Z)-1,2-bis(diphenylphosphino)ethene have been synthesized. Although 31P NMR spectroscopic
data are consistent with a fac isomer in each case, the solid-state structure of [Ru(NO)Cl3(dppp)]
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reveals a mer arrangement of chloro ligands.1473 Related to (Z)-1,2-bis(diphenylphosphino)ethene
is the 2,3-bis(diphenylphosphino)propene (dpppn) ligand, the coordination chemistry of which
has been relatively poorly explored. It reacts with [RuCl2(PPh3)3] to produce trans-[RuCl2-
(dpppn)2].

1474 The reaction of (Ph2P)2C¼CH2 (L) with [RuCl2(PPh3)3] yields trans-[RuCl2L2],
treatment of which with [NO][BF4] generates [RuCl2L2][BF4]. Isomerization of trans-[RuCl2L2]
to cis-[RuCl2L2] occurs when the trans isomer is refluxed in chlorobenzene. The unsaturated
ligand L in trans-[RuCl2L2] reacts with primary amines to give complexes of the type
trans-[RuCl2{(Ph2P)2CHCH2NHR}2].

1475 A series of luminescent complexes of RuII and OsII

containing (Ph2P)2C¼CH2 and (Ph2P)2C¼C¼C(PPh2)2 ligands has been prepared and
characterized.1476

The bisphosphine Ph2PNMeNMePPh2 (L) reacts with [RuCl2(cod)]x in the presence of NaOMe
to produce [RuL2H2]. Products from the reactions of this complex with CO, O2, S8, CH2Cl2,
PhC	CH, EtO2C	CH, and C6H6 have been characterized, including the crystal structures of
[RuL2(�

2-O2)] (O–O¼ 1.452(10) Å), [RuL2(�
2-S2)] (S–S¼ 2.0518(13) Å) and [RuL2H(Cl)].1477

Ligands related to L, the coordination chemistry of which have also been studied, are
Ph2PNPhCH2CH2NPhPPh2, Ph2PN(CH2Ph)CH2CH2N(CH2Ph)PPh2, and C6H4O2PN(CH2Ph)
CH2CH2N(CH2Ph)PO2C6H4.

1478 The reactions of [RuCl2(CO)3(thf)] with Ph2P(CH2-
CH2O)nCH2CH2PPh2 (L, n¼ 4 or 5) lead to the formation of complexes in the family [RuCl2-
(CO)2L]x where x¼ 1, 2, 3. . . . The major product has x¼ 1; ligand L is didentate with the two P
atoms mutually trans. In the oligomers that form as minor products, each bisphosphine ligand
bridges between two RuII centers.1479 A calix[4]arene bearing two ester and two PPh2 groups has
been synthesized; it adopts a cone conformation with the PPh2 groups oriented to the outside of
the upper rim. Several metal complexation reactions of the ligand have been studied, including the
reaction of RuCl3�xH2O with CO and then the bisphosphine ligand in 2-ethoxy ethanol. The
calix[4]arene acts as a P,P0-donor with the P atoms trans to each other in the complex
[Ru(CO)2Cl2L].1480

Ligand (338) reacts with [RuCl2(PPh3)3] to give [RuCl2(PPh3)(338)] in which (338) acts as a
P,N,P-donor. [RuCl2(PPh3)(338)] reacts with NaBH4 to yield the hydrido species
[RuCl(H)(PPh3)(338)] which protonates with HBF4 to give [RuCl(H2)(PPh3)(338)]

þ. Analogous
OsII chemistry can be carried out.1481 When H(339) reacts with [RuCl2(PPh3)3], the orthometal-
lated product [RuCl(PPh3)(339)] is produced in which the RuII center is five-coordinate. Addition of
4-Phpy to [RuCl(PPh3)(339)] occurs to complete the octahedral coordination sphere, while treat-
ment of [RuCl(PPh3)(339)] with CO or PMe3 yields [RuCl(PMe3)2(339)] or [RuCl(CO)2(339)]. The
hydrido complexes [RuH(PPh3)(339)], [RuH(CO)(339)], and [RuH(PMe3)2(339)] have also been
prepared and characterized.1482 Surprisingly, the reaction of [RuCl2(PPh3)3] with H(340) yields
the same product as the reaction of that with H(340) (i.e., [RuCl(PPh3)(340)]), and
[RuCl(PPh3)(340)] could only be produced by treating the orthometallated [RuCl(PPh3)(341)]
with H(340).1483

N
Ph2P PPh2 Ph2P PPh2

R

Me2N NMe2

(338) H(339) R = H
H(340) R = SiMe3

H(341)

The complex trans-[RuCl2{1,2-(MePhP)2C6H4}2] has been structurally characterized for the
R,R form of the ligand; it is a useful starting material for optically active 	-acetylide complexes.1484

Selective use of cis or trans-[OsCl2(dmso)4] as precursor allows the controlled preparation of
either cis or trans-[RuCl2{(R,R)-1,2-(MePhP)2C6H4}2]. The crystal structure of the trans isomer
has been determined.1485 The ligands 1,2-(Ph2P)2C6H4, 1,2-(Me2As)2C6H4, Ph2AsCH2CH2AsPh2,
and dppe (all represented by L) have been incorporated into the complexes trans-[OsI2L2];
the corresponding OsIII species [OsI2L2]

þ have also been described.70 Related trans-[RuI2L2]
complexes (L¼ dppe, (Z)-Ph2PCH¼CHPPh2, Ph2AsCH2CH2AsPh2, and 1,2-(Me2As)2C6H4)
have been prepared by treating [Ru(H2O)6]

2þ with L and NaI in aqueous EtOH.1486 The tris
chelate complexes [RuL3]

2þ where L¼ dmpm, dmpe, and 1,2-(Me2As)2C6H4 have been isolated as
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the TfO� salts; the solid-state structure of [Ru{1,2-(Me2As)2C6H4}3]Cl2 has been determined.1487

The reactions of trans-[RuCl(NO){1,2-(Me2As)2C6H4}2]
2þ with NaN3 followed by treatment with

ligands L (L¼MeCN, PhCN, py, 4-Etpy, 1-Meim, dmso, pyz, PPh3, 4,40-bpy, di-4-pyridyl dis-
ulfide, (E)-1,2-bis(4-pyridyl)ethene) produce the complexes trans-[RuCl(L){1,2-(Me2As)2C6H4}2]

þ.
Under room-temperature conditions, the reaction of trans-[RuCl(NO){1,2-(Me2As)2C6H4}2]

2þ in
1-Meim leads to the formation of trans-[RuCl(NO2){1,2-(Me2As)2C6H4}2]. A number of other
complexes in this series have been reported including dinuclear species where L is a potential
bridging ligand.1488–1490 The complex fac-[RuCl3(NO){1,2-(Me2As)2C6H4}] reacts with AgX
(X�¼CF3CO2

�, NO3
�, 4-MeC6H4SO3

�) in MeCN to yield cis[RuClX2(NO){1,2-(Me2As)2C6H4}].
Under appropriate conditions, fac-[RuCl3(NO){1,2-(Me2As)2C6H4}] has also been converted to cis-
[Ru(py)2 (MeO)(NO){1,2-(Me2As)2C6H4}]

2þ, cis-[Ru(py)2Cl(NO){1,2-(Me2As)2C6H4}]
2þ, and

trans-[RuCl(NO)(L){1,2-(Me2As)2C6H4}]
2þ where L¼ bpy, phen, 4,40-Me2bpy, or dppe.1491 The

complex trans-[RuCl(NO)(bpy){1,2-(Me2As)2C6H4}]
2þ reacts with NaN3 followed by a ligand, L,

such as dmso, MeCN, 1-Meim, py, or pyz to produce trans-[RuCl(bpy)(L){1,2-(Me2As)2C6H4}]
þ.

Analogous chemistry with phen replacing bpy has also been described. The electronic spectroscopic
properties of the complexes have been investigated; all the products are slightly photosensitive in
solution. Structural data for representative complexes are presented.1492

Ligand (342) is a good acceptor, and reacts with [RuCl2(dmso)4] to give [RuCl2(342)2] and
[RuCl2(dmso)2(342)], the crystal structure of which has been determined.1493

Ph2P PPh2

(343)

Ph2P PPh2

Me Me

(344)

P P

Me

Me Me

Me

(342)

Bisphosphine (343) is flexible enough to coordinate with the P atoms mutually trans as is
exemplified by the structure of [RuH2(CO)(PPh3)(343)]. The H atoms were not located but the
P�Ru�P bond angle of 144.6� suggests that the P atoms should be described as being trans
(although the ligand is clearly strained) leaving the hydrido ligands mutually cis. Two related
complexes have been prepared and characterized, and all three species exhibit higher catalytic
activity with respect to selected hydrogenations than the corresponding PPh3 derivatives.1494

An aspect of the development of chiral catalysts involves studies of chiral bisphosphine ligands,
and structures (24), (25), (344)–(348) show chiral ligands included in the discussion below. In the
presence of NEt3, [RuCl2(PPh3)(S-344)] reacts with Hacac to generate [RuCl(acac)(PPh3)(S-344)];
[RuH(acac)(PPh3)(S-344)] and [Ru(acac)2(S-(344)] have also been prepared. These complexes
have been discussed in terms of their relevance to the hydrogenation of 2,4-diketones to diols
for which [RuCl2(PPh3)(344)] is an enantioselective catalyst.1495,1496 Treatment of [RuCl2(cod)]n
with chiral bisphosphines including (R,R)-diop, (R)-binap, and (S,S)-chiraphos in the presence of
NEt3 in toluene leads to the formation of complexes that include [RuCl2{(S,S)-chiraphos}2],
[Ru2Cl4{(R,R)-diop}3], and [Ru2Cl4{(R)-binap}2(NEt3)]. Changing solvent to ethanol gives a
route to trans-[RuHCl{(R)-binap}2]. The structures of the complexes have been investigated in
solution using NMR spectroscopy, and the crystal structure of trans-[RuHCl{(R)-binap}2] has
been determined.1497 A series of RuII complexes containing the ligands chiraphos, diop, binap,
and, for comparison, achiral ligands dppe and dppb, has been studied for their ability to catalyze
imine hydrogenation.1498 The complexes [RuCl2(PR3)2(en)] (R¼Ph or 4-MeC6H4) and
[RuCl2L(dpen)] where dpen¼ (R,R)- or (S,S)-Ph(NH2)CHCH(NH2)Ph and L¼ (R)- or (S)-
binap, (R)- or (S)-tolbinap, (S,S)-diop, or (S,S)-chiraphos are among a group of RuII complexes
that have been prepared, characterized, and shown to be efficient hydrogenation precatalysts.1499

The syntheses and structural characterizations of trans-[RuCl2{(S,S)-346}2] and trans-
[RuCl2{(S,S)-347}2] have been reported. The complexes react with TlPF6 with the abstraction
of Cl� and formation of [RuClL2]

þ. For L¼ (S,S)-347, a five-coordinate species is confirmed by a
structure determination and this persists in solution, but for L¼ (S,S)-346, [RuClL2]

þ dimerizes.
These cationic species catalyze the decomposition of ethyl diazoacetate and, in the presence of
styrene, cyclopropanation products are formed with enantioselectivity up to 35%. They also act
as catalysts for the epoxidation of alkenes with iodosyl benzene as oxidant.1500 The crystal
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structure of trans-[Ru(H)Cl{(R)-binap}2] has been determined,1501 and the preparation and
reactivity of [RuH{(R)-binap}2]

þ (which exists as a mixture of two isomers in solution) have been
investigated.1502 Starting from [RuX{(S)-binap}(C6H6)]Y or [RuX{(S)-binap}(4-MeC6H4

iPr)]Y
(X�, Y�¼ halide or BF4

�), it has been possible to isolate [Ru3X5{(S)-binap}3]Y (X¼Y¼Cl or
Br; X¼Cl, Y¼BF4) although the success of the reaction depends on conditions. The [Ru3(�3-X)2-
(�-X)3{(S)-binap}3]

þ cation contains a triangular arrangement of RuII centers with a chelating
bisphosphine associated with each Ru atom.1503 Phosphine exchange is used to prepare
[RuCl2(PPh3)(binap)] from [RuCl2(PPh3)3]. In solution, [RuCl2(PPh3)(binap)] loses PPh3 and
forms [Ru2Cl2(binap)2(�-Cl)2]. Related dinuclear RuII complexes containing Ph2P(CH2)nPPh2

(n¼ 3–6) or chiral bisphosphines such as diop and chiraphos, have also been prepared and their
reactivities studied.1504

PPh2

PPh2

(S)-binap-H8

(348)

P

P

(S,S)-(347)

Me PPh2

PPh2Me

(S,S)-chiraphos

(346)

PR2

PR2

(R)-binap        R = Ph
(R)-tolbinap    R = 4-MeC6H4

(345)

High-yield syntheses of [Ru(binap)(OAc)2] have been developed starting from [Ru(cod)Cl]n
1505

and utilizing the reduction of [Ru(acac)3] by activated Zn in the presence of binap. The crystal
structure of [Ru{(S)-binap}(OAc)2] has been determined. The molecules exhibit a mixture of
�- and �-configurations, with the binap-chelate rings each having a �-conformation. [Ru{(S)-
binap}(OAc)2] catalyzes the asymmetric hydrogenation of 2-(60-methoxy-20-naphthyl) acrylic acid
to produce the anti-inflammatory drug (S)-naproxen in high optical purity.1506 A better catalyst
for this transformation was found to be [Ru{(S)-binap}(OAc)(MeOH)L] where HL¼ 2-(60-methoxy-
20-naphthyl)acrylic acid; the structure of this complex has been confirmed by X-ray crystallogra-
phy.1507 The asymmetric hydrogenation of �,�- and �,-unsaturated carboxylic acids is catalyzed
by [Ru{(S)-binap-H8}(OAc)2] where (S)-binap-H8¼ (348). This catalyst gives higher ee’s than
(R)-binap, and reaction rates are also increased. Other comparative catalytic studies have been
carried out with these two complexes.1508 A general method of preparing [Ru(ArCO2)2(binap)]
catalysts starting from RuCl3�xH2O has been described. The strategy involves the formation of
[Ru(cod)(2-methylallyl)2], substitution of allyl by carboxylate ligands, and, finally, substitution of
cod by binap. The [Ru(ArCO2)2{(R)-binap}] complexes catalyze the enantioselective hydrogena-
tion of 20-chloroacetophenone to 20-chlorophenylethanol.1509 The preparation and catalytic activ-
ity of [Ru{(R)-binap}(H)(MeCN)(thf)2]

þ have been reported; the complex is an active catalyst for
the hydrosilylation of ketones and the isomerization, intramolecular hydrosilylation, and hydro-
genation of alkenes.1510 [Ru{(R)-binap}(H)(MeCN)L2]

þ (L¼ e.g., acetone, thf, MeOH) catalyzes
the hydrogenation of (Z)-methyl-�-acetamidocinnamate (mac) to give H2mac in 86% ee (R). The
1:1 reaction of [Ru{(R)-binap}(H)(MeCN)L2]

þ with mac results in the formation of [Ru{(R)-
binap} (MeCN)(Hmac-C,O,O0)]þ, the structure of which has been determined. Experimental data
are consistent with this complex being the main species in solution during the catalytic process.1511

A series of cis-[RuX2{(R)-binap}L] complexes in which L¼ phen, bpy, 4,40-Me2bpy, 4,7-Ph2phen,
or bis(2-pyridyl)amine and X¼Cl, Br, or I, has been investigated. The crystal structure of cis-
[RuBr2{(R)-binap}(bpy)] confirms a �-conformation for the R)-binap chelate ring, and a �-con-
figuration at the RuII center. These and 31P NMR spectroscopic data for all the complexes
indicate that the complexes are formed stereoselectively. Furthermore, the spectroscopic data
reveal a temperature-dependent, accidental degeneracy of the 31P NMR chemical shifts.1512 The
complex [Ru2Cl4{(S)-tolbinap}2(NEt3)] is an active catalyst for the enantioselective hydrosilyla-
tion of nitrones with Ph2SiH2 up to 91% ee.1513

Ligand (349), water-soluble (350), and their (R)-enantiomers have been synthesized, and their
RuII complexes used as catalysts (see also Section 5.5.3.2.5) for the asymmetric hydrogenation of
methyl acetoacetate and (Z)-acetamidocinnamic acid.1514 The complex [Ru{(S)-351}(OAc)2]

� and
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the analog containing the (R)-bisphosphine are efficient catalysts for the enantioselective hydrogena-
tion (86–98% ee) of 2-pyrones, and details of the reaction mechanism have been discussed.1515,1516

PAr2

PAr2O
O

Ar = 3,5- tBu2C6H3

(S)-(351)

PPh2

PPh2

O

O

KO3S
KO3S

(S)-bifaps

(350)

PPh2

PPh2

O

O

(S)-bifap

(349)

(See also ref. 1560 in Section 5.5.3.2.5.)

5.5.3.2.3 Mononuclear complexes containing tridentate and tetradentate ligands

Trisphosphine ligands include both linear (e.g., PhP(CH2CH2PPh2)2) and tripodal (e.g.,
Me(CH2PPh2)3) ligands. The complex formulated as [RuCl2{PhP(CH2CH2PPh2)2}] has been
shown to exist as [Ru2(�-Cl)3{PhP(CH2CH2PPh2)2}2]

þCl�. Both staggered and eclipsed forms
of the cation are present in CDCl3 solution, but in the solid state only the eclipsed form is
observed. In contrast, the related complex [RuCl2{PhP(CH2CH2CH2PPh2)2}] is mononuclear. In
the solid state, it is a five-coordinate species, while in coordinating solvents (solv) such as MeCN,
six-coordinate [RuCl(solv)2{PhP(CH2CH2CH2PPh2)2}]

þ is present.1517 The oxidative addition of I2
and MeI to [Ru(CO)2L] where the ligands L are L1¼PhP(CH2CH2PPh2)2,
L2¼PhP(CH2CH2CH2PPh2)2, and L3¼PhP(CH2CH2CH2PCy2)2, leads to the formation of fac-
[RuX(CO)2L

1]I (X¼ I, Me), cis,mer-[RuI(CO)2L
2]I, and cis,mer-[RuI(CO)2L

3]I. Under appropri-
ate conditions, the complexes [RuI2(CO)L2] and [RuI2(CO)L3] could be isolated.1518 The reaction
of [RuCl2L

3] with AgO2CMe yields mer-[RuCl(MeCO2)L
3]; when AgO2CMe is replaced by an

excess of NaO2CMe, the product is fac-[RuCl(MeCO2)L
3]. When the phosphine ligand is L2, fac-

[RuCl(MeCO2)L
2] can be made starting from [RuCl2L

2]x. The crystal structure of fac-[RuCl(Me-
CO2)L

3] has been determined.1519 The reaction between [RuCl2L
3] and excess NaBH4 leads to the

formation of [RuH(BH4)L
3], while treatment with excess LiH gives [RuCl(H)L3]. This complex

adds CO, P(OMe)3, or MeCN. Under an atmosphere of H2, [RuCl2L
3] reacts with NaH to yield

[Ru(H)2H2L
3] and this is the precursor to a series of compounds [Ru(H)2(L)L3] where L¼CO,

N2, P(OMe)3, PhCH2CN, and P(OPh)3.
1520 The reactions of [Ru(H)2H2L

3] and [RuCl(H)L3] with
acetylenes have also been studied.1521 The solution isomerization of [RuCl2L

3] has been investi-
gated. In nonpolar solvents, the fac and mer isomers are present in equal amounts, while in
chlorinated solvents such as CH2Cl2 or CHCl3, the major isomer is fac-[RuCl2L

3] with minor
amounts of [Ru2(�-Cl)2(L

3)2]Cl and mer-[RuCl2L
3]. In polar solvents such as acetic acid or

nitromethane, [Ru2(�-Cl)2(L
3)2]Cl is the dominant species.1522 Displacement of the PPh3 ligands

in [RuCl2(PPh3)3] by (S,S)-PhP(CH2CHMeCH2PPh2)2 gives the expected 16-electron product
which has been characterized spectroscopically.1523

Amino acid complexes [RuCl{PhP(CH2CH2PPh2)2}A] where HA¼L-Hala or L-Hval, have
been prepared starting from [Ru2(�-Cl)3{PhP(CH2CH2PPh2)2}2]

þ and HA. The crystal structure
of [RuCl{PhP(CH2CH2PPh2)2}(L-val)] confirms that PhP(CH2CH2PPh2)2 adopts a fac arrange-
ment. Reactions of dipeptides with [Ru2(�-Cl)3{PhP(CH2CH2PPh2)2}2]

þ have also been investi-
gated, and the complexes [Ru{PhP(CH2CH2PPh2)2}(glygly)] and [Ru{PhP(CH2CH2PPh2)2}
(metgly)] have been isolated and characterized.1524

Reactions between PhP{CH2CH2P(C6H4-4-X)2}2 (ligand L with X¼F, Me, OMe) and cis-
[RuCl2(dmso)4] yield [Ru2(�-Cl)3L2]Cl which exist in solution as equilibrium mixtures of the
eclipsed and staggered forms. When the central Ph group in L is changed to a mesityl group,
the products of the analogous reactions are mononuclear complexes [RuCl2L

0]. Reactions of
[Ru2(�-Cl)3L2]Cl and [RuCl2L

0] with CO have been investigated.1525 The linear and tripodal
ligands PhP(CH2CH2PPh2)2(L

1), MeC(CH2PPh2)3(L
2), and P(CH2CH2PPh2)3(L

3) react with
[RuH(Cl)(CO)(AsPh3)3] to give [RuH(Cl)(CO)(L1)], [RuH(Cl)(CO)(L2)], and [RuH(Cl)(L3)].
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The complexes catalyze the hydrogenation of cyclohexene, cyclohexanone, propanal, and 2-
cyclohexen-1-one and their activity exceeds that of analogous complexes containing monodentate
PR3 or AsR3 ligands.1526 The crystal structure of [RuCl2{PhP(CH2CH2PPh2)2}(dmso-S)]�C6H5Me
has been determined, confirming a mononuclear species.1527

Studies of RuII complexes containing the tripodal ligand MeC(CH2PPh2)3(L) have included the
reactivity of [RuL(H)(BH4)].

1528,1529 It reacts with benzo[b]thiophene in thf to give a mixture of
[RuL(H){BH3(2-S(C6H4)CH2CH3}], [RuL{�4-S(C6H4)CH(CH3)}], [L(H)Ru{�-S(C6H4)-
CH2CH3}2Ru(H)L], and [L(H)Ru(�-BH4)Ru(H)L]þ. This product distribution is formed at
40 �C and in 3 h. If the reaction is continued for a further 2 h, [RuL{�4-S(C6H4)CH(CH3)}] is
absent from the mixture, being converted to [L(H)Ru{�-S(C6H4)CH2 CH3}2Ru(H)L]. Mechan-
istic studies have been performed, and the crystal structure of [RuL(H){BH3(2-S(C6H4)CH2CH3}]
has been determined.1528 With KOtBu, [RuL(H)(BH4)] reacts to give K[RuLH3] and BH2O

tBu,
and K[RuLH3] is also formed in the reaction of [RuL(MeCN)3]

2þ with BH2O
tBu. The complexes

[RuL(H)(BH4)] and [RuL(MeCN)3]
2þ are catalyst precursors for the hydrogenolysis of ben-

zo[b]thiophene to 2-ethylthiophenol and this catalytic process has been studied in detail.1529

The salt K[RuLH3] reacts with a CO-saturated EtOH solution to yield [RuLH2(CO)] which has
been structurally characterized. Adduct formation via hydrogen bonding between [RuLH2(CO)]
and (CF3)2CHOH has been investigated by NMR and IR spectroscopies, and the experimental
data reveal that an equilibrium is established involving proton transfer and the formation of
[RuLH(�2-H2)(CO)]þ.1530 The solution dynamic behavior of [RuL(MeCN)L0]þ (L¼MeC
(CH2PPh2)3; L0 ¼ diorganyldithicarbamate or N,S-thioamide) has been studied using 1H and 31P
NMR spectroscopies. While these species are fluxional in solution, the complexes
[Ru(Et2NCS2)L(X)]nþ (X¼CO, n¼ 1; X¼CN, n¼ 0; X¼H, n¼ 0) are static. Treatment of
[Ru(MeCN)3L]2þ with two or three equivalents of Na[Et2NCS2] ultimately results in a change
in the coordination mode of the tripodal ligand L (to didentate) and oxidation of the non-
coordinated arm of the ligand.1531 The coordination of MeC{CH2P(3-CF3C6H4)2}3 (L0) to Ru
and Ir has been investigated. Among the complexes prepared and characterized are
[RuL0(CF3CO2)2], [Ru2(�-Cl)3(L

0)2]
þ, [RuH(MeCN)2(L

0)]þ, and [Ru(MeCN)3(L
0)]2þ.1532

The ligand P(CH2CH2PCy2)3 has been used in the formation of RuII hydrido complexes,1533

and structural features of [RuH2{P(CH2CH2PMe2)3}] have been described.1425

Changing the central atom in MeC(CH2PPh2)3 to Si or Sn can have significant affects on the
coordination chemistry of the ligand. The complexes [Ru(CF3CO2)2{MeSi(CH2PPh2)3}] and
[Ru(CF3CO2)2{BuSn(CH2PPh2)3}] have been prepared and characterized. A study of the coord-
ination of BuSn(CH2PPh2)3 indicates that this ligand cannot stabilize mononuclear five-coordinate
dichloro derivatives of RuII.1534 The related ligand MeSi(CH2PMe2)3 has also been prepared and
incorporated into the complex [RuCl2{MeSi(CH2PMe2)3}(PMe3)]. Reduction of this complex by
Na/Hg in the presence of aromatic hydrocarbons leads to C�H bond activation and the forma-
tion of [Ru{MeSi(CH2PMe2)3}(PMe3)H(Ar)] where Ar¼Ph, 3-MeC6H4, 4-MeC6H4, 3,4-
Me2C6H3, 3,5-MeC6H3, 3-CF3C6H4, and 4-CF3C6H4. Reactions of [Ru{MeSi(CH2PMe2)3}-
(PMe3)H(Ph)] have been explored.1535

Ligand (352) reacts with [RuCl2(PPh3)3] with phosphine substitution to yield [RuCl2(352)] in
which the three P-donors of (352) span one equatorial and two axial sites of the trigonal
bipyramidal coordination sphere. Treatment of [RuCl2(352)] with CO leads to the formation of
[RuCl2(CO)(352)], while reaction with PMe2Ph results in loss of ligand (352).1536

Fe Fe
P
Ph

PPh2 PPh2

(352)

Ligands containing four P-donor atoms include those of type P{(CH2)nPR2}3. Photolysis of
[RuH2{P(CH2CH2PPh2)3}] in thf under an inert atmosphere results in the formation of
[RuH{P(CH2CH2PPh2)2(CH2CH2PPhC6H4}] in which one arm of the ligand has undergone
cyclometallation. When reacted with H2, [RuH{P(CH2CH2PPh2)2(CH2CH2PPhC6H4}] is con-
verted back to [RuH2{P(CH2CH2PPh2)3}]. The cyclometallated complex also reacts with N2 to
give an end-on N2 complex of Ru0. Reactions of [RuH2{P(CH2CH2PPh2)3}] with CO, ethene,
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HSiEt3, and C6H6, and the reactivity of [OsH2{P(CH2CH2PPh2)3}] have also been investigated.1537

The preparation of [MICl{P(CH2CH2PPh2)3}] (M¼Fe, Ru, Os) has been achieved by the one-
electron reduction of [MCl{P(CH2CH2PPh2)3}]

þ.1527,1528 The crystal structure of [RuCl
{P(CH2CH2PPh2)3}][BPh4] has been determined, confirming a square-pyramidal coordination
environment.1538 The electrochemical properties of [MCl(H){P(CH2CH2PPh2)3}] (M¼Fe, Ru,
Os) have been investigated. Anodically induced loss of H� leads to the formation of
[RuCl{P(CH2CH2PPh2)3}]

þ.1539 The complexes [MH(H2)L]þ (M¼Fe, Ru, or Os) containing
the ligand (S,R)-Ph2PCH2CH2PPhCH2CH2PPhCH2CH2PPh2 (L) have been reported. The OsII

complex is made by the reaction of cis-[OsCl2L] with H2 and NaBPh4 in thf, or from trans-
[OsCl(H)L], H2 and NaBPh4. The complex [RuH(H2)L]þ is formed either from trans-[RuCl(H)L]
or trans-[RuH2L]. Proton NMR spectroscopic properties of [MH(H2)L]þ have been described,
and the H�H bond lengths have been calculated to be 0.88 Å (M¼Fe), 0.89 Å (M¼Ru) and
0.99 Å (M¼Os).1540

The ligand 1,2,4,5-(CH2PPh2)4C6H2 has been synthesized by treatment of the corresponding
phosphine oxide (prepared from 1,2,4,5-(CH2Br)4C6H2) with HSiCl3. The reaction of 1,2,4,5-
(CH2PPh2)4C6H2 with [RuCl2(PPh3)4] yields [Cl2(PPh3)2Ru{�-1,2,4,5-(CH2PPh2)4C6H2}-
RuCl2(PPh3)2] which has been structurally characterized.1541

A number of phosphine-bridged systems containing terminal M(bpy)2 units were described in
Sections 5.5.3.1.4 and 5.5.3.1.11. These included [(bpy)2XRu(�-trans-Ph2PCH¼CHPPh2)
RuX(bpy)2]

2þ (X¼Cl, NO2),
625 [(136)M(�-137)Os(bpy)2]

4þ (M¼Ni, Pd, Pt),626 [(bpy)2Ru(�-
138)Ru(bpy)2]

4þ,627 [(bpy)(MeCN)2Ru(�-138)Ru(bpy)(MeCN)2]
4þ,627 and [(bpy)2M{�-

(Ph2P)2C¼C¼C¼C(PPh2)2}M(bpy)2]
4þ (M–M¼Ru–Ru, Ru–Os, Os–Os).955The allene derivative

(Ph2P)2C¼C¼C(PPh2)2 acts as a bis(phosphine) ligand to each metal center in [(bpy)2-
Ru{�-(Ph2P)2C¼C¼C(PPh2)2}Os(bpy)2]

4þ. Luminescence from the Ru(bpy)2
2þ group is

quenched by energy transfer to the OsII center.1542

5.5.3.2.4 Dinuclear complexes

A number of RuII dinuclear complexes containing phosphine ligands have already been men-
tioned: those listed at the end of the last section,625,627,955 [Ru2Cl2(binap)2(�-Cl)2],

1493 [Ru2(�-Cl)3-
{PhP(CH2CH2PPh2)2}2]

þ,1517,1524 [Ru2(�-Cl)2{PhP(CH2CH2CH2PCy2)2}2]
þ,1522 [Ru2(�-Cl)3-

{PhP{CH2CH2P(C6H4-4-X)2}2}2]
þ (X¼F, Me, OMe),1525 and [Ru2(�-Cl)3{MeC{CH2P

(3-CF3C6H4)2}3}2]
þ.1531 The reaction of [Cl2(dppb)Ru(�-dppb)RuCl2(dppb)] with Cl2 in MeOH

results in the formation of mer-[RuCl3(dppb)(H2O)] when the reaction time is 30min, and the
mixed-valence [Cl(dppb)Ru(�-Cl)3RuCl(dppb)] when the reaction is carried out for only 10min.
In the solid state of mer-[RuCl3(dppb)(H2O)], hydrogen bonding occurs between the aqua and
chloro ligands of adjacent molecules.1543 Complexes of the type [L3Ru(�-X)3RuL3]

þ where
L¼AsMe3, AsMe2Ph, AsMePh2, and X¼Cl or Br have been prepared and characterized along
with analogous monodentate phosphine complexes and the complex [(Ph3P)(Me3As)2Ru(�-
Cl)3Ru(Ph3P)(Me3As)2]

þ. Mixed-valent species have been generated electrochemically; the proper-
ties of the RuIIRuIII arsine-containing systems are reminiscent of ruthenium-blues.1544

5.5.3.2.5 Development of water-soluble catalysts

The development of water-soluble compounds for use as homogeneous catalysts has been an
important area of research since the early 1990s.1545–1547 A major advantage of using biphasic
mixtures is the recovery of the catalyst from the aqueous phase. One strategy has been to attach
sodium sulfonate groups onto phenyl substituents of phosphine ligands, and we have already
mentioned the water-soluble ligand (350) and the use of its RuII complex as an asymmetric
hydrogenation catalyst.1514 For L¼P{(3-SO3Na)C6H4}3�3H2O, the complexes [Ru2Cl4L4],
[RuHClL3], [RuH(OAc)L3], [RuH2L4], [RuHIL3], [RuCl2(CO)2L2], and [Ru2(OAc)2(CO)4L2]
have been prepared, characterized, and studied as catalysts for the hydrogenation of propanal.
A kinetic investigation has been undertaken which includes the effects of having salts present in
aqueous solution.1548,1549 The complex [RuH(Cl)L03]�2H2O (L0 ¼Ph2P{(3-SO3Na)C6H4}�3H2O)
has been prepared by ligand exchange in biphasic water/toluene medium, and has been character-
ized by spectroscopic methods. The water stability of [RuH(Cl)L03]�2H2O has been confirmed,
and it is an active catalyst for the hydrogenation of styrene and cyclohexene.1550 The related
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water-soluble complex [RuCl2L
0
2] catalyzes C–X (X¼Cl, Br) to C–H transformations in CCl4,

CHCl3, and 1-halohexanes with an activity that exceeds that of the corresponding PPh3 com-
plex.1551 For L¼P{(3-SO3Na)C6H4}3�3H2O, the complexes [Ru2Cl2(�-Cl)2L4] and [Ru(H)XL3]
(X¼Cl or OAc), have been syntheisized from [RuCl2(PPh3)3] and [Ru(H)X(PPh3)3]�[Ru2Cl2-
(�-Cl)2L4] has then been used to prepare [RuH2L4], [RuH2(CO)L3], and [Ru(H)(�6-ArH)L2]Cl
(e.g., ArH¼C6H6, MeC6H5, 1,4-Me2C6H4, EtC6H5). The water-soluble compounds have been
characterized by multinuclear NMR spectroscopy.1552 Of a range of these complexes studied as
catalysts for the hydrogenation of �,�-unsaturated carbonyl compounds, the most promising
is [RuH2L4].

1553 In solution, spectroscopic data indicate that [RuCl(H)(CO)L3] and
[RuCl(H)(CO)L03] (L and L0 as defined above) are structurally analogous to [RuCl(H)-
(CO)(PPh3)3].

1554 Dimeric structures have been confirmed for [L02ClRu(�-Cl)2RuClL02] and
[L02HRu(�-Cl)2RuHL02] where L0 ¼Ph2P{(3-SO3Na)C6H4}3�3H2O; in earlier studies, these com-
plexes are formulated as unsaturated, mononuclear species. Water-soluble OsII complexes
containing Ph2P{(3-SO3Na)C6H4}3�3H2O (L0) have also been prepared and characterized:
[L02ClOs(�-Cl)2OsClL02], [OsH4L

0
2] and [OsH(Cl)(CO)L02]. Comparisons have been made between

the catalytic activities of these OsII and RuII complexes and related species containing PPh3

ligands, and the advantages of the water-soluble catalysts are discussed.1555 Although formulated
as [Ru2Cl4L

0
4], the exact nature of this species depends on pH. The equilibrium distribution of

[Ru2Cl2H2L
0
4], [RuH(Cl)L03], and [RuH2L

0
4] in the presence of excess L0 and as a function of pH

has been established using pH-potentiometric and NMR spectroscopic methods. At pH¼ 3.3, the
main species is [RuH(Cl)L03], and at pH¼ 7, [RuH2L

0
4] is dominant. The change affects the

catalytic properties of the system as is illustrated by a detailed study of the selectivity of
hydrogenation of (E)-cinnamaldehyde.1556 Application of the sulfonation strategy to chiral
ligands is represented by the preparation of sulfonated binap and its incorporation into a
water-soluble RuII complex, proposed to be [Ru(353)(C6H6)]

2þ, which is an active asymmetric
hydrogenation catalyst.1557 The family of sulfonated ligands has been extended to (354) and
related derivatives bearing up to six SO3

�Naþ groups1558 and has potential for RuII catalyst
development.

P

P

SO3Na

SO3Na

NaO3S

NaO3S

2

2

P SO3Na
P SO3Na

(R)-binap-4SO3Na

(353)

2

2

(354)

Other strategies of effecting water solubility include the preparation of phosphines containing
hydroxyl substituents. The complex [RuCl2{PH(CH2OH)2}2{P(CH2OH)3}2] is an efficient catalyst
for the hydrogenation of supercritical (sc) CO2 under sc-CO2/H2O multi-phasic conditions.1559

The ligands P(CH2OH)3, P(CH2CH2CH2OH)3, and P{(3-SO3Na)C6H4}3 have been incorporated
into water-soluble complexes of type [(�5-C5Me5)Ru(CO)Cl(PR3)] and [(�5-C5Me5)-
Ru(CO)(PR3)]

þ, the cationic species being formed in situ. The complexes have been evaluated
as hydrogenation catalysts for conversion of hexa-2,4-dienoic acid to (E)- and (Z)-hex-3-enoic.
Changing the PR3 ligand provides some control over the stereochemistry of the reaction.1560 The
catalytic properties of water-soluble RuII complexes containing 1,3,5-triaza-7-phosphaadaman-
tane (pta) have also been investigated. The reaction of RuCl3�xH2O with pta in EtOH yields
cis-[RuCl2(pta)4] which has been structurally characterized.1561 [RuCl2(pta)4] catalyzes the regio-
selective transformation of unsaturated aldehydes to unsaturated alcohols,1561 and the hydrogen-
ation of CO2 and HCO3

�.1562 The reaction of cis-[RuCl2(pta)4] with H2 (60 bar) in aqueous
solution results in the formation of cis-[Ru(H)2(pta)4] or cis-[RuH(X)(pta)4] (X¼Cl or H2O)
depending on the pH. When excess pta is present, the product is [RuH(pta)5]

þ. The role of these
hydrido complexes as active catalysts is discussed.1562 The complex [Ru(H2O)3(pta)3]

2þ catalyzes
C–X (X¼Cl, Br) to C–H transformations in CCl4, CHCl3, and 1-halohexanes, but is a less active
catalyst than [RuCl2L

0
2] where L0 ¼Ph2P{(3-SO3Na)C6H4}.

1551
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Finally, it is worth noting that the water-soluble Ru0 carbonyl cluster [Ru3(CO)6L
0
3] where

L0 ¼Ph2P{(3-SO3Na)C6H4} has been prepared and shown to be an active hydrogenation and
hydroformylation catalyst.1563

5.5.3.3 Oxygen-donor Ligands

This section is organized by ligand type, starting with aqua complexes, progressing through
simple monodentate and didentate ligands, to catechol and quinone complexes, and finishing
with tripodal ligands.

The kinetics of the substitution reactions between [Ru(H2O)6]
2þ and dmso, MeCN, 1,4-thiox-

ane, tetrahydrothiophene, and the N-methylpyrazinium ion have been investigated using UV–vis
spectrophotometry and 1H NMR spectroscopy. The results are consistent with an interchange
dissociation mechanism.1564 The kinetics of the substitution reaction of [Ru(H2O)6]

2þ with
[C2O4]

2� have also been investigated.1565 Ligand exchange reactions of [Ru(cod)(H2O)4]
2þ have

formed part of a study that included the crystal structure of this complex.1566 The complexes
[M(H2O)(RSO3)2(CO)(PPh3)2] and [M(RSO3)2(CO)2(PPh3)2] (R¼Me, CF3, 4-MeC6H4) have
been prepared starting from RSO3H and [MH2(CO)(PPh3)3] (M¼Ru, Os), [Ru(CO)3(PPh3)2] or
[OsH2(CO)2(PPh3)2]. The solid-state structure of [Ru(H2O)(4-MeC6H4SO3)2(CO)(PPh3)2] has
been confirmed, and strong hydrogen bonding is observed between H(aqua) and non-coordinated
O(sulfonate).1567 A further aqua carbonyl complex is trans-[RuCl2(PEt3)2(CO)(H2O)], the synthe-
sis, structure, and reactions of which have been reported.1568

A simple method for preparing [Ru(dmso-O)6]
2þ starting from RuCl3�xH2O has been

described; O-coordination is confirmed by a crystal structure determination of the CF3SO3
�

salt.75 The complexes [Ru(acac)2(CO)L] (L¼MeOH, EtOH, iPrOH) have been selectively pre-
pared by the radiolysis of solutions of [Ru(acac)3] in the appropriate alcohol. The methanol
derivative has been characterized by IR, NMR, and UV–vis spectroscopies as well as by a
structure determination; there is a trans arrangement of CO and MeOH ligands.1569 The complex
trans-[RuIII(acac)2Cl2]

� is a precursor to trans-[RuII(acac)2L2] where L¼MeCN or pyrazine
(pyz); the cis analogs result from direct reaction between [Ru(acac)3] and MeCN or pyz, or by
thermal isomerism of the trans complexes.84

Simple carboxylate complexes of OsII include [Os(MeCO2)Br(CO)(PPh3)2], the crystal structure
of which has been determined; the acetate ligand is didentate and there are cis-arrangements of
the two PPh3 and of the Br� and CO ligands.1570 The reaction of [Ru2(CF3CO2)4(H2O)(cod)2]
with chiral bisphosphines (L) such as (S,S)-diop (see (24)) and (S,S)-MeCH(PPh2)-
CH2CH(PPh2)Me in methanol or ethanol, lead to the formation of [Ru(CF3CO2)2(MeOH)2L]
and [Ru(CF3CO2)2(EtOH)2L] which have been spectroscopically and structurally characterized.
The trifluoroacetate groups are monodentate and trans to each other. Selected complexes were
tested for their ability to act as asymmetric hydrogenation catalysts.1571 In order to investigate
species present in hydrogenation catalytic systems containing phosphine-substituted Ru carbonyl
complexes, the reaction of H2 with [Ru(CO)2(MeCO2)2(PR3)2] (R¼Ph, Bu) in the presence of
Na2CO3 (to facilitate removal of acetate ligand) has been studied under various conditions. The
intermediate [RuH(CO)2(MeCO2)(PR3)2] has been observed at low temperature. Starting with
[Ru2(CO)4(MeCO2)2(PR3)2], hydrogenolysis leads to cluster products. Mechanistic details of these
reactions are discussed.1572 The solid-state structure of fac-[Ru(MeCO2)2(PPh3)3]�2MeCO2H
reveals the presence of one monodentate and one didentate acetate ligand. A solution 31P
NMR spectroscopic study of the fluxional behavior of this complex reveals that two separate
dynamic processes operate.1573 A series of complexes of type [Ru(CO)2(MeCO2)2L] where
L¼ bpy, phen, or related ligands has been studied. The acetate ligands are proposed to be
monodentate and are mutually cis,1574 and a crystallographic determination for [Ru(CO)(H-
CO2)(bpy)2] confirms a monodentate mode for the formate ion.1575 Related complexes have
been prepared and characterized spectroscopically.1575 The reactions between N-acyl-�-aminocar-
boxylates and [RuHCl(CO)(PPh3)3] and [RuH2(PPh3)4] results in the formation of [RuCl(�2-
RCONHCHR0CO2)(CO)(PPh3)2] and [RuH(�2-RCONHCHR0CO2)(PPh3)3]. The crystal structure
of [RuCl(�2-PhCONHCH2CO2)(CO)(PPh3)2] confirms the didentate mode for the carboxylate,
and a trans disposition of the PPh3 ligands.1576

The hydrolysis of [OsH(CO)(Ph)(PtBu2Me)2] produces the hydroxo complex [OsH-
(CO)(OH)(PtBu2Me)2], confirmed by an X-ray diffraction study. Dihydrogen reacts with [OsH-
(CO)(OH)(PtBu2Me)2] releasing H2O and forming [OsH2(H)2(CO)(PtBu2Me)2].

1577 The hydroxo
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complex [RuH(OH)(PMe3)4] forms when fac-[RuH(�2-Me2PCH2)(PMe3)3] or [Ru(�2-
C2H4)(PMe3)4] reacts with H2O. Starting from fac-[Ru(Me)(�2-Me2PCH2)(PMe3)3] in place of
fac-[RuH(�2-Me2PCH2)(PMe3)3] results in the formation of [Ru(Me)(OH)(PMe3)4]. Interestingly,
the reaction of [Ru(�2-C2H4)(dmpe)2] with an excess of water produces [{RuH(OH)(dmpe)2}2
(�-H2O)2] in which the hydroxo dimer is supported by hydrogen-bonded interactions involving
two H2O molecules.1578 The complex fac-[Os(H)(�2-Me2PCH2)(PMe3)3] is a precursor to a series
of phenoxide, thiophenoxide, and anilide complexes cis-[Os(H)(PMe3)4(XC6H4-4-R)] (X¼O and
R¼H, OMe, CF3, NH2, CN; X¼ S and R¼H, OMe; X¼NH and R¼H, OMe, CF3). The
reactivities of these complexes with respect to substitutions have been compared.1579 The reaction
of 4-Me-2,6-(CHO)2C6H2OH with [RuCl2(PPh3)3] in the presence of 4-MeC6H4NH2 in boiling
ethanol yields a RuII Schiff base complex containing a four-membered RuCCO metallacycle
involving the phenoxide O atom.1580 Quite a different reaction pathway is reported for the
condensation of 4-Me-2,6-(CHO)2C6H2OH with diamines in the presence of [RuCl2(dmso)4].
Dinuclear complexes [Ru2Cl4(dmso)4(�-355)] are formed in which ligand (355) acts as an O,O0-
chelate to each RuII center.1581 Treatment of the ligands H(356) with KOtBu followed by
[RuCl2(dmso)4] yields [Ru(356)2(dmso)2]. A related complex with the saturated analog of ligand
H(356) (R¼R0 ¼R00 ¼R000 ¼OMe) has also been prepared. Detailed NMR spectroscopic char-
acterization of the complexes indicates the presence of a number of isomers and in each, (356)�

acts as an O,O0-donor.1582 Starting from [Ru(PPh3)3Cl2], the RuIII complexes [Ru(PPh3)2Cl2L]
have been prepared where HL is salicylaldehyde, 2-hydroxyacetophenone, or 2-hydroxynaphthy-
laldehyde. However, when HL is used in a twofold excess in the presence of base, RuII complexes
[Ru(PPh3)2L2] are formed. Two isomers of [Ru(PPh3)2L2] have been isolated, and characterized in
solution by 1H NMR spectroscopy. The crystal structure of one isomer of [Ru(PPh3)2L2] where
HL¼ salicylaldehyde has been determined.78

Me

O OH N
(CH2)n

Me

OOHN

R R'

OH O

R''
OMe

R'''

(355)

R = R' = R'' = R''' = H
R = R'' = R''' = H; R' = OMe
R = R' = R'' = R''' = OMe

H(356)

n = 2, 3, 4

Assignment of oxidation states in metal quinone (Q)/semiquinone (SQ)/catechol (cat) com-
plexes can be ambiguous and readers with an interest in this area should refer both to this section
and to Section 5.5.2.3.2. Oxidation of the complexes [RuII(cat)(py)4] and [RuII(cat)(bpy)2] (H2cat
stands for catechol, 3,5-di-tert-butylcatechol or 3,4,5,6-tetrachlorocatechol) generates
[RuII(SQ)(py)4]

þ and [RuII(SQ)(bpy)2]
þ. ESR spectroscopic data are consistent with oxidation

of the ligand rather than the RuII center, although low-temperature work in polar solvents
indicates that the ground state contains partial RuIII character.1583 A crystallographic study of
[Ru(SQ)(bpy)2][ClO4] for SQ being the 3,5-di-tert-butylsemiquinonato ligand is also consistent
with an RuII complex, but some distortion in the ligand towards a cat2� form suggests some RuIII

character.1584 Electrochemical and spectroscopic data indicate that further oxidation of
[Ru(SQ)(bpy)2]

þ is also ligand-centered and generates [RuII(Q)(bpy)2]
2þ.1583 The study has been

extended to complexes of type [Ru(bpy)(dioxolene)2]
nþ and [Ru(py)2(dioxolene)2]

nþ where dioxo-
lene is again derived from catechol, 3,5-di-tert-butylcatechol, or 3,4,5,6-tetrachlorocate-
chol.1585,1586 Resonance Raman and electronic spectroscopies have been used to investigate the
electronic structures of [RuL(bpy)2]

nþ where L is quinone or a derivative in which the O,O0-donor
is replaced, first by an N,O-, and then by an N,N 0-donor (i.e., a diimine).1587 Structural and
electrochemical data have been used to gain an insight into the charge distribution in
[OsCl2(Q)(PPh3)2] and [Os(Q)2(PPh3)2] (Q is derived from 3,5-di-tert-butylcatechol or 3,4,5,6-
tetrachlorocatechol). It is concluded that [Os(Q)2(PPh3)2] is best described as an OsIV species,
contrasting with the analogous Ru species which is formulated as [RuII(SQ)2(PPh3)2].

1588 The
reactions of Ru3(CO)12 with 3,6-di-tert-butyl-1,2-benzoquinone and 2,4,6,8-tetra-tert-butylphe-
noxazin-1-one lead to complexes of type cis-[Ru(CO)2L2] in which the ligand radicals are
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antiferromagnetically coupled; structural data are reported. Electrochemical studies reveal ligand-
based redox processes.1589 The synthesis of the paramagnetic complex [RuIICl(DBQ)(tpy)]
(DBQ¼ 3,5-di-tert-butylquinone) has been described. The complex exhibits three reversible elec-
trochemical processes: a metal-based oxidation, a DBSQ reduction, and a tpy reduction.
[RuIICl(DBQ)(tpy)] can be reversibly converted to [RuII(H2O)(DBQ)(tpy)]þ which has been
characterized as the perchlorate salt.1590 The reactions of H2L (H2L¼ catechol, 4-tBu-catechol,
3,5-tBu2-catechol, 3,4,5,6-Cl4-catechol) with [RuH(Hsal)(PPh3)3] (H2sal¼ salicylic acid) result in
the formation of [RuII(SQ)2(PPh3)2]. There is evidence for significant d�(Ru)! p�*(SQ) back-
bonding. Electrochemical studies have been carried out and the initial one-electron reduction
produces the RuIII(cat)2

� species.1591

Tripodal O,O0,O00-donors are represented by the ligands HC{P(O)Ph2}3, [RPO(C6H4O)2]
2�, and

[CpCo{PO(OEt)2}3]
�. These ligands form complexes with RuII and the crystal structure of [(�6-

4-iPrC6H4Me)Ru{�3-PhPO(C6H4O)2}] has been determined.1592 The [P3O9]
3� anion is an effective

tripodal ligand and reacts with [(�6-4-iPrC6H4Me)2Ru2Cl4] to give [(�6-4-iPrC6 H4Me)Ru(�3-
P3O9)]

� which has been characterized spectroscopically as the tetrabutylammonium salt. Pro-
longed photolysis of this complex in MeCN yields [Ru(MeCN)3(�

3-P3O9)]
�.1593 Polyoxometallates

are also capable of acting as O,O0,O00-donors as exemplified in the RuII complex [(�6-
4-iPrC6H4Me)Ru(�3-Nb2W4O19)]

2�.1593 The [P3O9]
3� ligand also features within a series of

dinuclear RuI carbonyl complexes: [{�3-P3O9}(CO)Ru(�-CO)2Ru(CO){�3-P3O9}]
4� has been pre-

pared and structurally characterized.1594

5.5.3.4 Sulfur-donor Ligands

5.5.3.4.1 Mononuclear complexes

The organization of this section is according to ligand type and begins with RuII and OsII

complexes where S-bound dmso is the primary ligand of interest. Both cis- and trans-
[RuCl2(dmso)4] exhibit anti-tumor activity and this property has resulted in increased interest in
these and related compounds. Molecular mechanics force-field parameters have been developed
for RuII sulfoxide complexes, and conformational analyses of complexes containing S- and
O-bonded R2SO have been carried out.1595 The product of a published method of making
0[RuBr2(dmso)3]

0,1596 has been reformulated as a mixture of Li[fac-RuClnBr3�n(dmso)3] (n¼ 0–3).
In addition to multinuclear NMR spectroscopic data, this result is confirmed by the crystal
structure of solvated [Et4N][ fac-RuBr3(dmso-S)3].

1597 This has implications on the report of the
use of ‘‘[RuBr2(dmso)3]’’ as a starting material for the preparation of a range of RuII complexes
including [RuBr2(dmso)2L2] (L2¼ (py)2, (AsPh3)2, phen, bpy), [RuBr2(CS)(dmso)2], and
[RuBr2(AsPh3)2(dmso)].1598 A crystallographic study of the series of salts [RR0NHOH][ fac-
RuCl3(dmso-S)3] (R¼R0 ¼H; R¼Me, R0 ¼H; R¼R0 ¼Et) has revealed the presence of hydrogen-
bonded chain structures. The hydrogen bonds are between the cation OH groups and the Cl
and dmso-O atoms of the complex anions. Application of molecular mechanics calculations1595

indicate that the arrangement of the dmso ligands in [ fac-RuCl3(dmso-S)3]
� is a consequence of

intramolecular interactions rather than intermolecular hydrogen bonding.1599 A convenient route
to trans-[RuCl2(dmso)4],

102 the synthesis and solid-state structure100,103 of cis-[RuCl2(tmso)4]
(tmso¼ tetramethylenesulfoxide), and the syntheses of trans-[RuCl2(tmso)4], cis-[RuBr2(tmso)4],
and trans-[RuBr2(tmso)4]

104 have been described. It has been confirmed that the solid-state
structures of the cis and trans isomers of [OsCl2(dmso)4] involve all S-bound ligands. For the
trans isomer, this agrees with spectroscopic data, but for the cis isomer, the results of the crystal
structure determination contrast with the proposed solution structure of cis-[OsCl2(dmso-
O)(dmso-S)3].

1600 The reactions of cis-[RuCl2(dmso-O)(dmso-S)3] with 50-GMP and 50-AMP
have been investigated in aqueous solution and at physiological pH. NMR spectroscopic data
indicate that 50-GMP binds through guanine N(7) or the phosphate group to give two products,
while 50-AMP probably binds through the phosphate group.1601 In a related study, electrospray
mass spectrometry and 1H NMR spectroscopy have been applied to analyze the products of the
reactions between trans- and cis-[RuCl2(dmso-S)4] and deoxynucleosides. The differences in
interactions of the two isomers with 20-deoxyguanosine, 20-deoxyadenosine, 20-deoxycytidine,
and 20-deoxythymidine are described; the results are of relevance to the anti-tumor activity of
[RuCl2(dmso-S)4].

1602 Linkage isomerism in dmso complexes may be induced electrochemically
and this has been observed for [Ru(NH3)5(dmso)]2þ/3þ and [Ru(NH3)4(dmso)2]

2þ/3þ. The rates of
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isomerization have been investigated.1603 Isomerization is also observed in reactions of
[RuCl2(dmso)4] with CO where coordination of CO causes the dmso ligand trans to the CO to
switch from S- to O-bound. Carbonyl derivatives that have been isolated and characterized
(including representative structural determinations) are trans,cis,cis-[Ru(CO)(dmso-O)(dmso-S)2Cl2],
cis,cis,cis-[Ru(CO)2(dmso-O)(dmso-S)Cl2], cis,trans,cis-[Ru(CO)2(dmso-S)2Cl2], fac-[Ru(CO)3-
Cl2(dmso-O)], trans,trans,trans-[Ru(CO)(dmso-O)(dmso-S)2Cl2], and cis,cis,trans-[Ru(CO)2-
(dmso-O)2Cl2].

1604 A third example of linkage isomerization for the RuII-bound dmso ligand is
seen when a dmso solution of [Ru(bpy)2(dmso-S)2]

2þ is photolysed. The S!O-bonded dmso
rearrangement is reversible, and the solid-state structure of the thermodynamically favored
[Ru(bpy)2(dmso-S)2]

2þ has been established for the CF3SO3
� salt.1605 A series of complexes

derived from cis- and trans-[RuCl2(dmso)4] and containing N-donor ligands has been reported.
These include cis, fac-[RuCl2(dmso)3L] (L¼NH3, im), cis,cis,cis-[RuCl2(dmso)2(im)2],
fac-[Ru(im)3Cl(dmso)2]

þ, trans,cis,cis-[RuCl2(dmso)2L2] (L¼NH3, im, bim), and trans-[RuCl2(dm-
so)3(im)].1595 The crystal structures of cis,fac-[RuCl2(dmso)3(NH3)],

1606 trans,cis,cis-[RuCl2-
(dmso)2(NH3)2]�H2O,1595 and trans,trans,trans-[RuCl2(dmso)2(im)2]

30 have been determined. The
unusual complex [Li2Ru2Br6(tmso)4(�-tmso)2(�3-tmso)2] has been isolated from the reaction of
RuCl3�xH2O, tetramethylenesulfoxide (tmso) and LiBr in dry MeOH; cis-[RuBr2(tmso)4] is formed
as a minor product. When the solvent is changed to EtOH and dmso replaces tmso, the reaction
yields trans-[RuBr2(dmso)4]. A structural determination of [Li2Ru2Br6(tmso)4(�-tmso)2(�3-tmso)2]
shows that the dmso ligands coordinated to the RuII centers are S-bonded; the two RuBr3(dmso)3-
units are connected via two Li centers, each bearing a terminal O-bonded dmso ligand and bridged
to each Ru center via an Li(O-dmso-S)Ru interaction.1607

The results of a vibrational spectroscopic study of the SO2 complexes [RuX(SO2)(NH3)4]
þ

(X¼Cl, Br) and [Ru(H2O)(SO2)NH3)4]
2þ have been reported; the �(sym) and �(asym) modes of

the S-bound SO2 ligand come at lower frequencies than those of the free molecule.1608 The
ammonium salt of the sulfito complex trans-[Ru(SO3-S)2(NH3)4]�4H2O has been structurally
characterized. Although the crystals are stable when retained in the mother liquor, the isolated
compound is only stable at 298K for several days. Relationships between the structural and
vibrational spectroscopic data are discussed.1609

The complex [Ru(NO)(NH3)(S4)2]
� has been prepared and crystallographically characterized. It

contains two S4
2� chelating ligands, and the NO and NH3 ligands are mutually trans. This

complex was the first polysulfido nitrosyl complex of ruthenium.1610

One method of preparing thiolate complexes of RuII has involved the use of [Me2SSMe][BF4].
For example, [Ru(CO)3(SMe)(PPh3)2]

þ has been prepared by treating [Ru(CO)3(PPh3)2] with
[Me2SSMe]þ.1611 As part of a study of OsII and OsIII thiolate complexes, trans,trans,trans-
[Os(CO)2(SC6F5)2(PEt2Ph3)2] has been prepared and structurally characterized.109 The complex
cis,cis,trans-[Ru(CO)2(SR)(H)(PPh3)2] has been made by the oxidative addition of RSH (R¼H,
alkyl, aryl) to [Ru(CO)2(PPh3)3]. When RSSR (R¼ aryl) oxidatively adds to [Ru(CO)2(PPh3)3],
the product is cis,cis,trans-[Ru(CO)2(SR)2(PPh3)2].

1612 The reactions of [Ru(CO)2(PPh3)3] or
cis,cis,trans-[Ru(H)2(CO)2(PPh3)2] with H2S in thf result in the formation of cis,cis,trans-
[Ru(CO)2(SH)2(PPh3)2]. Hydrogen sulfide reacts with a mixture of cis- and trans-[Ru(H)2(dppm)2]
to produce only the trans-isomer of [Ru(H)(SH)(dppm)2], further reaction of which with H2S
leads to cis- and trans-[Ru(SH)2(dppm)2]. Details of H/D exchange reactions of cis,cis,trans-
[Ru(CO)2(SH)2(PPh3)2] and cis,cis,trans-[Ru(CO)2(SH)(H)(PPh3)2] with CD3OD are also
described.1613 The reactions of NaSPh and trans-[Ru(H)(H2)(dppe)2]

þ or trans-[Os(H)(Br)(dppe)2]
yield trans-[Ru(H)(SPh)(dppe)2] (structurally confirmed) and [Os(H)(SPh)(dppe)2]. When these
complexes are treated with HBF4�Et2O, the coordinated PhS� is protonated, and with excess
HBF4, [Os(H2)(HSPh)(dppe)2]

2þ is formed.1614

The reaction between ligand (357) and [Ru(tpy)(H2O)(bpy)]2þ yields [Ru(tpy)(357)(bpy)]2þ,
isolated as the ClO4

� salt. Coordination through the S-donor atom is confirmed by a single-
crystal structure.1615

N
N N

N
S

Ph

Ph

(357)
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The thioether complex [Ru(NH3)5(MeSEt)]2þ has been prepared by treating [Ru(NH3)5Cl]Cl2
with Ag2O in CF3CO2H, followed by reduction with Zn amalgam and reaction with MeSEt.
[Ru(NH3)5(MeSEt)]2þ was isolated as the PF6

� salt and structurally characterized. The Ru�S
(but not Ru�N) bond lengths are shorter than in the analogous RuIII complex, indicating
significant backbonding to the thioether ligand. The structural investigation is complemented by
ab initio MO calculations.1616 There is a range of examples of RuII and OsII complexes containing
cyclic thioethers. 1,4,7-Trithiacyclononane, [9]aneS3, forms the complexes [Ru([9]aneS3)2]

2þ,1617

[Os([9]aneS3)2]
2þ,1618 [Os({�6-4-MeC6H4

iPr)([9]aneS3)]
2þ,1618 [OsH(CO)(PPh3)([9]aneS3)]

2þ,1618 [Ru-
Cl2(dmso)([9]aneS3)],

1619 [RuCl(L)([9]aneS3)]
þ (L¼ bpy, 4,40-Ph2bpy, phen, 4,7-Ph2phen),

1619

[Ru(MeCN)3([9]aneS3)]
2þ,1620 [Ru(MeCN)2(PPh3)([9]aneS3)]

2þ,1620 [Ru(HBpz3)([9]aneS3)]
þ,1620

[Ru(HCpz3)([9]aneS3)]
2þ,1620 and [Ru(PPh3)(S2CNMe2)([9]aneS3)]

þ,1620 structural data for most
of which have been reported. The complex [Ru(MeCN)3([9]aneS3)]

2þ has been used to prepare the
dinuclear species [Ru2([9]aneS3)2(�-S2CNMe2)2]

2þ,1620 and [Ru2([9]aneS3)2(�-L)2]
2þ (HL¼ 1,3-

benzothiazol-2-thione or pyridine-2-thione).1621 In the latter complexes, �-L� is tridentate, utilizing
N- and S-donors. Recrystallization of [Ru2([9]aneS3)2(�-L)2]

2þ (HL¼ 1,3-benzothiazol-2-thione)
from MeCN solution results in the formation of [Ru2(MeCN)2([9]aneS3)2(�-L)2]

2þ in
which �-L� coordinates only through sulfur. Further variation in L� bonding modes in related
complexes has been described.1621 The preparation, spectroscopic, and electrochemical properties
and crystal structure of [Ru([10]aneS3)2]

2þ ([10]aneS3¼ 1,4,7-trithiacyclodecane) have been
described.1622 The ligands (358) react with [RuCl2(dmso)4], [RuCl2(PPh3)3] and [RuH(Cl)(PPh3)3]
to give macrocyclic complexes that include [RuCl2(dmso)(358, X¼ S)] and [RuCl2(PPh3)(358,
X¼O)], the solid-state structures of which have been established. In both, the Cl� ligands are
mutually cis, and the dmso or PPh3 ligand resides trans to the X atom of (358).1623 1,4,7,10-
Tetrathiacyclododecane, [12]aneS4, reacts with [RuCl2(dmso)4] to yield [Ru([12]aneS4)Cl2] which
undergoes ligand substitution reactions to give [Ru([12]aneS4)L]Cl2 (L¼ bpy, phen, 4,7-Ph2phen).
In solution, variable temperature 1H NMR spectroscopic data for these complexes are consistent
with exchange processes, proposed to involve Ru�N cleavage.1624 Treatment of [RuLCl2] where
L¼ 6,6,13,13-tetramethyl-1,4,8,11-tetrathiacyclotetradecane (Me4[14]aneS4), 6,6,10,10,14,14-hexa-
methyl-1,4,8,12-tetrathiacyclopentadecane (Me6[15]aneS4), or 3,3,7,7,11,11,15,15-octamethyl-
1,5,9,13-tetrathiacyclohexadecane (Me8[16]aneS4), with NaBH4 in MeOH or EtOH results in the
formation of trans-[RuH(Cl)(syn-L)]. Structural details of these complexes have been investigated.
An attempt to prepare trans-[RuH(Cl)(syn-Me4[14]aneS4)] directly from [RuH(Cl)(PPh3)3] was
unsuccessful.1625 With an excess of NaBH4 in EtOH, cis-[RuCl2L] (L¼Me8[16]aneS4 or
Me6[15]aneS4) react to yield the borohydride derivatives trans-[RuH(�1-BH4)L]. When treated
with O2 and then ROH (R¼Me, Et), trans-[RuH(�1-BH4)(Me8[16]aneS4)] reacts to give the RuIII

complex trans-[Ru(OR)2(anti-Me8[16]aneS4)]
þ.1626 1,4,7,10,13-Pentathiacyclopentadecane, [15]aneS5,

reacts with [RuCl2(PPh3)3] to give [Ru(PPh3)([15]aneS5)]
2þ; coordination of all five S-donor atoms

was confirmed crystallographically.1627 The complexes [Ru([18]aneS6)][BPh4]2 ([18]aneS6¼
1,4,7,10,13,16-hexathiacyclooctadecane), [Ru(L-S,S0)3][PF6]2 (L¼ 1,4,7,10-tetraoxa-13,16-dithiacy-
clooctadecane),1628 and [RuL0][PF6]2 (L0 ¼ 2,3,11,12-dibenzo-1,4,7,10,13,16-hexathiacyclooctade-
cane)1629 have been prepared and structurally characterized. Ligands (359) and (360) have been
incorporated into the complexes trans-[RuCl2(359)2], cis-[RuCl2(360)2], trans-[RuCl2(360)2],
[RuCl(359)(360)(tht)]þ, and [RuCl2(dmso)2(360)]. The structures of the first four complexes have
been determined in order to confirm preferences for arrangements of different donor groups.1630

SS

(359)

SS O

(360)

S
S

X

(358)   X = O, S

Complex formation using the potentially tetra- or pentadentate ligands (361)2� to (364)2� has
formed part of extensive work by Sellmann and co-workers. The reaction of [RuCl2(PPh3)3] with
Li2(361) and gaseous HCl, followed by treatment of the resulting complex with base to remove
HCl, yields [Ru(PPh3)(361)]. This unsaturated complex readily forms [Ru(PPh3)(361)L] where
L¼N3

�, NH3, N2H4. The hydrazine complex can be oxidized with concomitant formation of a
diazene-bridged dinuclear species, the crystal structure of which has been determined.1631 The
reaction of Na2(362) with [RuCl2(dmso)4] leads to [Ru(362)(dmso)2] from which the dmso ligands
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can be displaced by small ligands such as PEt3 and PPr3. The solid-state structure of
[Ru(362)(PPr3)2] confirms a cis arrangement of the phosphine ligands. For the more sterically
demanding phosphines PCy3 and PiPr3, reactions with [Ru(362)(dmso)2] yield [Ru(362)(dmso)-
(PR3)], the reactivity of which has been described.1632 Reactions of [Ru(362)(dmso)(PR3)]
(R¼Cy, iPr) or [Ru(362)(PPh3)2] with LiAlH4 or NaBEt3H produce hydrido complexes
[Ru(H)(PR3)(362)]

� (R¼Ph, Cy, iPr) which have been isolated as solvated sodium or lithium
complexes. The reaction of representative complexes with CD3OD was followed by NMR
spectroscopy; HD is expelled and [Ru(D)(PR3)(362)]

� formed. Analogous reactions with
CH3OH have been investigated. These, and reactions that illustrate the reversible uptake of H2

by the Ru(PR3)(362) unit, have been studied in detail.1633 Ligand H2(363) has been prepared in
order to find a ligand that is related to, but more stable with respect to reductive C�S cleavage
than, H2(362). The complexes [Ru(PR3)L(363)] (R¼Et, L¼PEt3; R¼Ph, L¼PPh3, CO, dmso)
have been prepared and characterized, and the crystal structures of [Ru(PEt3)2(363)] and
[Ru(PPh3)(CO)(363)] have confirmed that the thiolate groups of (363)2� are mutually trans.1634

Starting from [Ru(NO)(1,2-(S)2C6H4)2]
� and S(CH2CH2Br)2, it has been possible to assemble

[Ru(NO)(365)]þ. The reactions of this complex with nucleophiles such as N3
� and LiNH2 have

been investigated.1635 The tert-butyl derivative [Ru(NO)(366)]Br has also been prepared. This
complex reacts with LiBEt3H to yield [Ru2(366)2] and [Ru(366)Ru(NO)(L)(L0)] where H2L and
H2L

0 ¼ 1,2-(SH)2-3,5-
tBu2C6H2 and 2-SH-3,5-tBu2 C6H2SCH2CH2SH.1636
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Ruthenium(II) complexes of general formula cis or trans-[RuCl2L2] where L is a didentate
sulfoxide ligand RS(O)(CH2)nS(O)R (R¼Me, Et, Pr, n¼ 2; R¼Me, n¼ 3) have been prepared
and structurally characterized. In vitro studies suggest that the trans-[RuCl2L2] complexes accu-
mulate in hamster ovary cells and bind to DNA to a higher degree than the cis complexes.1637 In
trans-[RuCl2{(4-MeC6H4)S(O)C6H4S(O)(4-MeC6H4)}2], spectroscopic data are consistent with
S-coordination.1638 Molecular mechanics calculations have been carried out on sulfoxide com-
plexes in this [RuCl2L2] family to investigate the isomer preferences for S over O-bonding and cis
vs. trans isomer formation.1639

N,N-dimethylbenzo[b]furan-2-carbothioamide, HL, forms a cyclometallated complex [RuCl-
(CO)2(PBu3)(L-C,S)] which has been structurally characterized. An analogous synthesis using
the seleno analog of HL does not lead to a corresponding cyclometallated complex.1640 The air-
stable, aryl sulfonylamido complexes [Ru(ArSO2NH)(Et2dtc)(CO)(PPh3)2] (Ar¼ 4-MeC6H4,
4-tBuC6H4, 2,4,6-iPr3C6H2) have been prepared from ArSO2N3 and [Ru(H)(Et2dtc)(CO)(PPh3)2].
Structural characterization of one derivative confirms that the ArSO2NH� ligand is N-bonded
and trans to the carbonyl ligand, and the Et2dtc

� ligand is bound as the usual S,S0 chelate.
Reactions of [Ru(ArSO2NH)(Et2dtc)(CO)(PPh3)2] with oxidizing agents and base have been
investigated, and among the products isolated and characterized is [(CO)(Et2dtc)(PPh3)Ru-
(�-Et2dtc)(�-I)RuI(CO)(PPh3)].

1641 The reaction of [Ru(Et2dtc)2(dmso)2] with tBuNC results in
the formation of trans-[Ru(Et2dtc)2(

tBuNC)2], the crystal structure of which has been determined.
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The oxidation of this complex by I2 yields [Ru(Et2dtc)2(
tBuNC)2]

þ; an analogous oxidation
occurs with [Ru(Et2dtc)2(PPh3)2]. With I2, [Ru(Et2dtc)2(dmso)2] reacts to give the mixed-valent
complex [Ru3(Et2dtc)6(dmso)2][I3]2. The complex cation is best described in terms of a
{RuIII

2(Et2dtc)4}
2þ unit linked to a {RuII(Et2dtc)2(dmso)2} unit.1642 Dialkylthiocarbamate com-

plexes [Ru(R2dtc)(bpy)2]
þ and [Ru(R2dtc)(phen)2]

þ have been prepared along with the complexes
[RuL2(PPh3)2] and [RuL(bpy)2]

þ where HL is a series of 2-alkylamino-1-cyclopentene-1-dithio-
carboxylic acids. Spectroscopic and electrochemical properties of the complexes have been stu-
died.1643 Reactions between [Ru(EtCOCS2)2(PPh3)2] or [Ru{(CH2)4NCS2}2(PPh3)2] and various
tertiary phosphine ligands result in phosphine substitution. Preferences for cis and trans isomers
are discussed, both for the RuII complexes and the RuIII products of oxidation.1644 A number of
derivatives incorporating EtOCS2

�, Et2dtc
�, or Ph2PCSNPh� ligands have been prepared starting

from RuII halophosphine carbonyl or nitrosyl complexes. When the precursor is [RuCl2-
(CO)(CS)(PPh3)2], it is the CS ligand that is displaced by EtOCS2

� or Et2dtc
�, whereas

Ph2PCSNPh� reacts to produce [RuCl(Ph2PCSNPh)(CO)(CS)(PPh3)].
1645 Treatment of

[OsBr2(PPh3)3] with Na[Et2dtc] yields cis-[Os(Et2dtc)2(PPh3)2]; oxidation with CeIV results in the
formation of trans-[Os(Et2dtc)2(PPh3)2]

þ and reduction of this cation with hydrazine produces
trans-[Os(Et2dtc)2(PPh3)2]. The isolation of the latter is possible only because isomerization to the
preferred cis form is slow for OsII in solution; cis-to-trans isomerization of the OsIII complex is so
rapid that this species cannot be isolated.1646 Similarly, oxidation of cis-[Os(RSCS2)2(PPh3)2] is
followed by rapid isomerization to trans-[Os(RSCS2)2(PPh3)2]

þ. Reduction of this complex yields
trans-[Os(RSCS2)2(PPh3)2] which slowly isomerizes to cis-[Os(RSCS2)2(PPh3)2]. Factors influen-
cing these isomerizations have been discussed, and comparisons have been made with related
processes for the analogous Ru complexes.1647,1648 The crystal structure of cis-
[Ru(PhCH2SCS2)2(PPh3)2] has been determined.1648 The reaction of [OsBr2(PPh3)3] with
K[ROCS2] (R¼Me, Et, iPr, PhCH2) gives cis-[Os(ROCS2)2(PPh3)2]. As with the previous example,
oxidation of this complex with CeIV leads to the trans isomer, reduction of which yields trans-
[Os(ROCS2)2(PPh3)2]. Representative structures have been determined; the cis/trans isomer
preferences are explained in terms of poor backbonding to OsIII resulting in steric factors
being dominant over electronic factors on going from OsII to OsIII.1649 Another S,S0-chelate
that has been studied is Ph2PS2

�. A crystal structure determination of [Ru(Ph2PS2)2(CO)
(PPh3)]�0.25Et2O reveals that the two dithiophosphinato ligands are mutually cis.1650 The reac-
tions of K[R2P(S)NP(S)R2] (R¼Ph, iPr) with [RuCl2(PPh3)3], [RuCl2(dmso)4], or [RuCl2(CO)2]x
lead to [Ru{R2P(S)NP(S)R2}2(PPh3)], cis-[Ru{Ph2P(S)NP(S)Ph2}2(dmso)2], or cis-[Ru{R2P(S)-
NP(S)R2}2(CO)2]. The crystal structures of the two five-coordinate complexes [Ru{R2P(S)NP(S)-
R2}2(PPh3)] have been established. Treatment of [Ru{iPr2P(S)NP(S)PiPr2}2(PPh3)] with tBuNC
produces trans-[Ru{iPr2P(S)NP(S)PiPr2}2(

tBuNC)2]. The complexes [Ru{R2P(S)NP(S)PR2}3] can
be prepared from reactions between RuCl3�xH2O and K[R2P(S)NP(S)R2] (R¼Ph, iPr). An
interesting reaction in this series is that of [Ru{iPr2P(S)NP(S)PiPr2}2(PPh3)] with pyridine which
leads, not to a py complex, but to [Ru{iPr2P(S)NP(S)PiPr2}2(SO)]. Other SO2 and SO4

2� com-
plexes in this series have also been prepared and characterized.1651

The complexes [Bu4N][Ru(366)2], [Bu4N][Ru(367)2], [Ru(bpy)2(366)] and [Ru(bpy)2(367)] have
been prepared and their redox properties investigated. The oxidized complexes
[Bu4N]0.1[Ru(366)2] and [Ru(bpy)2(367)][I3]2.1 possess electrical conductivities of 1.8 10�3 and
2.0 10�4 S cm�1 respectively.1652

5.5.3.4.2 Di- and trinuclear complexes

Dinuclear complexes involving [S2]
2� bridging ligands include [{P(OEt)3}2ClRu(�-N2H4)(�-Cl)-

(�-S2)RuCl{P(OEt)3}], a mixed-valent compound that exhibits both inter- and intramolecular
hydrogen bonding involving the hydrazine ligand.209 The related complex [{P(OMe3}2ClRu-
(�-N2H4)(�-Cl)(�-S2)RuCl{P(OMe)3}] reduces O2 and forms [{P(OMe3}2ClRu(�-N2H4)(�-Cl)-
(�-S2)RuCl{P(OMe)3}][O2] in which [O2]

� is coordinated to the bridging [S2]
2� ligand. The

mechanism by which O2 reduction takes place is discussed. Among products that have been
isolated and structurally characterized in this study is the RuII complex [{P(OMe3}2ClRu-
(�-N2H4)(�-S2O5)RuCl{P(OMe)3}].

1653 A number of complexes containing a Ru(�-S2)(�-Cl)2Ru
core have been reported, and we have already mentioned the RuIII complex [{P(OMe)3}2ClRu(�-
S2)(�-Cl)2RuCl{P(OMe)3}].

120 This and the related RuIII complexes [{P(OMe)3}2ClRu(�-S2)(�-
Cl)2Ru(MeCN){P(OMe)3}]

þ and [{P(OMe)3}2(MeCN)Ru(�-S2)(�-Cl)2Ru(MeCN){P(OMe)3}]
2þ
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have been structurally characterized.1654,1655 The complex [{P(OMe)3}2(MeCN)3RuIII-
(�-S2)RuIII(MeCN)3{P(OMe)3}]

4þ and its one-electron-reduced derivative [{P(OMe)3}2-
(MeCN)3RuIII(�-S2)RuII(MeCN)3{P(OMe)3}]

3þ have also been prepared. The latter was the first
example of a mixed-valent complex with a trans-MS2M core, and ESR and PES data are reported.
[{P(OMe)3}2(MeCN)3RuIII(�-S2)RuII(MeCN)3{P(OMe)3}]

3þ does not exhibit an intervalence band,
and is considered as a class III Robin–Day species.1656 The Na/Hg reduction of
[{P(OMe)3}2ClRuIII(�-S2)(�-Cl)2RuIIICl{P(OMe)3}] in thf leads initially to the solution species
[{P(OMe)3}2Cl(thf)2RuII(�-S2) RuIICl(thf)2{P(OMe)3}], but on crystallization, the isolated product
is a tetranuclear RuII species. This consists of two trans-RuIISSRuII cores, oriented parallel to one
another and connected by �,�1,�2-S2

2�,�-Cl� and �-P(OMe)3-P,O ligands.1656 Both [S2]
2� and S2�

ligands support the RuII
2 core in the complex [{MeC(CH2PPh2)3}Ru(�-S)(�-S2)Ru{MeC-

(CH2PPh2)3}]
þ, isolated and characterized as the [CF3SO3]

� salt.1657

Bridging polysulfide ligands feature in the complexes [Ru2(�-Sn)(�-S2CNMe2)(S2CNMe2)-
(CO)2(PPh3)2] (n¼ 5 or 6). In the solid state, the structure of each complex is unsymmetrical as
illustrated in structure (368) for the [S5]

2�-bridged complex.1658 These complexes react with
NH3, N2H4, and py (L), and in each case, the bridging mode shown in structure (368) opens
up. Reactions with NH3 or py lead to complexes of the type [{(S2CNMe2)(CO)(PPh3)LRu}2-
(�-Sn)] in which the two octahedral RuII centers are remote from each other. When
[Ru2(�-Sn)(�-S2CNMe2)(S2CNMe2)(CO)2(PPh3)2] reacts with N2H4, desulfurization occurs,
and the product contains a �-[S4]

2� ligand as well as a �-N2H4 group.1659 The complexes
[Ru2(S2CNMe2)2(CO)2(PPh3)2(�-SR)2] (R¼Et or Ph) have been prepared by reacting RSH
with [RuH(S2CNMe2)(CO)(PPh3)2]. Treatment of these RuIIRuII species with HNO3 in MeCN
produces the RuIVRuIV dimers [Ru2(S2CNMe2)2(CO)2(PPh3)2(�-SR)2][NO3]4. Structural data
are presented for the RuII and RuIV PhS� complexes, and the most significant feature is the
increase in Ru�Ru separation that accompanies oxidation: 3.683(1) Å for RuII�RuII, and
2.876(2) Å for RuIV�RuIV, corresponding to Ru�Ru bond formation.1660 Thiolate-bridged
complexes of the type [Ru2(�-SR)2(CO)4(PPh3)2] and [Ru2{�-S(CH2)nS}(CO)4(PPh3)2] can be
synthesized by replacement of carboxylate bridges in [Ru2(�-O2CR)2(CO4)(PPh3)2] (e.g.,
R¼H). The crystal structure of [Ru2{�-S(CH2)3S}(CO)4(PPh3)2] confirms that the dithiolate
bridge is symmetrically disposed between the two RuII centers with each S atom interacting
with both Ru atoms; the Ru�Ru bond length of 2.690(1) Å indicates the presence of a
metal–metal bond.1661

S

(CO)(PPh3)Ru

S

Ru(η2-S2CNEt2)(CO)(PPh3

S

S
S

S

S

Et2
N
C

(368)

)

The reaction between elemental sulfur and [CpRu(SPh)(PPh3){P(OMe)3}] yields [Cp2Ru2{P(O-
Me)3}2Sn] (n¼ 4 or 6). Treatment of [Cp2Ru2{P(OMe)3}2S6] with PPh3 abstracts sulfur from the
bridge forming [Cp2Ru2{P(OMe)3}2S4]. Both complexes exhibit unusual bridge structures. The
Ru2S4 unit in [Cp2Ru2{P(OMe)3}2S4] has a chair conformation, reminiscent of S6, whereas in
[Cp2Ru2{P(OMe)3}2S6], the Ru2S6 unit resembles the bicyclic structure of [S8]

2þ.1662

An interesting reaction occurs between Ru powder and SCl2 in a closed vessel at 140 �C. The
isolated products are [fac-RuIICl3(SCl2)3]

�[SCl3]
þ, [Cl(SCl2)3RuII(�-Cl)2RuII(SCl2)3Cl], and

[(SCl2)3RuIII(�-Cl)3RuII(SCl2)Cl2] and their crystal structures have been determined. In
[RuCl3(SCl2)3]

�[SCl3]
þ, cation–anion association occurs with the chloro ligands of the anion

forming unsymmetrical bridges between the RuII center and the S atom of the cation.1663,1664

The reaction between PhMeSO and RuCl3�xH2O leads to the formation of the trinuclear
complex [Ru3(�-PhMeSO-S,O)2(�-Cl)4(PhMeSO-S)4Cl2]. The complex (characterized spectroscop-
ically and crystallographically) contains a linear arrangement of octahedrally coordinated Ru
atoms.1665
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5.5.3.5 Selenium- and Tellurium-donor Ligands

The RuIII complex [{P(OMe3}2ClRu(�-Se2)(�-Cl)2RuCl{P(OMe)3}] has been prepared and
structurally characterized; it undergoes irreversible electrochemical reduction.1666

The seleno- and telluroether complexes trans-[RuCl2L2] and trans-[RuBr2L2] have been pre-
pared for L¼PhSeCH2CH2SePh, MeSeCH2CH2SeMe, and 1,2-(MeTe)2C6H4 from RuCl3�xH2O.
Techniques used for compound characterization include 77Se and 125Te NMR spectroscopies. The
crystal structure of trans-[RuCl2(PhSeCH2CH2SePh)2] has been established.1667 The tripodal
ligands MeC(CH2SeMe)3 and MeC(CH2TeMe)3 (L) form the homoleptic complexes [RuL2]

2þ,
isolated as the [CF3SO3]

� salts. Structural data for the seleno derivative reveal that the lone pairs
on the Se atoms are in a syn arrangement.1668 When [OsCl2(PPh3)3] reacts with MeSe(CH2)3SeMe
(L), the product is trans-[OsCl(PPh3)(L-Se,Se)2]

þ. Analogous reactions occur with
MeSCH2CH2SMe and with ditelluroethers. Attempts to prepare OsII complexes of ditelluroethers
from OsO4/HCl/EtOH or [OsCl6]

2� ran into difficulties arising from ligand chlorination. These
problems were overcome by using trans-[OsCl2(dmso)4] as a starting material. As part of this
study, the crystal structure of trans-[OsCl2{PhTe(CH2)3TePh}2] was determined; it is similar to
that of the RuII analog previously established.1669

The reaction between [Ru(dmf)6]Cl3 and 1,5,9,13-tetraselenacyclohexadecane, [16]aneSe4,
in EtOH at reflux yields cis-[RuCl2([16]aneSe4)]. The complex cis-[RuCl2([8]aneSe2)]
([8]aneSe2¼ 1,5-diselenocyclooctane) was similarly prepared. The derivatives cis-[RuBr2([16]ane-
Se4)] and cis-[RuI2([16]aneSe4)] can be made from [Ru(dmf)6][CF3SO3]3 in the presence of LiBr or
NaI. A cis-trans isomerization is observed when cis-[RuX2([16]aneSe4)] (X¼Cl, Br) is heated in
nitromethane solution. The ligand [16]aneSe4 also reacts with [MCl2(PPh3)3] (M¼Ru, Os) to
yield trans-[MCl(PPh3)([16]aneSe4)]

þ; the crystal structure of trans-[RuCl(PPh3)([16]aneSe4)][PF6]
has been determined.1670

5.5.3.6 Mixed-donor Atom Ligands

5.5.3.6.1 N,O-donors

A range of complexes involving N,O-chelates based on 2-(2-hydroxyphenyl)pyridine (HL0) or
8-hydroxyquinoline have been reported. Ligand HL0 reacts with [RuCl2(bpy)2] in the presence of
PF6

� to give [Ru(bpy)2(L
0-N,O)]þ. Electrochemical data indicate that the phenolate group stabil-

izes the RuIII state by 0.86V relative to [Ru(bpy)3]
2þ.122 The reaction of [RuCl2(PPh3)3] with

8-hydroxyquinoline (HL) yields [Ru(L-N,O)2(PPh3)2] both in the cis,trans,cis and trans,trans, trans
forms. Both isomers are oxidized to the trans,trans,trans form of [Ru(L-N,O)2(PPh3)2]

þ, and
reduction of this isomer produces solely trans,trans,trans-[Ru(L-N,O)2(PPh3)2]. The crystal struc-
tures of cis,trans,cis-[Ru(L-N,O)2(PPh3)2] and trans,trans,trans-[Ru(L-N,O)2(PPh3)2][PF6] have
been determined.1671 Isomerizations of the complexes cis and trans-[Ru(OAc)(2-MeL-
N,O)2(NO)] (2-MeHL¼ 2-methyl-8-hydroxyquinoline) have also been investigated.1672 When
[RuCl3(2-MeL-N,O)(NO)]� reacts with excess 8-hydroxyquinoline (HL), the major product is
[RuCl(L-N,O)(2-MeL-N,O)(NO)] in which the O-donor of 2-MeL� is trans to the nitrosyl ligand,
and the N-donors of the two quinoline-based ligands are mutually trans. The same isomer is
formed when [RuCl3(L-N,O)(NO)]� reacts with excess 2-MeHL.1673 Three geometrical isomers of
[RuCl(2-EtL-N,O)2(NO)] (2-EtHL¼ 2-ethyl-8-hydroxyquinoline) have been crystallographically
characterized, and variable-temperature 1H NMR spectroscopy has been used to probe the isomer
preferences in solution.1674

Pyridine-2-carboxylic acid (picolinic acid, Hpic) reacts with the mixed-valent [Ru2Cl(�-OAc)4]
to yield [RuIII(pic)3] and [RuII

2(�-pic)4]. Both complexes react with PPh3 to give the same RuII

product, [Ru(pic-N,O)2(PPh3)2], the crystal structure of which confirms a trans arrangement of
PPh3 ligands.1675 The complex [RuX(H2O)(pic-N,O)(PPh3)2] (X¼Cl, Br) can be prepared from
equimolar amounts of Hpic and [RuX2(PPh3)3]; a 2:1 molar ratio of reagents results in the
formation of [Ru(pic-N,O)2(PPh3)2]. When treated with base, [RuX(H2O)(pic-N,O)(PPh3)2] loses
HX and forms the dimer [Ru2(OH)2(pic)2(PPh3)4]. The redox properties of the complexes have
been described.1676 Like pic�, the conjugate bases of pyrazine 2-carboxylic acid, imidazole 4,5-
dicarboxylic acid, and pyrazine 2,3-dicarboxylic acid all function as N-O chelates in complexes of
type [RuL2(PPh3)2]. The second CO2H group of each dicarboxylic acid is non-coordinated.
Structural data for the pic� and imidazole derivatives show that the PPh3 ligands are mutually
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cis.1677 The complexes [Ru(6-CO2bpy-N,N
0,O)2], [Ru(6-CO2bpy-N,N

0,O)(tpy)]þ, and [Ru(bpy)2-
(pic)-N,O)]þ have been prepared and characterized (6-CO2Hbpy¼ 2,20-bipyridine-6-carboxylic acid).
Electrochemical data show there to be a linear relationship between the redox potentials and
the number of coordinated CO2

� groups, each O-donor leading to a 0.4V decrease in E(RuII/RuIII).
[Ru(6-CO2bpy-N,N

0,O)(tpy)]þ and [Ru(bpy)2(pic)-N,O]þare luminescent.1678

Salts of a number of �-amino acids, HL, have been reacted with [MH(Cl)(CO)(PPh3)3]
(M¼Ru, Os) to give complexes of type [MH(CO)(L-N,O)(PPh3)2], structurally characterized
for M¼Ru and HL¼L-proline. For M¼Ru, a second preparative route involves reaction of
HL with [Ru(CO)3(PPh3)2]. Direct reaction of HL with [RuH(Cl)(CO)(PPh3)3] results in the
formation of [RuCl(CO)(L-N,O)(PPh3)2].

1679 The peptide diglycine can potentially act as an
N,O,N0,O0-donor; similarly, triglycine could utilize an N,O,N 0,O 0,N 00,O 00-donor set. The reactions
of diglycine and triglycine with [RuCl2(PPh3)3] lead to mononuclear and dinuclear complexes
respectively. The deprotonated glygly ligand binds as an N,N 0,O bischelate in [RuL(PPh3)2-
(MeOH)]. In contrast, the longer tripeptide supports a diruthenium complex [Ru2L2(PPh3)4],
exhibiting an N(amino),N(peptide),O(peptide),O(carboxyl) binding mode. Each ligand is triden-
tate to one RuII center and monodentate (O) to the other.1680

The ligands 369 react with [RuCl2(dmso)4] to yield [RuCl2(dmso)2(369-N,O)], characterized by
spectroscopic and electrochemical methods.1681 Complexes in the families [RuII(bpy)(370)2]

1682

and [RuIII(acac)(370)2]
1683 have been reported. The complexes [Ru(bpy)(370)2] undergo a rever-

sible RuII/RuIII oxidation followed by an irreversible RuIII/RuIV process; the bpy-centered one-
electron reduction is also observed. Chemical oxidation of the complexes [Ru(bpy)(370)2] gives
[Ru(bpy)(370)2]

þ (isolated as the iodides), the electronic and ESR spectroscopic properties of
which have been described.1682 The crystal structure of [Ru(acac)(371)2] has been established, and
the electrochemical and chemical redox reactions of [Ru(acac)(370)2] and [Ru(acac)(371)2] gene-
rate RuII and RuIV species that have been characterized by spectroscopic and electrochemical
techniques.1683
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The Schiff-base complex [Ru(372)(CO)] has been prepared from H2(372) and Ru3(CO)12 in
toluene. By utilizing the vacant coordination site in [Ru(372)(CO)], a range of mononuclear and
dinuclear complexes (e.g., [Ru(372)(CO)(py)] and [{Ru(372)(CO)}2(�-4,4

0-bpy)] can be prepared.
Choice of bridging ligand allows control over the electronic communication between the metal
centers in the dinuclear species.1684 The aniline derivative [RuCl2(PhNH2)2(373)]

896 reacts with
3,5-di-tert-butylcatchol to yield [RuCl2(373)(374)] via oxidative coupling of the catechol and
coordinated PhNH2. The crystal structure of [RuCl2(373-N,N

0)(374-N,O)] has been determined,
and bond parameters are consistent with an RuII rather than RuIII species.1685
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In Section 5.5.2.5.1, we summarized RuIII complexes of edta4� and related ligands. Related
RuII complexes include those containing ligand (375). Detailed solution 1H and 19F NMR
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spectroscopic studies have been used to investigate the reactions between [Ru(375)(H2O)]� and
5-substituted (X¼F, Cl, Br, I, CO2H) uracils and uridines. These give derivatives in which the
pyrimidine nucleobases are bound in an �2 mode (C¼C) which competes with donation through
atom N(3). The �2 mode has previously been observed for the coordination of related uridine and
cytidine ligands to [Ru(375)]�.1686 The �2 binding of the nucleobases has been compared with that
of various alkenes, and equilibrium constants for the formation of [Ru(375)L]� have been
determined. The largest value of K for L¼ alkene was observed for methyl vinyl ketone.1687

Reactions between pyrimidine (pyr), 4-Mepyr or 4,6-Me2pyr, and [Ru(375)(H2O)]� proceed
through a kinetically controlled substitution at atom N(1), followed by linkage isomerization to
the �2-bound pyrimidine ligand. Isomer distributions have been investigated using NMR spectros-
copy, and it has been confirmed that dissociation of one CO2

� group of ligand (375) occurs as the
�2-pyrimidine mode is established.1688 Addition of appropriate amounts of pyrimidine to
[Ru(375)(H2O)]� leads eventually to [Ru(375)(pyr)2]

�, with the addition of the second equivalent
of pyr being rate-limited by the dissociation of one CO2

� donor group from ligand (375). The two
pyrimidine ligands in [Ru(375)(pyr)2]

� are distinct, the first being rigidly bound and the second
being fluxional.1689 Related reactions using pyridazine as the incoming N-heterocycle have also
been investigated; addition of the second equivalent of pyridazine is far faster than that of
pyrimidine, pyrazine, or pyridine, indicating base-assisted dissociation of the carboxylate arm of
ligand (375).1690 Further investigations of these systems have utilized [Ru(375)(D2O)]�. Pyrazine
reacts with [Ru(375)(D2O)]� in D2O to give a mixture of isomers and a pyz-bridged diruthenium
complex. The distribution and interconversion of the isomers (one of which contains a fluxional
pyz ligand) has been monitored by solution 1H and 13C NMR spectroscopies.1691 With 2,3-
Me2pyz, [Ru(375)(H2O)]� reacts to give [Ru(375)(2,3-Me2pyz)]

� or [{Ru(375)}2(�-2,3-Me2pyz)]
2�

depending on the stoichiometry of the reaction. Electrochemical data have been reported for the
complexes, and in the oxidized dinuclear species, there is only weak electronic coupling between
the Ru centers.1692 The properties of the complexes [Ru(375)L]� where L¼ 2,20-dipyridylamine or
N,N,N 0,N 0-tetrakis(2-pyridyl)adipamide have been studied using NMR spectroscopic and electro-
chemical techniques. Even when there is an excess of 2,20-dipyridylamine, only one equivalent of
the ligand binds to the RuII center. The pKa of [Ru(375)(HL)] (HL¼ 2,20-dipyridylamine) is
�5.1693 The complexes [Ru(375)L]n� (L¼NOþ, n¼ 0; L¼NO, n¼ 1; L¼NO�, n¼ 2) result
from reactions of [Ru(375)(H2O)]� with gaseous NO or [NO2]

�. Values of �(NO) provide
information about the relative back-donation from RuII to the NOn� ligand. For the 14N and
15N labeled complexes respectively, �(NO)¼ 1,846 and 1,827 cm�1 for L¼NOþ, 1,858 and
1,842cm�1 for L¼NO, and 1,383 and 1,370cm�1 for L¼NO�. 15N NMR spectra have been
recorded for complexes containing coordinated 15NOn� and 15NO2

�.1694 A detailed electrochem-
ical investigation of the reactions between NO and [Ru2(376)2(H2O)2]

2� or
[Ru2(376)(bpy)(H2O)]2� in aqueous solution has been carried out.1695
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The free N-donor atoms in [Ru(bpz)3]
2þ enter the coordination sphere of [Ru(edta)]2� to enable

the formation of the supramolecular complex [Ru(bpz)3{Ru(edta)}6]
10� which has been charac-

terized in solution. In the electronic spectrum of this complex, the MLCT bands of the central
RuII are hidden by absorptions assigned to the edta-bound RuII centers. Resonance Raman
spectra of [Ru(bpz)3{Ru(edta)}6]

10� have been recorded and assigned. On going from
[Ru(bpz)3]

2þ to [Ru(bpz)3{Ru(edta)}6]
10�, the luminescence of the former is partially quenched.1696

Dinuclear RuII complexes with N,O-donor ligands include [Ru2(�-L-N,O)4] (HL¼ 2-chloro-
6-hydroxypyridine) which is prepared from [Ru2(OAc)4Cl] and molten HL. Reduction of the
intermediate compound [Ru2L4Cl] with Zn in the presence of thf yields [Ru2L4(thf)]. Both
[Ru2L4] and its thf adduct have been structurally characterized. Abstraction of Cl� from
[Ru2L4Cl] results in the formation of [{Ru2L4}2][BF4]2.

1697 The dinuclear complex [Ru2(�-Cl)-
(�-H)(�-L-N,O)2(PPh3)4] in which HL is succinimide, forms in the reaction of HL with
[RuH(Cl)(PPh3)3]. If the reaction is carried out in the presence of excess NEt3, [Ru2(�-Cl)-
(�-H)(�-L-N,O)2(PPh3)3(CO)] can be isolated. Further CO-for-PPh3 substitution yields
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[Ru2(�-Cl)(�-H)(�-L-N,O)2(PPh3)2(CO)2].
1698 The reactions of [Ru2(CO)4(MeCN)4L2]

2þ

(L¼ tertiary phosphine) with NaNO2 or NaNO3 in methanol afford the complexes [Ru2(CO)4-
(�-NO2-N,O)2L2] or [Ru2(CO)4(�-NO3-O,O)2L2]. Isomers of [Ru2(CO)4(�-NO2)2L2] arise from
head-to-head or head-to-tail arrangements of the �-NO2

� groups. The reactivities of the two
complexes have been explored.1699

5.5.3.6.2 N,P-donors

The simplest P,N-donor described in this section is Me2NCH2CH2PPh2. It reacts with
RuCl3�xH2O in the presence of Zn to give [Ru(Me2NCH2CH2PPh2-P,N)2Cl2], an alternative
route to which is the reaction between the ligand and [RuCl2(PPh3)3]. The reactivity of
[Ru(Me2NCH2CH2PPh2-P,N)2Cl2] has been investigated. For example, it reacts with CO to
give [Ru(Me2NCH2CH2PPh2-P,N)(Me2NCH2CH2PPh2-P)(CO)Cl2], and it loses Cl� when treated
with NaBPh4. The crystal structure of [Ru(Me2NCH2CH2PPh2-P,N)2Cl][BPh4] has been deter-
mined, confirming the five-coordinate geometry. The sixth coordination site is readily occupied,
e.g., by CO or MeCN.1700 [Ru(Me2NCH2CH2PPh2-P,N)2Cl2] undergoes a reversible one-electron
oxidation in CH2Cl2 solution, but in MeOH, a two-step ionization/solvolysis process involving
opening of the chelate ring is observed.1701 The crystal structures of [Ru(Me2NCH2CH2PPh2-
P,N)2Cl2] (trans-Cl, cis-P)1701 and [Ru(H)Cl2{P(4-MeC6H4)3}3(2-PPh2C6H4NMe2-P,N)] (trans-Cl,
cis-P)1702 have been determined. The latter five-coordinate complex reversibly binds H2 and N2

forming �2–H2 and 	–N2 complexes respectively.1702

2-Diphenylphosphinopyridine (2-Ph2Ppy) has been incorporated into the complex [Ru-
(2-Ph2Ppy)3Cl]þ. Spectroscopic data indicate that two ligands are P,N chelates and the third is
monodentate. From chlorinated solvent solutions of [Ru(2-Ph2Ppy)3Cl]Cl, it is possible to isolate
cis-[Ru(2-Ph2Ppy)2Cl2]. Carbon monoxide displaces Cl� in [Ru(2-Ph2Ppy)3Cl]þ to yield
[Ru-(2-Ph2Ppy)3(CO)]2þ, and with Ag[CF3CO2], [Ru(2-Ph2Ppy)3Cl]Cl reacts to give [Ru(2-
Ph2Ppy)3(CF3CO2)][CF3CO2] as the main product.1703 The complexes [Ru(L-P,N)2X2] (L¼ 2-
Ph2PCH2CH2py; X¼Cl, Br, I) have been prepared and their solution properties studied by
UV–vis and multinuclear NMR spectroscopies and conductivity measurements. Dissociation of
X� gives five-coordinate species that dimerize to [Ru2(L-P,N)4(�-X)2]

2þ, although this process is
dependent on the size of the halide ligand.1704 Analogous OsII complexes have also been char-
acterized. The complexes [Os(L-P,N)2X2] (L¼ 2-Ph2PCH2CH2py; X¼Cl, Br) react with CO to
give [Os(L-P,N)(L-P)(CO)X2] or [Os(L-P,N)2(CO)X]þ. The CO ligand lies trans to a P-donor atom,
but isomerization to a cis arrangement occurs on heating. In solution, [Os2(L-P,N)4 (�-X)2]

2þ

dissociates to [Os(L-P,N)2X]þ. In MeCN, the complex [Os(L-P,N)2(MeCN)2]
2þ is formed and

undergoes substitution reactions with py, PMe2Ph, or P(OEt)3.
1705 2,6-Bis(diphenylphosphino-

methyl)pyridine, L, reacts with [RuCl2(PPh3)3] in MeCN to produce mer-[RuCl2(PPh3)(L-P,N,P0)]
and [RuCl(MeCN)(PPh3)(L-P,N,P0)]Cl.1706 The same ligand has been incorporated into the com-
plexes [Ru(OAc)2(L-P,N,P0)], [Ru(OAc)2(L-P,N,P0)(PPh3)], [RuH(X)(L-P,N,P0)(PPh3)] (X¼Cl,
OAc), and [RuH2(L-P,N,P0)(PPh3)]. A determination of the crystal structure of [RuH(Cl)
(L-P,N,P0)(PPh3)] confirms a mer configuration for the tridentate ligand. Deuterium exchange
reactions have been carried out with the hydrido complexes and intermediate dihydrogen complexes
have been proposed.1707 The ligand PrN(CH2CH2PPh2)2 (L) coordinates to RuII in a mer configura-
tion in the complex [RuCl2L(PPh3)]; the PPh3 ligand is trans to the N-donor atom of L.1708

The reaction between ligand (377) and [RuCl2(PPh3)3] in benzene leads to the formation of
[RuCl2(377-N,N

0,N00)(PPh3)], the non-coordinated P atom in which oxidizes to give the corres-
ponding phosphine oxide compound.1709 [RuCl2(377-N,N

0,N 00)(PPh3)] can also be obtained from
(377) and [RuCl2(PPh3)3] in CDCl3, but a change in conditions alters the reaction pathway in
favor of [RuCl2(377-N,P,N

0)(PPh3)]. The related complex [RuCl2(378-N,P,N
0)(PPh3)] has also

been prepared and both [RuCl2(377-N,P,N
0)(PPh3)] and [RuCl2(378-N,P,N

0)(PPh3)] have been
structurally characterized.1710

The syntheses and structures of trans-[RuCl2(379-P,N,N
0,P0)] and the related saturated deriva-

tive have been reported;1711,1712 the C2-symmetric complex is a highly efficient catalyst precursor
for the asymmetric transfer hydrogenation of aromatic ketones, e.g., acetophenone.1711 The
reaction of [Ru(OAc)2(PPh3)2] with ligand (380) yields trans-[Ru(OAc)2(380-P,N,N

0,P0)]�2H2O
when the reaction is carried out in CH2Cl2; in toluene at reflux, the product is hydrated
trans-[RuCl2(380-P,N,N

0,P0)] which has been structurally characterized.1713,1714 The latter can
also be prepared from [RuCl2(dmso)4] and (380), and this route is also used to synthesize
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trans-[RuCl2(381-P,N,N
0,P0)]. The complex trans-[RuCl2(380-P,N,N

0,P0)] catalyzes the hydrogena-
tion of acrylic acid to propionic acid.1714

N

P N

N

(377)

N

P N

(378)

N N

P
Ph2

P
Ph2

(CH2)n

(380)   n = 2
(381)   n = 3

N N

P
Ph2

P
Ph2

(379)

Treatment of [RuCl2(PPh3)3] with LiN(SiMe2CH2PPh2)2 generates [RuCl(PPh3){N(Si-
Me2CH2PPh2)2-P,N,P

0}]. This adds H2 producing two isomers of [RuH(Cl)(PPh3){NH(Si-
Me2CH2PPh2)2-P,N,P

0}]. The five-coordinate [RuCl(PPh3){N(SiMe2CH2PPh2)2-P,N,P
0}] undergoes

orthometallation when it reacts with MeLi, Me3SiCH2Li or H2C¼CHCH2MgCl, forming
[Ru(C6H4PPh2){N(SiMe2CH2PPh2)2-P,N,P

0}]. Orthometallation also occurs when
[RuCl(PPh3){N(SiMe2CH2PPh2)2-P,N,P

0}] reacts with PEt3.
1715 Ligand 382 acts as an N,P,N0

donor in the complexes fac-[RuCl2(dmso)(382)], fac-[RuCl2(PPh3)(382)], and [Ru(�6-
C6H6)(382)]

2þ, while in [RuCl(�6-C6H6)(382)]
þ one oxazoline ring is pendent as confirmed by

X-ray diffraction studies. All four complexes catalyze the transfer hydrogenation reactions
between propan-2-ol and ketones.1716 The catalytic properties of RuII complexes containing
ligand (383) have also been explored. Attempts to prepare hydrido complexes containing ligand
(383) from the reactions between [RuH(Cl)(PPh3)3] and [RuH(OAc)(PPh3)3] and (383) have been
unsuccessful, and during investigations of other possible routes to hydrido species, the unexpected
deprotonation of the CH2 group of the CH2PPh2 chain in (383) was observed in the formation of
[Ru(OAc-O,O0)(383-N,P){(383–H)-N,P}].1717

N
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R''''

R'''
R''

R'

R

R = R'''' = F; R' = R'' = R''' = H
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tBu
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PhO O
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N N

The syntheses of ligands (384) have been described starting from (Z)-PPh2CH2C(tBu)¼NNH2.
Reactions between (384) and [RuCl2(PPh3)3] yield mer,trans-[RuCl2(PPh3)(384-P,N,R)] where R is
the halo substituent labeled in structure (384). The complexes have been characterized by multi-
nuclear NMR spectroscopy.1718 An extension of this work involves complex formation using
(385) and related ligands.1719

5.5.3.6.3 N,S-donors

Thiobenzamide reacts with [MCl2(PPh3)3] or [MH(X)(CO)(PPh3)3] (M¼Ru, Os; X¼H, Cl) to
yield [M{S(NH)CPh}2(PPh3)2] and [MX{S(NH)CPh}(CO)(PPh3)2]; an N,S-chelate mode has been
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confirmed in the crystal structure of [Os{S(NH)CPh}2(PPh3)2]. Related chemistry involving
thiobenzoic acid has also been described.1720 The complexes [RuL2Cl2], [RuL2Br2],
[RuL2Cl(PPh3)]

þ, and [RuL(bpy)Cl2], where L¼ 1-amino-2-thiomethylbenzene, have been pre-
pared and characterized. The N,S-donor ligand resists demethylation on heating in dmf to reflux
and this behavior contrasts with that observed for related complexes of NiII, PdII, PtII, and
CuII.1721

The complex [Ru(CO)2(2-Spy-N,S)2] has been prepared from Ru3(CO)12 and pyridine-2-thiol
(2-SHpy). Spectroscopic data are consistent with the S-donor atoms being mutually trans, and a
cis arrangement of CO ligands. Differences in the reaction patterns of Ru3(CO)12 and Os3(CO)12
with 2-SHpy are discussed.1722 The complex [Ru(CO)2(2-Spy)2] has also been prepared by the
reductive carbonylation of RuCl3�xH2O followed by treatment with 2-SHpy. When 2-SHpy is
replaced by quinoline-2-thione (quinSH), the major product is [RuCl2(CO)2(quinSH)2] rather
than [Ru(CO)2(quinS)2].

1723 Related phosphine RuII complexes containing the conjugate bases
of 2-SHpy or 1-hydroxypyridine-2-thione have also been studied,1724 and the crystal structure of
[Ru(dppb)(2-Spy)2] has been determined.1725 In the latter, the S atoms are trans to each other, and
this is also observed in the structure of [Ru(�4-nbd)(2-Spy)2] (nbd¼ bicyclo[2.2.1]hepta-
1,4-diene); the S�Ru�S bond angle of 149.9(1)� is similar to those in related compounds.1726

Several related ligands including those in structures (386) have been prepared and characterized,
and incorporated into complexes of type [Ru(L-N,N0)2(386-N,S)]

2þ (L¼ di-2-pyridyl sulfide (dps)
or di-2-pyrimidinyl sulfide). NMR spectroscopy has been used to study exchange between
diastereomers arising from inversion at sulfur.1727 The complexes [Ru(dps-N,N 0)2Cl2] react with
dps or 2-(6-methylpyridyl) 2-pyridyl sulfide (L) to yield [Ru(dps-N,N 0)2(L-N,S)]2þ, crystallogra-
phically confirmed for L¼ dps. Multinuclear NMR spectroscopy has been used to investigate the
solution behavior of these complexes.1728 6-(2-Thienyl)-2,20-bipyridine (HL) exhibits two bonding
modes in the complex [Ru(HL-N,N0)(HL-N,N 0,S)Cl]þ; preference for the N,N 0 mode is observed
in the RuIII complex [Ru(LH)(py)Cl3].

1729 The pyridine-based ligands (387) have been prepared.
They react with [RuCl2(PPh3)3] and [RuCl2(dmso)4] to yield [RuCl2L(387)] (L¼PPh3 or dmso).
Isomer preferences have been discussed, and the conclusions are supported by structural data for three
representative complexes.1730

R R

N
S S

N

Y

S

X

Y = CH; X = Me, Cl
Y = N; X = Me, Cl

(386)

R = H,  4-OMe, 4-Cl, 4-NO2, 
       2-CO2Me, 3-CO2Me, 4-CO2Me

(387)

A series of complexes of general type [Ru(bpy)2(L-N,S)]þ where HL is pyrimidine-2-thione or a
related ligand has been prepared and spectroscopically characterized. The existence of linkage
isomerism and electronic factors influencing the latter have been described; for [Ru(bpy)2L][ClO4]
where HL¼ 4-methylpyrimidine-2-thione, a crystal structure determination confirms that L�

binds through atoms S(2) and N(3).1731 As part of an investigation of RuII mercaptopurine
riboside complexes, the structure of [Ru(L-N,S)2(PPh3)2]Cl2 (L¼ 9-�-D-ribofuranosyl-6-mercap-
topurine) has been determined. This represents both the first X-ray diffraction study of a
ruthenium–nucleoside complex and the first structurally characterized metal complex containing
a 6-mercaptopurine riboside.1732

Ligand (388)� functions as an N,N 0,S bischelate in the complexes [Ru(388)(PPh3)X] (X¼Cl,
Br), [Ru(388)(PPh3)2Cl], [Ru(388)(PPh3)L]þ (L¼ 1-Meim, 2-Meim), [Ru(388)(PPh3)L2]

þ (L¼ im,
1-Meim, H2O), and [Ru(388)(PPh3)L]þ (L¼ bpy, phen) which have been characterized by spectro-
scopic and electrochemical methods. It is proposed that the five-coordinate complexes among this
group are stabilized by p� donation involving the sulfur atom of (388)�.1733 As part of a study of
RuII complexes containing ligand (389), the crystal structures of cis-[Ru(389-N,N0,S)(PPh3)Cl2]
and [Ru(389-N,N0,S)(PPh3)(bpy)][ClO4]2 have been determined.1734 Coordinated ligand (390)�

has been prepared starting from [RuCl2L2] or [OsBr2L2] (L¼ 2-(2-chlorophenylazo)pyridine)
and K[S2COEt] or Na[S2CNEt2]. The complexes that result are [Ru(390-N,N0,S)2] and [Os(390-
N,N0,S)2]. Spectroscopic data are consistent with a mer configuration of each ligand,1735 and this
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has been confirmed in the crystal structure of [Os(390-N,N0,S)2].
1736 The rate of reaction between

K[S2COR] and [OsBr2L2] depends on R: Et > Me> iPr> iBu>Pr>Bu>Bz.1736

N

X
N

SR

H (388) X = CH; R = H
    (389)  X = CH; R = Me
H (390) X = N; R = H

Complexes of type [RuCl2(L-S,S,S0,N 0)] and [RuCl(MeCN)(L-S,S,S0,N 0)]þ where L is a Schiff
base ligand (391) have been prepared and characterized (including one representative crystal
structure determination) along with compounds containing related P2N2- and O2N2-donor
ligands.143 A family of thiosemicarbazide complexes of type [Ru(bpy)2L]nþ has been made in
which L is in either the keto (structure (392) and n¼ 2) or enolate (n¼ 1) forms. In both, the
ligand functions as an N,S chelate.1737 The conjugate bases of ligands (393) form a series of RuII

and OsII complexes of type [M(bpy)2(393)]
þ and have been isolated and characterized as the

perchlorate salts. In MeCN solution, the complexes exhibit intense MLCT absorptions in the
visible region. The related complexes [M(bpy)2L][ClO4] (M¼Ru, Os;
HL¼Me2C¼NNHC(S)NH2}) have also been studied. Structural data for [Ru(bpy)(393)]þ and
[Ru(bpy)2L]þ show that (393)� coordinates through the S and hydrazinic N atoms giving a rather
strained four-membered chelate ring, whereas L� binds through S and the imine N-donors.1738

S
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R = various spacers R = Me, Cl, Br, MeO

(392)
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The complexes [Ru(394)(NO)(PPh3)]
þ and [Ru2(394)2(NO)2] are formed when ligand (394)2�

reacts with [RuCl3(NO)(PPH3)2]. The pathway of the reactions depends on solvent and
concentration of Hþ, and treatment of the mononuclear complex with base converts it to
the dinuclear species. The effects of protonating and deprotonating the N atoms in the
coordinated N2S2-donor ligand have been explored.1739 The reaction of H2(395) with
RuCl3�xH2O, LiOMe and CO produces [Ru(395)(CO)2] in which each pair of CO ligands,
S-donors, and NMe groups are cis.1740 The complexes [Ru(394)(PPr3)2], [Ru(394)(CO)(PPr3)],
[Ru(394)(CO)(PCy3)], and [RuBr(396)(PPh3)]

þ are among a series in which the RuII center lies
within an S2N2PX environment. A five-coordinate RuIV complex [RuL(PCy3)] has also been
reported in which L4� is derived from H2(394); [RuL(PCy3)] may be reversibly converted into
the RuII complex [Ru(394)(CO)(PCy3)].

1741 The complexes [Ru(397)(CO)(PCy3)],
[Ru(397)(PPr3)2], [Ru(397)(PR3)] (R¼Pr, Ph), and [RuL(NO)] (in which L3� is derived by
the deprotonation of one NH group in (397)2�) have been prepared in an effort to achieve
electron-rich ruthenium complexes. When heated in solution, [Ru(397)(PPr3)2] loses PPr3 to
give [Ru(397)(PPr3)]. However, [Ru(397)(CO)(PCy3)] (in which it is proposed that (397)2� is
tetradentate) is stable enough to withstand heating, and neither CO nor PCy3 is expelled.1742

Ligand H2(398) is related to H2(397) by replacement of the central S atom by an NH group.
Reaction of the conjugate base of H2(398) with [RuCl2(PPh3)3] in thf at reflux results in the
formation of [Ru(398-S,N,N 0,N 00,S0)(PPh3)]. It is proposed that the complex possesses Cs

symmetry, partly on the basis of the crystal structure of the S-methylated derivative.1743

Ligand 3992� is pentadentate in [Ru(399)(NO)]þ. Treatment of this complex with NaBH4

leads to the formation of [Ru(399)(HNO)] and represents the first example of hydride addition
to coordinated NOþ to give an N-bound HNO ligand.1744
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Encapsulation of Ru2þ in an N3S3-donor set has been achieved in the complex [RuL]2þ

in which L is MeC(CH2SCH2CH2NHCH2)3CH. The complex has been crystallographically
characterized.1745

The first example of a metal complex of the dithiaporphyrin (400) has been reported. Ligand
(400) reacts with [Ru(cod)Cl2] to give trans-[RuCl2(400)] which has been characterized in solution
using 1H NMR spectroscopy and electrochemical methods, and in the solid state by X-ray
diffraction. The latter reveals that the two thiophene rings in coordinated ligand (400) are tilted
out of the mean porphyrin plane.1746

5.5.3.6.4 P,O- and P,S-donors

In many cases, the driving force behind studies of RuII or OsII complexes containing phosphine
ligands incorporating O-donors is potential application in catalysis. A common feature of many
of the P,O-bound ligands described in this section is their partial lability, with the conversion of
a P,O- to P-coordinated ligand as another Lewis base such as CO or RNC displaces the
O-donor.

The ligand Ph2PCH2CH2OMe, L, forms the octahedral complex trans-[RuCl2(L-P,O)2] and this
has been used as a starting material for the preparation of a series of RuII complexes which
include [RuCl(L-P,O)2(L-P)]þ, trans-[RuCl2(L-P,O)(L-P)2], and [Ru(L-P,O)3]

2þ. The solution
dynamic behavior of these species has been discussed.1747 In [RuCl2(L-P,O)2]
(L¼Ph2PCH2CH2OMe, Ph2PCH2C4H7O2, and Cy2PCH2CH2OMe) the O-donors interact only
weakly with the metal center. As a result, reactions with small molecules such as SO2, MeCN, and
tBuNC occur readily, being accompanied by a change in the coordination mode of the phosphine
ligands.1748 The ligand Ph2PCH2C3H5O (L) can be prepared by treating LiPPh2 with 2-chloro-
methyloxetane. It reacts with [RuCl2(PPh3)3] to yield trans-[RuCl2(L-P,O)2]. On reaction with
CO, the product is trans-[RuCl2(CO)(L-P,O)(L-P)], the solution fluxional properties of which
have been investigated by 31P NMR spectroscopy.1749 These solution studies have been extended
to a wider group of trans-[RuCl2(CO)(L-P,O)(L-P)] complexes containing different phosphine-
based P,O-donor ligands.1750,1751 The reactions between RuCl3�xH2O or [RuCl2(PPh3)3] and
RP(CH2CH2OMe)2 or RP(CH2CO2Me) (R¼ iPr, tBu; all ligands represented by L) result in the
formation of [RuCl2(L-P,O)2]. As with previous examples of this type of complex, the weak
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association of the O atom with the RuII center allows facile reactions with small molecules, e.g.,
CO, PhC	CH. When [RuCl2{

tBuP(CH2CH2OMe)2-P,O}2] is treated with AgPF6, Cl� is
abstracted and a P,O,O0-coordination mode for the ligand is achieved.1752

The reaction of [RuCl2(dmso)4] with Ph2P{2,6-(MeO)2C6H3} (L) gives rise to trans,cis,cis-
[RuCl2(L-P,O)2]. During reactions involving PhP{2,6-(MeO)2C6H3}2, the ligand is demethylated.
Further reactions in this series have also been investigated, including that between P{2,6-
(MeO)2C6H3}3 and [RuCl2(dmso)4].

1753 Related studies have explored P,O chelate formation
with Ph2P(2-MeOC6H4), Ph2P(2-EtOC6H4), and Ph2P(2-MeOCH2CH2C6H4) in complexes of
type [Ru(bpy)2(L-P,O)]. For the methoxy- and ethoxyphenyl derivatives, the complexes are
subject to dealkyation.1754 With the aim of developing potential catalysts with hydrophilic and
hydrophobic arms, eight new ligands containing polyether and aliphatic chains have been pre-
pared, e.g., PhRP(CH2CH2O)3R

0 (R¼ isopentyl, R0 ¼Me; R¼ octyl, R0 ¼H). Reactions of these
ligands with RuCl3�xH2O gave mixtures of products which were not separated. More success was
achieved starting from [RuCl2(PPh3)3]. Multinuclear NMR spectroscopy was used to characterize
the products, and in one case, an X-ray diffraction study was carried out showing that
[RuCl2(PPh3){Ph(CH2CH2CHMe2)P(CH2CH2O)3Me-P,O,O0}] possesses a trans and mer arrange-
ments of Cl� and tridentate ligand donor atoms respectively.1755 In the latter complex, the
P,O,O0-ligand is partially labile in that one O-donor is displaced when the complex reacts with
CO. The catalytic activity of systems containing these ligands and RuCl3 with respect to the
hydrogenation of 3-methyl-2-butenol has been investigated and the most efficient catalysts con-
tain long polyether chains.1756

Reactions between [RuCl2(PPh3)3] or RuCl3�xH2O and the phosphino diester tBuP(CH2

CO2Me)2 result in the formation of isomers of [RuCl2{
tBuP(CH2CO2Me)2-P,O}2]. The crystal

structure of one isomer confirms trans-Cl and cis-P atoms. Removal of Cl� generates [RuCl
{tBuP(CH2CO2Me)2-P,O}{tBuP(CH2CO2Me)2-P,O,O

0}]þ from which, after treatment with KOtBu
or NaN(SiMe3)2, an enolate complex (structurally characterized) can be obtained. The reactivities
of these systems have been studied in detail.1757 The complex [(�6-Mes)OsCl2{

tBuP(CH2

CO2Me)2] undergoes chloride abstraction when treated with AgPF6, and the monocationic
product so formed is deprotonated on the ligand by KOtBu to give [(�6-Mes)Os{tBuP(CH-
CO2Me)2]. Apart from containing the �6-mesityl group, the coordination sphere in this complex
contains three- and five-membered chelate rings involving the P-donor and either one CH� group or
an O-donor.1758 Dissolution in MeOH of NH4PF6 and [RuCl2(Ph2PCH2COtBu-P,O)2] results is slow
abstraction of Cl�. Subsequent reaction of the product with CO gives [RuCl(CO)(Ph2PCH2-
COtBu-P,O)2][PF6]. When CO reacts with [RuCl2(Ph2PCH2COtBu-P,O)2], the product is [RuCl2-
(CO)(Ph2PCH2COtBu-P,O)(Ph2PCH2COtBu-P)], and heating this complex under CO leads to the
formation of cis,cis,trans-[RuCl2(CO)2(Ph2PCH2COtBu-P)2]. Reaction of NOBF4 with
[RuCl2(Ph2PCH2COtBu-P,O)2] gives [RuCl2(NO)(Ph2PCH2COtBu-P,O)(Ph2PCH2COtBu-P)]þ,
deprotonation of which produces a RuIV phosphino enolate complex.1759 Reactions between
[RuCl2(PPh3)3] and Ph2PCH2COPh yield trans,mer-[RuCl2(Ph2PCH2COPh-P,O) (PPh3)2], trans,cis,-
cis-[RuCl2(Ph2PCH2COPh-P,O)2], or trans,mer-[RuCl2(Ph2PCH2COPh-P,O) (Ph2PCH2COPh-P)]
depending on the stoichiometry of the reaction. The solution dynamic properties, reactivity, and
catalytic behavior of these complexes have been explored, and among the structurally character-
ized products is [Na(15-crown-5)�H2O][mer-Ru(Ph2PCHCOPh-P,O)3] in which the initial ligand
has been deprotonated.1760

Ligands that are P,S-donors include [Ph2PC(S)NPh]�. This reacts with [RuCl2(PPh3)3] to give
[Ru(Ph2PC(S)NPh-P,S)2(PPh3)2] from which the PPh3 ligands can be displaced by, for example,
dppe. A range of related complexes including [RuCl(Ph2PCSNPh-P,S)(CO)(CS)(PPh3)] have also
been prepared and characterized.1645 Reactions between the ligands Ph2PCH2CH2SR (R¼
Me, Et, Cy) and cis-[RuCl2(dmso)4] result in the formation of the cis,cis,cis, cis,cis,trans, and
trans,cis,cis isomers of [RuCl2(Ph2PCH2CH2SR-P,S)2]. Halide exchange starting from the appro-
priate isomer gives a route to cis,cis,trans-[RuI2(Ph2PCH2CH2SR-P,S)2]. Treatment of
[RuCl2(Ph2PCH2CH2SR-P,S)2] with CO displaces Cl� or one S-donor to give [RuCl-
(CO)(Ph2PCH2CH2SR-P,S)2]

þ or [RuCl2(CO)(Ph2PCH2CH2SR-P,S)(Ph2PCH2CH2SR-P)] res-
pectively, and Cl� can also be displaced by MeCN to give [Ru(MeCN)2(Ph2PCH2CH2

SR-P,S)2]
2þ.1761

The reaction of [OsCl2(PPh3)3] with P(C6H4-2-SH)3 results unexpectedly in the formation of
[Os(401-P,P0,S,S0,S00,S000)] in which the macrocyclic ligand results from oxidative coupling of two
molecules of the original tertiary phosphine. A crystal structure determination of the complex
confirms that the P-donors are mutually cis, and only one of each of the disulfide S atoms is
involved in coordination to the metal center.1762
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5.5.3.6.5 S,O- and N,O,S-donors

The synthesis and characterization of the complexes [RuL(H2O)] and [Ru2L(H2O)2] in which H4L
is ethane-1,10,2,20-tetra(thioglycolic acid) have been reported. It is proposed from spectroscopic
data that each complex contains five-coordinate RuII and that H2L

2� acts as an S2O2-donor, while
L4� utilizes eight donor atoms. [RuL(H2O)] and [Ru2L(H2O)2] react with CO, PPh3, or NOþ, and
the site of addition is proposed to be trans to the aqua ligand in each case.1763

The mono 4-(4-tolyl)thiosemicarbazone of 2,6-diacetylpyridine (H2L) reacts with
RuCL3�xH2O, [RuCl2PPh3)3] and [Ru(NH3)5Cl]Cl to give a number of complexes that include
trans-[Ru(L-S,N,N0,O)(PPh3)2]

þ, the perchlorate salt of which has been crystallographically char-
acterized.1764 Macrocycle (402) forms the RuII complex [Ru(402-N,N0,S,O,S0)(PPh3)][PF6]2 which
has been structurally characterized; the PPh3 ligand is trans to the O-donor atom. The conforma-
tions of ligand (402) and its N2S3 analog have been studied by calculation and, in solution, the
coordinated (402) adopts the same conformation as in the solid state.1765

5.5.3.7 Mononuclear Complexes with Cyanide or Fluoride Ligands

The solid-state structures of the RuII cyano derivatives GdKRu(CN)6�4H2O and
TbKRu(CN)6�4H2O contain eight-coordinate GdIII and TbIII, rspectively. The coordination sphere
of each metal center comprises six cyano N atoms and two aqua ligands. Each octahedral RuII

center is thereby linked to the lanthanoid metals through �-CN� ligands to give an infinite array,
cavities within which are occupied by Kþ ions.1766 The solid-state structures of
Na4M(CN)6�10H2O (M¼Ru, Os) consist of layers of [M(CN)6)]

4� ions, intercalated by layers
that contain Naþ and H2O molecules.1767

The preparation and characterization of K3[Os(CN)5(NH3)]�2H2O have been described. This
complex is a useful starting material for the synthesis of other [OsII(CN)5L]n� species (e.g., L¼ py,
pyz) and [Os(CN)5(H2O)]3� can be obtained by the controlled aquation of [Os(CN)5(NH3)]

3�.
The kinetics of these ligand displacements have been investigated and mechanisms for the
processes have been discussed.1768 The UV–vis spectrum of each complex in the series
[OsII(CN)5L]n� in which L is py, pyz, Mepzþ, or derivatives thereof, exhibits an intense, asym-
metric MLCT absorption, split by spin–orbit coupling, and the effects of the electronic properties
of L on the spectra have been examined. Redox properties of the complexes and the kinetics of
the dissociation of pyz from [Os(CN)5(pyz)]

3� have also been reported.1769

Xenon difluoride reacts with Ru3(CO)12 in anhydrous HF to generate cis-[RuF2(CO)4]. Minor
products of the reaction are [RuF(CO)5]

þ, mer- and fac-[RuF3(CO)3]
�, [{RuF(CO)4}2(�-F)]þ,

[Ru2(CO)7F4], [F2(CO)3Ru(�-F)Ru(CO)5]
þ, and the polymeric [RuF2(CO)3]n. When HF was

removed from the reaction mixture under vacuum, [{RuF2(CO)3}4] was isolated.1770 Analogous
fluorination of Os3(CO)12 provides a route to cis-[OsF2(CO)4] and smaller amounts of
[OsF(CO)5]

þ, [Os2F4(CO)7], and [Os2F3(CO)8]
þ; [{OsF2(CO)3}4] is formed in a similar manner

to [{RuF2(CO)3}4].
1771 The tetramers [{MF2(CO)3}4] (M¼Ru, Os) react with Lewis bases, L,

(e.g., PR3) to give mononuclear [MF2(CO)2L2] which are air and moisture stable. Spectroscopic
data are consistent with cis,cis,trans-[MF2(CO)2L2], and confirmed in the crystal structures of
[RuF2(CO)2(PEtPh2)2], [OsF2(CO)2(PPh3)2], and [OsF2(CO)2(PCy3)2]. In each of these derivatives,
the PR3 ligands are bent towards the F� ligands, and exhibit Hphosphine�F hydrogen bonds.1772

Ruthenium and Osmium: Low Oxidation States 691



Additional structural data are available for cis,cis,trans-[RuF2(CO)2(PPh3)2].
1773 The reaction

between XeF2 and [M(CO)3(PPh3)3] (M¼Ru, Os) in CH2Cl2 results in the formation of MII

fluoroacyl derivatives. The RuII complex is not stable at 298K and loses CO to give [RuF2-
(CO)2(PPh3)2].

1773 cis,cis,trans-[OsF2(CO)2(PPh3)2] (M¼Ru, Os) can also be made by treating
[MH2(CO)2(PPh3)2] with anhydrous HF (see Section 5.5.4).

5.5.4 DINUCLEAR COMPLEXES OF MIII AND MII CONTAINING
HALO-BRIDGES

Dinuclear RuII and OsII complexes containing halo bridges include a number of fluoro carbonyl
complexes, described in the last section.1770,1771 The reactions between anhydrous HF and
[MH2(CO)2(PPh3)2] (M¼Ru, Os) produce cis,cis,trans-[MF2(CO)2(PPh3)2], but when the precur-
sor is [MH2(CO)(PPh3)3], the dinuclear complexes [M2(CO)2(PPh3)4(�-F)3]

þ result. Initially, these
form as the [HF2]

� salts, but are better isolated as the air-stable [BPh4]
� salts.1774

The formation of [HPtBu2Me][Cl(PtBu2Me)(CO)Ru(�-Cl)3Ru(CO)(PtBu2Me)Cl] starting from
H2 and [RuCl2(CO)(PtBu2Me)2] has been described; the reaction pathway involves the intermedi-
ate production of [RuHCl(CO)(PtBu2Me)2] and HCl. The structure of [Cl(PtBu2Me)(CO)Ru
(�-Cl)3Ru(CO)(PtBu2Me)Cl]� has been confirmed crystallographically.1775 UV–vis and 31P{1H}
NMR spectroscopic and stopped-flow kinetics methods have been used to investigate the reaction
of H2 and [Cl(dppb)Ru(�-Cl)2Ru(dppb)Cl] which reversibly gives [(�2-H2)(dppb)Ru-
(�-Cl)3Ru(dppb)Cl].1776 The chloro-bridged dinuclear complexes [Cl(dppb)Ru(�-Cl)2 (�-D2O)
Ru(dppb)Cl], [(�2-H2)(dppb)Ru(�-Cl)3Ru(dppb)Cl], and [Cl(dppb)Ru(�-Cl)3Ru(dppb)Cl]� have
been structurally characterized, and a 31P CP/MAS NMR spectroscopic study of [Cl(dppb)Ru-
(�-Cl)2(�-D2O)Ru(dppb)Cl] has also been carried out.1777 Starting from [RuCl2(PPh3)L] or
[Ru2Cl2L2(�-Cl)2] where L¼ dppb, diop (24) or binap (25), a series of RCN (R¼Me, Ph)
derivatives has been prepared. By altering the conditions, various species can be isolated
and hese include [RuClL(RCN)3]

þ, [RuCl2L(RCN)2], [Ru2L2(RCN)2(�-Cl)3]
þ, and

[Ru2L2(RCN)Cl(�-Cl)3].
1778

A series of related chloro-bridged RuIIRuII, RuIIRuIII, and RuIIIRuIII complexes has been
described by Cotton et al. Two salts of [Ru2(�-Cl)3(PBu3)6]

þ were structurally characterized, the
Ru�Ru distance being 3.412(1) Å in the BPh4

� salt and 3.395(1) Å in the [RuCl4(PBu3)2]
� salt.

The mixed-valent complex [Ru2(�-Cl)3Cl2(PBu3)4] exists in two isomeric forms which differ in the
distribution of the terminal ligands. Structural data show that where the ligands are unsymme-
trically distributed with respect to the metal centers, there is no Ru�Ru bonding interaction;
valence trapping is observed. In complexes such a [Ru2(�-Cl)3Cl2(PMe2Ph)4] and [Ru2(�-Cl)3Cl2
(PMe3)4] where there are one chloro and two PR3 ligands per metal center, the odd electron is
delocalized and a weak Ru�Ru bonding interaction is evidenced. In the RuIIIRuIII complex
[Ru2Cl6(PEt3)2], structural data are consistent with the absence of a Ru�Ru bond.1779 The crystal
structure of the mixed-valent complex [Cl2(PPh3)Ru(�-Cl)3(PPh3)2(CO)] has also been reported,
and the compound is formulated as a valence-trapped species on the basis that no intervalence CT
transition is observed. EPR spectroscopic data confirm the presence of an RuIII center.1780 A
related, but symmetrical, complex is [Cl(PPh3)(CO)Ru(�-Cl)3(PPh3) (CO)Cl].1781

The prototype triruthenium complex with a structure consisting of three face-sharing octahedra
is [Ru3Cl12]

4�. The related complexes [(PMe3)2ClRu(�-Cl)3Ru(�-Cl)3Ru(PMe3)2Cl] and
[(PEt3)2ClRu(�-Cl)3Ru(�-Cl)3Ru(PEt3)2Cl] have been prepared and structurally characterized,
and other members of this family have also been described. The one-electron oxidation product
[(PEt3)2ClRu(�-Cl)3Ru(�-Cl)3Ru(PEt3)2Cl]þ has been isolated and fully characterized as the
SbF6

� salt.1782 Extension of this work leads to species in which all the terminal ligands are
replaced by PR3 ligands, e.g., [(PEt3)3Ru(�-Cl)3Ru(�-Cl)3Ru(PEt3)3]

þ.1783

The anions [Ru2X9]
n� where X¼Cl, Br, and n¼ 1, 2, 3, or 4, have been investigated by

spectroelectrochemistry. The RuIIRuIII complexes exhibit delocalization of electronic charge, the
RuIIIRuIII species has a strong Ru�Ru bonding interaction, and the more oxidized systems
exhibit no metal–metal bonding interaction.1784

The reaction of RuCl3�xH2O with PEt3 under carefully controlled conditions yields [RuIII
2Cl6-

(PEt3)4]. However, isolation of the complex is not easy and attempts to recrystallize it resulted in
the formation of [Ru2Cl6(PEt3)3]. The results of an ESR spectroscopic investigation lead to the
conclusion that [Ru2Cl6(PEt3)4] contains no Ru�Ru bond.1785
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5.5.5 DINUCLEAR COMPLEXES CONTAINING CARBOXYLATE AND
RELATED BRIDGING LIGANDS

Rather than being segregated by oxidation state, dinuclear systems containing bridging RCO2
�

ligands are described together. Many related complexes exist that contain M2
4þ, M2

5þ, and M2
6þ

cores, as well as more highly oxidized species, and Ru-containing complexes predominate over
those centered on Os. We start the section with a look at complexes that formally contain RuI.
The reaction of Ru3(CO)10(MeCN)2 (or Ru3(CO)12 in MeCN/CH2Cl2) with CF3CO2H results in
the formation of [Ru2(CO)4(MeCN)2(�-O2CCF3)2] which has been structurally characterized. The
MeCN ligands are in axial sites, with each CO trans to a �-carboxylate O-donor atom; the Ru�Ru
bond length is 2.683(1) Å.1786 Two related complexes are [Ru2(CO)4(pz)2(�-O2CMe)2] and
[Ru2(CO)4(3,5-Me2pz)2(�-O2CMe)2], the crystal structures of which have been established. As
expected, the pyrazole ligands occupy axial sites.1787 Structural determinations of
[Ru2(CO)4(PPh3)2(�-O2CR)2] for R¼Me, Ph, and CF3 have been carried out and from a
comparison of data for a range of similar complexes it is concluded that the axial, rather than
equatorial, ligands are primarily responsible for variations in the Ru�Ru bond lengths.1788 In
another structural study that focuses on [Ru2(CO)4(PR3)2(�-O2CMe)2] for R¼ nBu, tBu, and iPr,
a correlation has been made between the P–Ru-Ru–P torsion angle and the catalytic activity of
the complexes with respect to alkene hydrogenation.1789 Reactions of [Ru2(CO)4(PPh3)2-
(�-O2CH)2] with RCH2OH (various R groups) in toluene at reflux proceed with oxidation of the
alcohol to yield [Ru2(CO)4(PPh3)2(�-O2CR)2]. In some cases, unstable alkoxide derivatives of the
type [Ru2(R

0O)2(CO)4(PPh3)2] are formed.1790 The complexes [Ru2(CO)4(�-O2CR)2]n and
[Ru2(CO)4(MeCN)2(�-O2CR)2] (R¼H, Me, Et) react with 2-Ph2Ppy, 6-Ph2Pbpy, or 2-Ph2Pquin
(quin¼ quinoline) in alcohol solvent to give bis-axially substituted derivatives in which the
phosphine ligands are monodentate, occupying axial sites. With changes in the reaction condi-
tions, it is possible to prepare [Ru2(CO)4(�-O2CR){�-(2-Ph2Ppy)}2]

þ (structurally characterized,
axial sites occupied with CO ligands), [Ru2(CO)4(�-O2CR){�-(2-Ph2Pquin)}2]

þ, and [Ru2(CO)2-
(�-O2CR){�-(2-Ph2Pbpy)}2]

þ (crystallographically confirmed, axial sites unoccupied).1791 Bridging
ligands can be introduced to connect the [Ru2(CO)4(�-O2CR)2] units into polymeric species, as is
observed in the reactions of [Ru2(CO)4(�-O2CMe)2]n or [Ru2(CO)4(MeCN)2(�-O2CMe)2] with
equimolar amounts of ligands such as Ph2PCH2CH2AsPh2, Ph2PCH2P(S)Ph2,
Ph2P(S)CH2P(S)Ph2, R2P(CH2)nPR2, R2As(CH2)nAsR2, and RSCH2SR (R¼Me, Ph; n¼ 1–4).
With a twofold excess of Ph2PCH2P(S)Ph2 or dppm, discrete molecules with the axial sites
occupied by monodentate phosphine ligands are produced, and analogous Os-containing com-
plexes have also been prepared.1792 Related to the dinuclear carboxylate-bridged species described
above is the complex [Ru2(CO)4(�-2-Opy-N,O)2(2-HOpy-N)2] in which molecules of 2-hydroxy-
pyridine occupy the axial sites and the deprotonated ligand takes a bridging role.1793 Compared
to those observed for RCO2

� and 2-Opy�, a rather different bridging mode is adopted by the
C6Cl4O2

2� ligand in [Ru2(CO)4(PPh3)2(�-O2C6Cl4)2]. Here, one O-donor is associated with both
Ru centers while the second coordinates only to one Ru atom. The complex [Ru2(CO)4(PPh3)2-
(�-O2C6Cl4)2] reacts with 4,40-bpy with the concomitant opening of the catecholate bridges and
the formation of [(CO)2(PPh3)(C6Cl4O2-O,O

0)Ru(�-4,40-bpy)Ru(C6Cl4O2-O,O
0)(PPh3)(CO)2].

When treated with [NO][PF6], this complex undergoes ligand-centered oxidation to yield the
corresponding bis(semiquinone) species.1794

Now we move to complexes which contain a Ru2
4þ or Ru2

5þcore. A number of Ru2
4þ

complexes contain bridging aqua ligands, for example, [Ru2(MeCO2-O)2(Sb
iPr3)4(�-H2O)

(�-O2CMe)2],
1795 [Ru2(CF3CO2-O)2(cod)2(�-H2O)(�-O2CCF3)2],

1796 and [Ru2(CF3CO2-O)2-
{PCy2(C6H9)}2(�-H2O)(�-O2CCF3)2].

1797 In the latter, the dehydrogenated cyclohexyl substitu-
ents enter into �-bonding interactions with the RuII centers. By introducing a potential bridging
ligand such as pyrazine the Ru2 units can be linked together as is exemplified by the formation of
[Ru2{�-O2C(CH2)6Me}4(�

0-pyz)]n. With an asymmetrical ligand such as 4-cyanopyridine, however,
preferential coordination by the pyridine N atom results in the formation of discrete molecules
[Ru2{�-O2C(CH2)6Me}4(4-NCpy)2] in which the 4-NCpy ligands are monodentate and occupy
axial sites. In solution, both the pz and 4-NCpy ligands are labile, giving rise to a number of
species. Treatment of [Ru2{�-O2C(CH2)6Me}4] with either TCNE or benzoquinone results in
redox reactions.1798

Our discussion of mixed-valent diruthenium complexes begins with [Ru2(�-O2CMe)4(H2O)2]
þ

and [Ru2(�-O2CMe)4(�
0-pyz)þ]n; in the latter, the pyrazine molecules bridge between Ru2

5þ units.
The magnetic properties of [Ru2(�-O2CMe)4(H2O)2]

þ can be rationalized in terms of noninteracting
spin 3/2 dimers undergoing large zero-field splitting. In the pyrazine-bridged system there is an
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additional intermolecular antiferromagnetic exchange interaction.1799 Similar magnetic behavior is
seen for [Ru2(�-O2CMe)4(�

0-4,40-bpy)þ]n and [Ru2(�-O2CMe)4(�
0-dabco)þ]n.

1800 Strong zero-field
splitting has also been observed in [Ru2(�-O2CR)4X] where R is a long aliphatic chain or RCO2

�

is dialkoxy or trialkoxybenzoate, and X¼Cl or dodecyl sulfate. The crystal structure of one of
this family of complexes, [Ru2(�-O2C

nBu)4Cl], has been determined. Magnetic susceptibility
measurements in the columnar mesophase of the mesomorphic members of the series
are consistent with there being no significant structural changes at the crystal–liquid crystal
transition.1801 Another polymeric system is [Ru2(�-O2CR)4(�

0-O2CR)]n where
R¼CH2(CH2)6CH¼CH(CH2)5Me. Experimental data for this polymer support the existence
of a hexagonal discotic mesophase, and this was the first example of room-temperature meso-
morphism in a mixed-valent metallomesogen.1802

The mixed-valent complex [Ru2(�-O2C
tBu)4(thf)2]

þ has been prepared and the hydroxide has
been structurally characterized; as expected the thf ligands occupy axial sites.1803 The reactions of
[Ru2Cl(�-O2CMe)4] with tBuCO2H or Me2CHCO2H in aqueous MeOH result in the formation of
[Ru2Cl(�-O2C

tBu)4(H2O)] and [Ru2Cl(�-O2CCHMe2)4(H2O)]. Recrystallization from thf leads to
exchange of aqua ligands by thf; these adducts then lose thf to form [Ru2Cl(�-O2C

tBu)4] and
[Ru2Cl(�-O2CCHMe2)4], respectively. The crystal structures of [Ru2Cl(�-O2C

tBu)4(H2O)]
and [Ru2Cl(�-O2CCHMe2)4(thf)] have been determined; both are discrete molecules with Cl�

and H2O or thf axial ligands.1804 The complex [Ru2Cl(�-O2CMe)4] reacts with indole-2-carboxylic
acid, N-methyl-pyrrole-2-carboxylic acid, furan-2-carboxylic acid, thiophene-2-carboxylic acid,
and benzofuran-2-carboxylic acid to give [Ru2Cl(�-O2CR)4]. Each R group contains a potential
donor atom in the � position, but the RCO2

� ligands retain an O,O0-bonding mode as seen for
simpler carboxylate groups. However, when [Ru2Cl(�-O2CMe)4] reacts with quinoline-2-car-
boxylic acid (Hquin), the N-donor atom comes into play and the products are [RuII

2(quin-
N,O)4] and [RuIII(quin-N,O)3], formed as a result of disproportionation. The structures of the
new [Ru2Cl(�-O2CR)4] complexes vary, and both molecular and polymeric species are observed
depending on R.1806 Another example of cleavage of the mixed-valent system is seen in the
reaction of [Ru2Cl(�-O2CMe)4] with pyridine-2-carboxylic acid (2-CO2Hpy) in aqueous methanol.
The products are [RuII

2(2-CO2py)4] and [RuIII(2-CO2py-N,O)3]�H2O, and the crystal structure of
the latter has been established.1805 Molecular species are obtained when Et2HCCO2H, EtMeHC-
CO2H, or PhMeHCCO2H react with [Ru2Cl(�-O2CMe)4] in MeOH/H2O solvent. The reactivities
of the products, [Ru2Cl (�-O2CR)4], and of [Ru2Cl(�-O2CMe)2(�-O2C

tBu)2] have been investi-
gated, e.g., the introduction of axial ligands such as SCN� and Ph3PO.1807 When the complexes
[Ru2Cl(�-O2CR)4] (R¼Me, Ph, 2-ClC6H4, 4-tBuC6H4,

iPr, tBu, CHEt2) are reduced with Zn
amalgam in thf, the products are [Ru2(�-O2CR)4]. In solvents such as MeOH or thf, adducts are
formed in which both axial sites are occupied. Substitution of these axial ligands by Ph3PO yields
[Ru2(�-O2CR)4(Ph3PO)2]. The presence of a reducing agent is not required in order to form [Ru2-
(�-O2CCOPh)4(thf)2]; this results when [Ru2Cl(�-O2CMe)4] reacts with PhCOCO2H. The crystal
structure of [Ru2(�-O2CCOPh)4(thf)2] has been determined (Ru–Ru¼ 2.2756(8) Å).1808 In the
solid state, [Ru2Cl{�-(Z)-O2CCMe¼CHEt}4] is polymeric with bridging chloro ligands between
Ru2

5þ units. However, dissolution results in collapse of the polymeric structure. [Ru2Cl{�-(Z)-
O2CCMe¼CHEt}4] reacts with Ph3PO in CH2Cl2 or AgSCN in thf to give, respectively,
[Ru2Cl{�-(Z)-O2CCMe¼CHEt}4(Ph3PO)] (monomeric) or [Ru2{�-(Z)-O2CCMe¼CHEt}4-
(SCN)] (polymeric in the solid state). Silver tetrafluoroborate reacts with [Ru2Cl{�-(Z)-
O2CCMe¼CHEt}4], abstracting Cl� and forming [Ru2{�-(Z)-O2CCMe¼CHEt}4][BF4].

1809 In
aqueous solution, [Ru2Cl(�-O2CMe)4] reacts in the presence of Ag2SO4 an NH4PF6 to generate
[Ru2(�-O2CMe)4(H2O)2][PF6], the aqua ligands in which are displaced by dmso or dmf. Structural
data are presented for [Ru2(�-O2CMe)4(H2O)2][PF6]�3H2O, [Ru2(�-O2CMe)4(dmf)2][PF6] (with
and without dmf solvate), and [Ru2(�-O2CMe)4(dmso)2][PF6]. Only very small changes in the
Ru�Ru bond length are observed across this series of complexes, and electronic spectroscopic,
electrochemical data, and the constant values of �eff are consistent with there being little change to
the �*- and �*-orbital energies.1810 A system that falls between the end points of the discrete
dinuclear and polymeric structures is [{Ru2(�-O2C

tBu)4}2(�-TCNQ)(H2O)2]
2þ. The structure of

the BF4
� salt has been determined and confirms that the TCNQ ligand binds axially to each of

two Ru2
5þ cores, the second axial sites of which are occupied by an aqua ligand. There is weak

antiferromagnetic coupling between the Ru2
5þ units.1811

Three nitroxide derivatives of Ru2
5þ species have been reported. The first contains the [Ru2(�-

O2C
tBu)4L2]

þ ion where L¼ 2,2,6,6-tetramethylpiperidine-1-oxyl. A relatively large antiferromag-
netic coupling is observed between the Ru2

5þ core and the nitroxide radical.1812The second example is
[Ru2(�-O2C

tBu)4L
þ]nwhereL¼ 2-phenyl-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy-3-oxide.
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Ligand L bridges between Ru2
5þ units, with an O-coordinated NO group occupying each

axial site. As the temperature decreases, the magnetic moment of the complex decreases.
Both zero-field splitting and the coupling between the Ru2

5þ core and the nitroxide radical
contribute significantly to the magnetic behavior.1813,1814 In the related complex [Ru2-
(�-O2C

tBu)4L
þ]n where L¼ 2-(4-pyridyl)-4,4,5,5-tetramethyl-4,5-dihydro-1H-imidazolyl-1-oxy-3-

oxide, the two donor sites for L are the pyridine N atom and one of the nitroxide groups.
Magnetic data show that the Ru2

5þ units and the nitroxide radicals are ferromagnetically
coupled.1815

The adamantyl derivatives [Ru2(�-O2CC10H15)4(MeOH)2] and [Ru2(�-O2CC10H15)3-
(�-CO3)(MeOH)2] have been prepared by treating K3[Ru2(CO3)4]�4H2O with C10H15CO2H.
Reduction clearly accompanies the conversion of [Ru2(CO3)4]

3� to [Ru2(�-O2CC10H15)4-
(MeOH)2], and this constitutes part of the disproportionation process 2Ru2

5þ!Ru2
4þ

þ2Ru3þ.1816

Reactions between PPh3 and [Ru2Cl(�-O2CC6H4-4-X)4] (X¼H, Me, Cl, NO2, OMe) in aqu-
eous acetonitrile result in the formation of the mixed-valent [Ru2Cl(H2O)(MeCN)-
(PPh3)2(O2CC6H4-4-X)4] and the all-RuII complex [Ru2(H2O)(MeCN)2(PPh3)2(O2CC6H4-4-X)4].
The crystal structure of a representative RuIIRuIII derivative confirms the distribution of ligands
to be [(PPh3)Cl(4-MeOC6H4CO2-O)RuIII(�-H2O)(�-O2CC6H4-4-OMe)2RuII(MeCN)(4-MeOC6H4-
CO2-O)(PPh3)]. The spectroscopic and electrochemical properties of the complexes have been
investigated. The mixed-valent complexes disproportionate in solution, giving RuII

2(�-H2O) and
RuIII

2(�-O) species.1817 The reaction of Ph3P with the mixed-valent [Ru2(�-O2CMe)4(thf)2]
þ leads

to the RuII and RuIII species [Ru(O2CMe)2(PPh3)] and [Ru2(�-O)(�-O2CMe)2(MeCO2-
O,O0)2(PPh3)2].

1818 Cleavage of the Ru�Ru bond has also been observed in the reactions of
[Ru2(�-O2CMe)4(thf)2]

þ with C6H11NC to give [Ru(C6H11NC)6]
2þ, and with SCN� to give

[Ru(NCS)6]
3�. Similarly, [Ru2(�-L)4(thf)]

þ (HL¼ 2-Cl-6-HOpy)1819 reacts with PMe3 to give
the mononuclear complex [Ru(L-N,O)(PMe3)4]

þ.1820 The structural parameters of [Ru2-
(�-L)4(thf)][BF4] (HL¼ 2-Cl-6-HOpy and all L� ligands in a head-to-head arrangement) have
been compared with those of [Ru2(�-L)4(thf)]. On going from the Ru2

4þ to Ru2
5þ core, there is a

0.005(1) Å increase in the Ru�Ru bond length.1819 The same bridging ligand L� features in the
complexes [Ru2(�-L)3(�-O2CMe)Cl] and [Ru2(�-L)3(�-O2CMe)][CF3SO3], the latter being formed
from the former by treatment with AgCF3SO3. Chloride abstraction from [Ru2(�-L)3-
(�-O2CMe)Cl] using [Ag(MeCN)4][BF4] yields [Ru2(�-L)3(�-O2CMe)(MeCN)][BF4]. Using wet
AgX (X¼BF4 or CF3SO3) to remove Cl� from [Ru2(�-L)4Cl] leads to the formation of [Ru2-
(�-L)4(H2O)][X]. The role of weakly coordinating anions as axial ligands has been explored in
these and related systems.1821 Just as a head-to-head arrangement of N,O-donors was observed in
[Ru2(�-L)4(thf)]

þ (HL¼ 2-Cl-6-HOpy),1819 a similar arrangement of the two N,O-ligands has been
confirmed in [Ru2Cl(�-L0)2(�-O2CMe)2] where HL0 ¼ 5-methyl-7-phenyl-1,8-naphthyridin-2-one.
Reduction of [Ru2Cl(�-L0)2(�-O2CMe)2] to [Ru2(�-L

0)2(�-O2CMe)2] leads to a change in the
bonding mode of L0� from N,O to N,N0, and a switching of ligand orientations such that the
phenyl substituents become remote from one another. On going to [Ru2(�-L

0)4] and [Ru2-
(�-L0)4(H2O)], steric interactions between the Ph substituents in the bridging ligand appear to
play a role in controlling the mode of ligand coordination.1822

We now focus on RuIII dimers containing oxo-bridging ligands which constitute a well-
established group of compounds. A driving force for their study is the relationship to the active center
of methemerythrin, and model complexes such as [Ru2(�-O2CMe)2(�-O)(py)6]

2þ and [Ru2(�-
O2CMe)2(�-O)(py)2(bpy)2]

2þ have been prepared and characterized. From the crystal structure
of [Ru2(�-O2CMe)2(�-O)(py)6][PF6]2, the Ru�Ru bond length of 3.251(2) Å indicates that no
Ru–Ru bonding interaction is present, a feature that is typical of this group of complexes.
Substitution reactions carried out with [Ru2(�-O2CMe)2(�-O)(py)6]

2þ reveal that the pyridine
trans to the oxo ligand is �10 times more labile than those py ligands in cis positions.1823

Resonance Raman spectra of [Ru2(�-O2CMe)2(�-O)(py)6][PF6]2 have provided insight into the
excited-state geometry of the complex.1824 An electrochemical investigation of [Ru2(�-O2CMe)2
(�-O)(bpy)2(1-Meim)2]

2þ has shown that, in MeCN, the redox potentials for the RuIIIRuIII/
RuIIIRuII and RuIIIRuII/RuIIRuII couples become more positive in the presence of strong acid.
In the presence of weaker acids, the oxidations tend to a single, two-electron process.1825 The
complexes [Ru2(�-O2CMe)2(�-O)(py)4L2]

2þ (L¼ py or various imidazole derivatives), [Ru2(�-
O2CMe)2(�-O)(bpy)2L2]

2þ (L¼ py, im, 1-Meim, bim), and [Ru2(�-O2CMe)2(�-O)(phen)2L2]
2þ

(L¼ py, im, bim) have been prepared and characterized. Each complex exhibits an intense
absorption in the visible region, assigned to a transition between �-orbitals associated with the
Ru(d� –Ooxo(p�)) interaction. Electrochemical properties have also been examined.1826 The
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lability of the ligands trans to the �-oxo ligand in complexes with the Ru2(�-O2CMe)2(�-O)2þ core
has been the subject of a kinetic study of the exchange of 4-picoline with dmso. Changes in 1H
NMR spectra of dmso-d6 solutions of [Ru2(�-O2CMe)2(�-O)(4-pic)6]

2þ at different temperatures
have been monitored, and used to obtain kinetic data. Exchange at one Ru center influences the
reactivity at the second metal center.1827 The synthesis and structure of [Ru2(�-O2CMe)2(�-
O)(MeCN)4(PPh3)2][ClO4]2 have been reported; MeCN ligands occupy sites trans to the �-oxo
ligand.1828 Asymmetry is introduced to this type of complex in [(en)(PPh3)Ru(�-O2CC6H4-4-
X)2(�-O)Ru(MeCO2-O,O

0)(PPh3)]
þ (X¼OMe, Me). The complexes exhibit intense absorptions

in the visible region, assigned to a CT transition involving the Ru(d�) –Ooxo(p�) orbitals.1829

Tridentate terminal ligands have been used to prepare a number of derivatives with bridging
oxo ligands. The preparation, characterization, and redox properties of [Ru2(403)2(�-O2CMe)2-
(�-O)][ClO4]2�4H2O have been described.1830 Related to ligand (403) is tris(2-pyridylmethyl)amine
(tpa). This has been incorporated into the RuIII

2 species [Ru2(�-O)(�-O2CR)(tpa)2]
3þ (R¼Me,

Et, Pr, Ph) and [Ru2(�-O)(�-Cl)2(tpa)2]
2þ which were prepared from [RuCl2(tpa)]

þ.1831 1,4,7-
Trimethyl-1,4,7-triazacyclononane (Me3tacn) has been used as a terminator ligand in
[Ru2(Me3tacn)2(acac)2(�-O)]2þ and the mixed-valent [Ru2(Me3tacn)2(acac)2(�-O)]3þ. Hydrogen-
bonded association of the bridging hydroxy group with H2O (O�H�O¼ 2.496(6) Å) is observed
in [Ru2(Me3tacn)2(acac)2(�-O2H3)]

3þ.1832 Related complexes have utilized 1,4,7-triazacyclononane
(tacn) and 1,2-bis(1,4,7-triazacyclononan-1-yl)ethane (dtne). Useful precursors in this chemistry
are [Ru(tacn)Cl3], [Ru2Cl6(�-dtne)] and [Ru2Br6(�-dtne)], and from these, hydroxy and oxo
species that include [Ru2(�-dtne)(�-OH)2(�-O2CPh)]3þ, [Ru2(tacn)2(�-OH)2(�-CO3)]

2þ, and the
mixed-valent [Ru2(�-dtne)2(�-O)2(�-CO3)]

þ have been prepared. Electrochemically generated
RuIV

2(�-OH)2 species have also been studied.1833 Heterometallic complexes containing tacn and
Me3tacn terminating ligands have also been reported. These are of the general type [LRu(�-O)(�-
O2CMe)2ML0]2þ where M¼Co, V, Mn, Fe, or Cr, and each complex undergoes a reversible, one-
electron oxidation. In acidic media, protonation of the �-O atom occurs to give isolable hydroxy
species. Magnetic and ESR spectroscopic data for the complexes have been reported, and the
assignment of the metal oxidation states and the strong spin-exchange coupling that some of the
complexes exhibit have been discussed in detail.1834

Me N N

N

(403)

Triruthenium complexes supported by a �3-oxo ligand include [Ru3(�3-O)(�-O2CMe)6-
(H2O)3]

þ, crystallographically characterized as both the hydrated tetrafluoroborate1835 and per-
chlorate1836 salts. During crystallization of the latter, a solution color change from blue–green to
purple was observed and interpreted as oxidation of the RuIII

3 to RuIII
2RuIV species.1836 The

heterometallic [Ru2Co(�3-O)(�-O2CMe)6L3] (L¼H2O or py) has also been synthesized, and low-
temperature ESR spectroscopic data are consistent with there being no inter-metal interac-
tions.1837 A general method of introducing the heterometal to such systems has been
described.1838

5.5.6 RUTHENIUM AND OSMIUM COMPLEXES CONTAINING
HYDRIDE AND DIHYDROGEN LIGANDS

No attempt has been made in this section to assign formal oxidation states to the Ru and Os
metal centers since ambiguities clearly arise when considering ‘‘classical’’ hydride and ‘‘non-
classical’’ dihydrogen ligands. There are differences when comparing apparently similar com-
pounds of Ru and Os, so, for example, [OsH6L2] (L¼ tertiary phosphine) complexes generally
contain hydrido ligands (classical) while 0[RuH6L2]

0 might be expected to be formulated as
[RuH2(�

2-H2)2L2]. A pertinent review that appeared in 1998 covers the chemistry of bis(dihydro-
gen) complexes of ruthenium.1839 The survey includes the synthesis, characterization, and
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reactivity of [RuH2(H2)2(PCy3)2],
1839 the crystal structure of which has been determined confirming

that the H2 ligands are cis to each other and lie in the equatorial plane, each trans to a hydrido
ligand.1840 The thermal decomposition of solid [RuH2(H2)2(PCy3)2] occurs, first by transformation
into [RuH3(�

3-C6H8PCy2)(PCy3)] and [RuH(�3-C6H8PCy2)(�
2-C6H9PCy2)], followed by loss of

C6H6.
1841 When [RuH2(H2)2(PCy3)2] reacts with (R2SiH)2X (R¼Ph, X¼O; R¼Me, X¼O,

C6H4, CH2CH2, CH2CH2CH2, OSiMe2O), the products are the complexes [RuH2{�
2-

HSiR2)2X}(PCy3)2] in which each �2 interaction involves an Si�H bond. During these reactions,
the PCy3 groups go from being mutually trans in [RuH2(H2)2(PCy3)2] to cis.1842

The hexahydride [OsH6(PCy3)2] may be made by LiAlH4 reduction of [OsO2Cl2(PCy3)2].
Bis(diphenylphosphino)methane reacts with [OsH6(PCy3)2] to give [OsH4(PCy3)2(dppm-P)]
along with smaller amounts of [OsH4(PCy3)(dppm-P,P0)].1843 The complex [OsH6(P

iPr3)2] reacts
with PPh2H, liberating H2 and forming [OsH4(PPh2H)(PiPr3)2]. Continued treatment with PPh2H
results in the formation of [OsH2(PPh2H)3(P

iPr3)]. The complex [OsH5(PPh2H)(PiPr3)2]
þ can be

obtained by protonating [OsH4(PPh2H)(PiPr3)2] using HBF4, and this cation reacts with PPh2H to
yield H2 and [OsH3(PPh2H)2(P

iPr3)2]
þ. An X-ray diffraction study of [OsH5(PPh2H)-

(PiPr3)2][BF4] confirms the basic structure; from the results of calculations on the model complex
[OsH5(PH3)3]

þ, it is concluded that going from the classical pentahydride to a structure involving
a coordinated H2 molecule is an easy process, both in terms of kinetics and thermodynamics.1844

Treating [OsH6(P
iPr3)2] with 2-HSpy (pyridine-2-thiol) produces [OsH3(P

iPr3)2(2-Spy-N,S)], a
structural determination of which confirms that the trans arrangement of the PiPr3 is retained;
hydrido ligands form a triangular arrangement and are nonbonded. Hydrogen atom site-
exchange in solution has been investigated.1845 2,20-Biimidazole (H2biim) reacts with [OsH6

(PiPr3)2] to yield [OsH3(Hbiim)(PiPr3)2], and from this, the heterometallic complexes
[(PiPr3)2H3Os(�-biim)M(cod)] (M¼Rh, Ir) have been prepared. In each complex, the PiPr3
ligands are mutually trans, and this arrangement is retained throughout a number of pyrazole
derivatives that have prepared and characterized. The 1H NMR spectra of [OsH3(Hbiim)(PiPr3)2]
and [(PiPr3)2H3Os(�-biim)M(cod)] (M¼Rh, Ir) show coupling features in the hydride region that
have been interpreted in terms of quantum mechanical exchange coupling within the OsH3

unit.1846 These effects have been further explored in the [OsH3X(PiPr3)2] (X¼Cl, Br, I) systems,
and, among other conclusions, it is found that the magnitude of quantum exchange coupling is
sensitive to the identity of X�.1847 The use of NMR measurements (T1 relaxation times1848 and
deuterium quadrupole coupling constants) to distinguish between classical and nonclassical
hydrogen bonding modes has been the topic of a range of investigations.1849–1852 An assessment
of the 0T1 criterion0 has been made based on measurements of T1 for [OsH4{P(4-MeC6H4)3}3] and
a series of deuterated analogs along with the results of associated calculations. Some important
conclusions were drawn from this study. First, dipole–dipole interactions (which in �2-H2 com-
plexes can shorten the longitudinal relaxation times T1 to <0.03 s) make the greatest contribution
to hydride relaxation for many polyhydride complexes. It was also found that T1(min) can be
calculated using internuclear distances determined from diffraction data but it is essential that
dipole–dipole interactions with metal and ligand nuclei are included in the calculations. Finally,
for some complexes, it was not possible to distinguish between classical and nonclassical hydrides
from the observed T1(min) values.1849 Complementary NMR spectroscopic studies have been
carried out on [RuH4(PPh3)3].

1850 The dihydrido complex [OsH2Cl2(P
iPr3)2] reversibly binds H2,

giving [OsH4Cl2(P
iPr3)2], the crystal structure of which has been determined, giving the skeletal

geometry of the complex. Solution 1H NMR spectroscopic data and T1(min) measurements
provide evidence for bonding interactions between the H ligands in [OsH4Cl2(P

iPr3)2].
1853 Further

studies of this system have been extended to the reactions of H2 with the series of complexes
[OsH2(X)(Y)(PiPr3)2] where X and Y are Cl, Br, and I, and an X-ray diffraction study of
[OsH4Br2(P

iPr3)2] has been carried out. Use has again been made of T1(min) measurements and
J(HD) coupling constants to distinguish between classical and nonclassical hydride ligands.1854

Kinetics investigations of the dissociation of H2 from [RuH3(PPh3)3]
�, [RuH4(PPh3)3],

[RuH5(PPh3)3]
þ, [OsH4{P(4-MeC6H4)3}3], and [OsH5{P(4-MeC6H4)3}3]

þ have shown that (i) on
going from an Ru to corresponding Os hydride, H2 dissociates more slowly, and (ii) the rate
increases with increasing protonation. Dihydrogen dissociation from [OsH3{P(4-MeC6H4)3}3]

�

was too slow to allow data to be recorded.1855

A wide range of complexes in the family [RuH(H2)L4]
þ is now known, and examples include

[RuH3(dppf)2]
þ,1856 [RuH3L{PhP(CH2CH2PPh2)2}]

þ (e.g., L¼CO, PMe2Ph),1857 [RuH-
(H2)(dppe)2]

þ,1858,1859 [RuH(H2)(Et2PCH2CH2PEt2)2]
þ,1858 [RuH(H2)(PMe2Ph)4]

þ,1860 [RuH(H2)-
{(4-RC6H4)2PCH2CH2P(C6H4-4-R)2}2]

þ (R¼OMe, CF3).
1861 The crystal structure of

[RuH(H2)(dppe)2][BF4] has been determined by X-ray (at 123K) and neutron (at 12K) diffraction
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techniques. The coordination environment of the Ru atom is distorted octahedral, with the �2-H2

group (H�H¼ 0.83(8) Å, corrected to �0.94 Å) lying trans to the H� ligand; the P�Ru�P bond
angle is 167.9(4)�.1859 Methods of synthesis of these compounds vary, and a few examples are
selected here. The complex [RuH(H2)(PMe2Ph)4]

þ can be prepared by the reaction of
[RuH(PMe2Ph)5]

þ with H2 in thf,1860 while [RuH(H2){(4-RC6H4)2PCH2CH2P(C6H4-4-R)2}2]
þ

(R¼OMe, CF3) has been made by HBF4 protonation of the corresponding [RuH2L4] species.
1861

The derivatives [RuH3L{PhP(CH2CH2PPh2)2}]
þ (e.g., L¼CO, PMe2Ph) were produced in the

reactions of [RuCl2L{PhP(CH2CH2PPh2)2}] with NaBH4 in EtOH at reflux, followed by HBF4

protonation.1857 The related complex [RuH(H2)Cl(CO)(PiPr3)2] results when H2 adds to
[RuHCl(CO)(PiPr3)2], and the equilibrium that is established between the two hydrido species
lies in favor of [RuH(H2)Cl(CO)(PiPr3)2] at low temperatures.1862 The solution behavior of
[RuH(H2)(PMe2Ph)4]

þ has been investigated by 1H and 31P NMR spectroscopies and four
different dynamic processes have been identified, which include H ligand exchange and isomeriza-
tion.1860 In contrast to [RuH(�2-H2)L4]

þ complexes, the corresponding osmium trihydrides tend to
contain ‘‘classical’’ hydride ligands. For example, [OsH3(dippe)2][BPh4] (dippe¼ iPr2PCH2CH2-
PiPr2) is formed when cis-[OsCl2(dippe)2] reacts with NaBH4 in the presence of NaBPh4 in EtOH.
Deprotonation of [OsH3(dippe)2]

þ yields cis-[OsH2(dippe)2]. The cationic monohydride
[OsH(dippe)2]

þ has been detected in solution; it has a high affinity for O2, forming trans-
[OsH(O2)(dippe)2]

þ, isolated as the BPh4
� salt.1863 Further examples of the differences between

Os and Ru trihydrides come in a study of the complexes [MH3(PR3)4]
þ where M¼Ru or Os, and

R¼Me or Et. From the results of solution NMR spectroscopic studies, it is concluded that
[RuH3(PEt3)4]

þ exhibits isomerism involving a distorted octahedral cis-[RuH(H2)(PR3)4]
þ species

and a trihydride-capped tetrahedral complex. On the other hand, [OsH3(PMe3)4]
þ exists in

solution as two classical hydrido isomers: a pentagonal bipyramidal cis-[OsH3(PMe3)4]
þ in equili-

brium with a trihydride-capped tetrahedral species. In contrast to the isomerism displayed by
[RuH3(PEt3)4]

þ, [RuH3(PMe3)4]
þ favors only the cis-[RuH(H2)(PR3)4]

þ form, but like all the
other species studied, is fluxional in solution.1864 This one study alone demonstrates the complex-
ity of the ‘‘classical’’/‘‘nonclassical’’ interface, and the authors note that the presence of four
monodentate phosphine ligands in complexes of type [MH3L4]

þ results in properties that are
quite different from those of similar complexes containing, for example, didentate ligands.

The anionic complexes [MH3(CO)(PR3)2]
� (M¼Ru, R¼ iPr, Ph; M¼Os, R¼ iPr) and

[MH5(P
iPr3)2]

� (M¼Ru, Os) can be isolated in the presence of crown ethers from the reactions
of KH with [MHCl(CO)(PR3)2] (R¼ iPr or Ph). The crystal structures of [K(18-crown-6)]þ and
[K(1-aza-18-crown-6)]þ salts of mer-[OsH3(CO)(PiPr3)2]

� have been established. The choice of
cation has an effect on the extent of hydrogen bonding in the solid-state lattice.1865 Protonation of
[K(18-crown-6)][RuH5(P

iPr3)2] yields [RuH2(�
2-H2)2(P

iPr3)2], although this complex is unstable
with respect to loss of H2, forming [(PiPr3)2HRu(�-H)3RuH2(P

iPr3)2]. Comparative studies have
been carried out with PCy3 and PPh3-containing complexes.1866 When [RuH2(�

2-H2)2(PCy3)2] is
protonated with HBF4.Et2O in the presence of MeC6H5, H2 elimination occurs and the final
product is the monohydride [(�6-C6H5Me)RuH(PCy3)2][BF4]. However, changing the protonating
agent to RCO2H results in the isolation of [RuH(�2-H2)(CO2R)(PCy3)2].

1867

The reactions of [RuH2(PPh3)4] or [OsH4(PPh3)3] with SiHR3 (M¼Os, R¼N-pyrrole, Et, Ph;
M¼Ru, R¼N-pyrrole) yield [MH3(SiR3)(PPh3)3], in which the three hydrides are involved in
3-center M–H–Si interactions.1868 A separate study has shown that [RuH3(SMeCl2)(PPh3)3] results
from the reaction of [RuCl2(PPh3)3] with SiHMeCl2, and again, M–H–Si interactions are
observed.1869

Osmium complexes containing �2-H2 are exemplified by [OsHCl(�2-H2)(CO)(PR3)2] (R¼Cy,
iPr) which results from the displacement by H2 (24 bar pressure) of O2 from [OsHCl(O2)-
(CO)(PR3)2]. The phosphine ligands in [OsHCl(�2-H2)(CO)(PR3)2] exchange slowly (relative to
the NMR spectroscopic timescale) with other bulky PR3 ligands and, for example, such exchange
by an associative process allows access to the complex [OsHCl(�2-H2)(CO)(PCy3)(P

iPr3)].
1870

Short T1(min) values have provided evidence for the presence of �2-H2 ligands in [Os(�2-
H2)(PPh3)2(bpy)(CO)]2þ, [Os(�2-H2)(PMePh2)2(bpy)(CO)]2þ, [Os(�2-H2)(PPh3)2(phen)(CO)]2þ,
and [Ru(�2-H2)(PPh3)2(bpy)(CO)]2þ. These species are strong acids, indicating that heterolytic
cleavage can readily occur, but on the other hand, the H2 ligand is so tightly bound that exchange
with D2 does not take place. Differences in properties between the Ru and Os complexes are
reflected by the differing stabilities of [Os(�2-H2)(PPh3)2(bpy)(CO)]2þ and its Ru analog in
solution at 298K.1871 The related complex [Os(�2-H2)(CO)(2-Spy)(PPh3)2]

þ (2-HSpy¼ pyridine-
2-thiol) is also a strong acid (pKa � �1) but is stable with respect to elimination of H2.

1872 In the
series of complexes trans-[M(�2-H2)(CN)L2]

þ and trans-[M(�2-H2)(CNH)L2]
2þ (M¼Fe, Ru, Os;
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L2¼ dppm, dppe, dppp, depe), all of which are strong acids, the Ru species are unstable with
respect to H2 loss while the Fe and Os cations are more robust. When [Ru(�2-H2)(CN)L2]

þ and
[Ru(�2-H2)(CNH)L2]

2þ lose H2, the coordination site is taken by the CF2SO3
� counter-ion, as

confirmed by the crystal structure of trans-[Ru(CF3SO3)(CN)L2].
1873 The complex [Os(�2-

H2)Cl(H2biim)(PiPr3)2]Cl (H2biim¼ 2,20-biimidazole) forms when [OsH2Cl2(P
iPr3)2] reacts with

H2biim. Treatment of [Os(�2-H2)Cl(H2biim)(PiPr3)2]
þ with NaBPh4 results in mono-deprotona-

tion of the coordinated H2biim ligand, and reactions in which Hbiim� is then utilized as a
bridging ligand have been explored.1874 This is related to reactions of [OsH3(Hbiim)(PiPr3)2]
described earlier.1846 The solid-state structure of [Os(�2-H2)Cl(H2biim)(PiPr3)2]Cl has been studied
in detail along with that of [(�5-C5Me5)Ru(�2-H2)(dppm][BF4].

1875 The complexes [MCl(�2-
H2)(dppp)2]

þ (M¼Ru, Os) can be prepared by the addition of H2 to the coordinatively unsatu-
rated [MCl(dppp)2]

þ, and the crystal structure of [OsCl(�2-H2)(dppp)2]
þ has been determined.

The reaction of H2 with [OsHCl(dppp)2] yields the classical hydrido species [OsH3(dppp)2]
þ, also

obtained by protonation (HBF4�Et2O) of [OsH2(dppp)2].
1876

The protonation of trans-[RuH(dppe)2L]þ with HBF4�Et2O gives [Ru(�2-H2)(dppe)2L]2þ in
which L¼PF(OMe)2, PF(OEt)2 or PF(OiPr)2.

1877,1878 The relationship between the cone angles
of the phosphite ligands and the stability of the hydride and dihydrogen complexes has been
explored.1878 The phosphite complexes [MHXL4] where M¼Ru, Os; X¼Cl, Br, I, SEt, N3;
L¼P(OEt)3, P(OEt)2Ph, P(OEt)Ph2, have been prepared by reaction of [MH2L4] with
CF3SO3Me followed by treatment with an excess of X�. Protonation of [MHXL4] leads to
the formation of [M(�2-H2)XL4]

þ when X¼Cl, Br, I, SEt, but when X¼N3, the protonation
product contains classical hydride ligands. If the protonation is carried out under an atmosphere
of H2, [M(�2-H2)HL4]

þ can be isolated.1879 The complex [Ru(�2-H2)H(dmpe)2]
þ is formed when

weak organic acids are used to protonate [RuH2(dmpe)2]. Over the range 220–300K, hydrogen
exchange is observed between the complex and the protonating agent, a process that involves all
the Ru-bound H atoms. The H2 ligand is relatively weakly bound and reactions with RSH occur
to give thiolate complexes; reaction with PhSH results in the formation of trans-
[Ru(SPh)2(dmpe)2].

1880 [RuH2(dmpe)2] was prepared by the reduction of trans-[RuCl2(dmpe)2]
with Na in 2-propanol,1880 and the reduction of cis-[RuCl2(dppm)2] using KOH in EtOH or
2-propanol has also been studied. The reaction produces cis/trans-[RuH2(dppm)2] in high yield.
Changes in reaction conditions can tip the reaction path in favor of the formation of trans-
[RuHCl(dppm)2].

1881 The complexes [OsH2Cl2(P
iPr3)2] (structurally characterized) and

[OsH2Cl2(P
tBu2Me)2] can be prepared from OsCl3�xH2O and the appropriate phosphine in

2-propanol at reflux. Lewis bases such as CO and PMe3 displace H2 from [OsH2Cl2(P
tBu2Me)2]

to give [Os(CO)2Cl2(P
tBu2Me)2] and [Os(PMe3)2Cl2(P

tBu2Me)2], respectively.1882 A method for
the enhancement of 1H NMR spectroscopic signals by para-hydrogen-induced polarization has
been described, and has been applied to aid the detection of isomers of [Ru(CO)2H2(PPh3)2] and
[Ru(CO)3H2(PPh3)].

1883

The kinetics of the reactions of thiols, CO, and PPh3 with cis,cis,trans-[RuH2(CO)2(PPh3)2]
have been investigated. The rate-determining step in each case is the initial dissociation of H2,
leading to the conclusion that the activated complex contains an �2-H2 ligand. A comparative
study of the reaction of [RuH2(dppm)2] with thiols has also been described.1884

There are several hydrido complexes that also contain coordinated N2. The reversible reaction
of N2 with [RuH2(H2)2(PCy3)2] results in the formation of [RuH2(N2)2(PCy3)2], and reactions
between [RuH2(H2)(Ph3SiH)(PCy3)2] or [RuH2(H2)(Ph3GeH)(PCy3)2] with N2 yield [RuH2(N2)2-
(PCy3)2].

252 The preparations of [OsH(N2)L4]
þ (L¼PPh2(OMe), PPh2(OEt), PPh2(O

iPr),
PPh(OEt)2) have also been described.1885

We end this section with a number of dinuclear complexes containing bridging hydrido ligands.
The reactions between [ReH6L2]

� (L¼PMePh2, AsPh3 PPh3 or L2¼ dppe) and [RuHCl-
(CO)(PPh3)3�x{P(OiPr)3}x] yield the complexes containing an Re(�-H)3Ru core.1886 Metal com-
plexes containing the ferrocene-based ligands CpFe{�5-C5H3-1-(CHMeNMe2)-2-PR2} (R¼ iPr,
Ph) have been investigated as homogeneous catalysts. These ligands, L, have been incorporated
into the dinuclear hydrido complexes [L2(�

2-H2)Ru(�-Cl)2(�-H)RuH(PPh3)2]. For the complex
with L¼CpFe{�5-C5H3-1-(CHMeNMe2)-2-P

iPr2}, a multinuclear NMR spectroscopic study
shows there to be fast exchange between �2-H2 and �-H at 293K, along with a slower exchange
process involving the terminal hydrido ligand. When the iPr groups are replaced by Ph, both
exchange processes are fast on the NMR timescale.1887 The complex [(PPh3)2HRu(�-Cl)2-
(�-H)RuH(PPh3)2][dma] (dmaþ¼N,N-dimethylacetamidinium ion) has been prepared and structu-
rally characterized. In solution, Hþ transfer from dmaþ to the complex anion results in the
formation of [(PPh3)2(�

2-H2)Ru(�-Cl)2(�-H)RuH(PPh3)2].
1888
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5.5.7 RUTHENIUM(0) AND OSMIUM(0)

The majority of Ru0 and Os0 complexes are classed as organometallic species and therefore fall
outside the remit of this review. However, a number of complexes in which M�C bonds are not
the main features of interest are discussed below.

Crystals of [Ru(bpy)3] have been grown on a Pt cathode from a solution containing
[Ru(bpy)3]

2þ, and the complex has been structurally characterized. A comparison of the structural
parameters of [Ru(bpy)3] and [Ru(bpy)3]

2þ does not lead to a firm conclusion concerning the
location of the negative charge added to the system during the reduction process.1889

The osmium(0) complex [Os(PMe3)5] has been prepared by treating [OsCl2(PMe3)4] with a
tenfold excess of PMe3 in the presence of Na and naphthalene in thf. In solution, [Os(PMe3)5]
is fluxional on the NMR spectroscopic timescale. Protonation of [Os(PMe3)5] with triflic acid
gives [OsH(PMe3)5]

þ.1890 The isolation of [Ru(CO)2(P
tBuMe2)2] from the Mg reduction of

[RuCl2(CO)2(P
tBuMe2)2] has been described. The structure of this complex is unexpected and is

best described as being derived from a trigonal bipyramidal ligand array with one equatorial site
vacant (a disphenoidal structure); the CO ligands occupy equatorial positions. The reactivity of
[Ru(CO)2(P

tBuMe2)2] (e.g., with CO, MeNC, O2, CS2, C2H4, H2, Cl2, MeCl, and MeOH) has
been investigated.1891

The 16-electron complex [Os(NO)Cl(PiPr3)2] has been prepared and an X-ray diffraction study
confirms a square planar structure with trans-PiPr3 ligands.1892 The complexes [Os(NO)Cl(PiPr3)2]
and [Os(NO)Cl(PiPr2Ph)2] form in near quantitative yields from the reactions of
[Os(NO)Cl(PPh3)3) with PiPr3 or PiPr2Ph. As expected, these 16-electron complexes readily
react with, for example, CO and H2. A range of reactions has been investigated.1893 The com-
plexes [Ru(NO)Cl(PiPr3)2] and [Ru(NO)Cl(PiPr2Ph)2] have also been reported. They are formed
by the reduction (with Cu/Zn) of [Ru(NO)Cl3(PPh3)2] followed by phosphine exchange. The
crystal structure of [Ru(NO)Cl(PiPr3)2] has been determined, confirming a square planar geom-
setry. Reactions of [Ru(NO)Cl(PiPr3)2] include those with HCl, O2, and CO.1894
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5.6.1 INTRODUCTION

Ruthenium and osmium are unique among all the elements in displaying the widest range of oxidation
states in their complexes, i.e., from þ8 to �2, corresponding to d0 to d10. This chapter describes the
coordination chemistry of ruthenium and osmium from oxidation state þ8 to þ4, covering the
literature from 1982 to 2002. This field has greatly expanded since the early 1980s, and a review
covering the literature up to 1992 has been published.1 Other relevant reviews include a report on
osmium chemistry in 19912 and a general discussion of transition metal nitrido complexes in 1992.3

The higher oxidation states of ruthenium and osmiumare dominated by complexes containingmetal–
ligand multiple bonds, mainly oxo, nitrido, and imido complexes. Complexes containing
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amido, alkoxo, sulfido, and fluoro ligands are also common, in which there is also multiple
bonding between the metal and the ligand. An excellent book on metal–ligand multiple bonds
has been published.4

Since the early 1980s there have been exciting developments in ruthenium and osmium oxo
chemistry. A variety of oxo complexes have been developed which are active oxidants for organic
substrates such as alcohols, alkenes, aromatic hydrocarbons, and alkanes.5,6 Oxo complexes with
porphyrin ligands have also been used as models for the highly unstable iron-oxo intermediates in
cytochrome P450 and related enzymes. Efficient catalytic systems for the oxidation of organic
substrates have been developed using terminal oxidants such as N-methylmorpholine N-oxide
(NMO), pyridine N-oxides (pyNO), t-butyl hydroperoxides (TBHP), hydrogen peroxide (H2O2),
and electrochemical oxidation. Remarkably dioxoruthenium(VI) complexes containing sterically
bulky porphyrin ligands can also catalyze the aerobic epoxidation of alkenes. By varying the
oxidation states and the nature of the ancillary ligands, the oxidizing power of the oxo complexes
can be fine tuned to oxidize various organic substrates. For example, (NPrn4)[RuO4], a mild
oxidant, is one of the best catalysts for the selective oxidation of alcohols, while cationic
ruthenium oxo complexes with polypyridyl ligands can oxidize unactivated C�H bonds, including
ethane and methane. cis-Dihydroxylation of alkenes with a ruthenium system has been reported.
Asymmetric epoxidation of alkenes has also been achieved using chiral ruthenium oxo systems,
with moderate to good ee (enantiomeric excess).

Ruthenium and osmium oxo complexes are also unique in displaying reversible, pH-dependent
redox couples in cyclic voltammetry.7 The availability of well-defined E� values has greatly helped
in the elucidation of the mechanisms of oxidations by these metal oxo species. Mechanistic studies
on the oxidation of substrates by ruthenium oxo species with polypyridyl and macrocyclic tertiary
amine ligands have revealed a variety of reaction pathways, including one-electron transfer,
oxygen atom transfer, hydrogen atom transfer, hydride transfer, and proton-coupled electron
transfer. This information should be relevant to biological oxidations. Moreover, oxidation of
alcohols and hydrocarbons often exhibits remarkably large kinetic isotope effects. There are a
number of recent reviews on metal oxo species in catalytic and biological systems.8–12

�-Oxo ruthenium complexes containing bipyridyl ligands are also efficient water oxidation
catalysts, and there have been extensive mechanistic studies on this important reaction, which
should contribute to the understanding of biological water oxidations.

Although osmium oxo complexes are much weaker oxidants than ruthenium oxo complexes,
there has been significant development in their oxidation chemistry. Notably, practical methods
for the asymmetric dihydroxylation of alkenes based on [OsO4] have been developed. Dioxo-
osmium(VI) complexes containing macrocyclic tertiary amine ligands are luminescent both in the
solid state and in fluid solutions. The excited states are strong oxidants (E�> 2V), and these
complexes can function as photooxidants for a variety of inorganic and organic substrates.

There have also been exciting developments in the chemistry of nitrido complexes. A number of
electrophilic osmium(VI) nitrido complexes containing polypyridyl, trispyrazoylborate, and
related ligands have been developed. They undergo a variety of redox reactions, many of them
are unique to this class of osmium(VI) nitrido complexes. These reactions result in the formation
of novel OsIV and OsV complexes; these can further react with various substrates to generate OsII

and OsIII complexes via atom/group transfer reactions, which may provide general routes for the
synthesis of heteroatom compounds. These osmium(VI) nitrido complexes also show promise as
reagents for C�N bond formation. Osmium nitrido complexes also undergo N���N coupling
reactions to produce dinitrogen complexes; studies of this remarkable reaction should provide an
insight into N�N cleavage. A number of osmium(VI) nitrido complexes are luminescent and
have long-live excited states both in the solid state and in fluid solutions at room temperature.
These complexes are powerful one-electron oxidants in the excited states, with excited state redox
potentials >2V, and they should be useful as photooxidants. There has been much less develop-
ment in the chemistry of ruthenium nitrido complexes; it may be anticipated that they are more
reactive than osmium nitrido complexes.

There have also been significant advances in the imido chemistry of ruthenium and osmium.
A variety of imido complexes in oxidation states þ8 to þ6 have been reported. Notably, osmium
(VIII) imido complexes are active intermediates in osmium-catalyzed asymmetric aminohydroxyl-
ations of alkenes. Ruthenium(VI) imido complexes with porphyrin ligands can effect stoichio-
metric and catalytic aziridination of alkenes. With chiral porphyrins, asymmetric aziridination of
alkenes has also been achieved. Some of these imido species may also serve as models for
biological processes.13 An imido species has been postulated as an intermediate in the nitrite
reductase cycle.14
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5.6.2 RUTHENIUM(VIII) AND OSMIUM(VIII)

5.6.2.1 Imido Complexes

No imido complexes of RuVIII have been reported.
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Osmium(VIII) alkylimido complexes of the type [Os(O)3(NR)], [Os(O)2(NR)2], and
[Os(O)(NR)3] (R¼ t-butyl (But), t-amyl, t-octyl, or 1-adamantyl) have been well documented in
CCC (1987).

The first homoleptic osmium(VIII) imido compound, [Os(NBut)4] (1), together with the tetra-
nuclear osmium(VI) oxo-imido complex [(NBut)2Os(�-NBut)2Os(NBut)(�-O)]2 (2) have been
synthesized by the interaction of [OsO4] with neat [NHBut(SiMe3)] (Scheme 1). The IR spectrum
of (1) shows a �(Os¼N) stretch at 1238 cm�1.15 The molecular structure of (1) has been
determined in the gas phase by electron diffraction. The measured Os�N distance is 1.750 Å
with a bent alkylimido ligand (Os�N�C¼ 156.4�).16 The NBut groups are in a distorted tetra-
hedral arrangement around the central osmium atom, and bent in such a way that the overall
molecular symmetry is reduced to S4. The reactions of (1) with PR3, I2, PPh4I, acetic acid, pivalic
acid, and (Me3O)(BF4) are summarized in Scheme 1.15

The arylimido complexes [Os(O)(NAr)3] (3) and [Os(O)2(NAr)2] (4) (Ar¼C6H3Pr
i
2-2,6) have

been synthesized by the interaction of Me3NO with [Os(NAr)3] (5) and [Os(NAr)2(PMe2Ph)2] (6),
respectively (Scheme 2).17 These complexes can also be prepared in high yields by an imido/oxo
exchange reaction.18 [OsO4] reacts smoothly with one equivalent of [Mo(NAr)2(OBut)2] to give
[Os(O)2(NAr)2]. If 1.5 equivalents of [Mo(NAr)2(OBut)2] are used, then [Os(O)(NAr)3] is obtained
in high yield. However, [Os(NAr)4] cannot be prepared.
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5.6.2.2 Nitrido Complexes

No nitrido complexes of ruthenium(VIII) have been isolated. For osmium, the only well-
established osmium(VIII) nitrido species is [Os(O)3(N)]�, which has been well documented in
CCC (1987). A number of heterometallic complexes formed by the interaction of [Os(O)3(N)]�

with a second metal center have been reported. In these complexes, the [Os(O)3(N)]� ion acts as a
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ligand and binds to a second metal center through the nitrogen atom to produce a —M�N�Os(O)3
linkage. Treatment of (NBun4)[Os(O)3(N)] with Au(PPh3)(CF3SO3) and cis-[(Me3P)2Pt(CF3SO3)2]
produces the species [(PPh3)Au{(�-N)Os(O)3}] (7) and cis-[(Me3P)2Pt{(�-N)Os(O)3}2] (8), respect-
ively.19 In (7) the mean Os�O, Os�N, and Au�N distances are 1.71 Å, 1.69 Å, and 2.02 Å,
respectively, indicating that the Os�N bond remains a triple bond. The Os�N�Au linkage
is essentially linear (Au�N�Os¼ 168�). Other bimetallic nitrido-bridged complexes cis-[(dppm)-
Pt{(�-N)Os(O)3}2] (dppm¼ bis(diphenylphosphino)methane), trans-[Pt(4-Butpy)2{(�-N)Os(O)3}2],
[Ir(CO)(PPh3)2{(�-N)Os(O)3}], and [{Rh(cod)}{(�-N)Os(O)3}2] (cod¼ cycloocta-1,5-diene) are
also known.20 The reaction of [Pt(dppf)(O3SCF3)(Cl)] (dppf¼ 1,10-bis(diphenylphosphino)ferro-
cene) with (NBun4)[Os(O3)(N)] affords the trimetallic complex [Pt(dppf){(�-N)Os(O)3}(Cl)] (9),
the mean Pt�N, Os�N, and Os�O distances are 2.06 Å, 1.66 Å, and 1.67 Å, respectively. The
�-nitrido complexes [(OEP)(NO)Ru{(�-N)Os(O)3}] (OEP¼ octaethylporphyr- inato dianion)21 and
[Ru(CO)(Et2dtc)(PPh3)2{(�-N)Os(O)3}](Et2dtc¼N,N-diethyldithiocarbamato)22 (10) have also
been prepared, the Ru�N�Os linkage is bent with an angle of 138.4� and 155.1�, respectively.
Treatment of [OsN{N(SPPh2)2}2](BF4) with (NBu4)[OsO3N] gives a �-nitrido OsVIII�OsVI com-
plex, [OsN{N(SPPh2)2}2(�-NOsO3)] (11), in which the [NOsO3]

� is trans to the terminal nitrido
ligand. The OsVI�N, OsVI�N(Os), and OsVIII�N distances are 1.617 Å, 2.318 Å, and 1.719 Å,
respectively; the Os�N�Os angle is 159.2�.199
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5.6.2.3 Oxo Complexes

5.6.2.3.1 Metal tetroxides

(i) RuO4

[RuO4] is the only well-defined RuVIII species; its properties and chemistry have been reviewed in
CCC (1987). It is a powerful oxidant that is able to oxidize a variety of organic substrates including
alcohols, aldehydes, alkenes, alkynes, ethers, lactones, amines, aromatics, and sulfides.23–25 The
oxidation of cyclic sulfites to cyclic sulfates26 and cycloalkanes to ring-opening products27 with
[RuO4] have also been reported.26 An intriguing method for vicinal dihydroxylation of alkenes
with RuCl3 and NaIO4 in a biphasic solution (ethyl acetate, acetonitrile, and water) has been
described; the active intermediate is probably [RuO4].

28 [RuO4] oxidations have been used to
determine the absolute stereochemistry of aromatic and heterocyclic alcohols.29 Reactions of
[RuO4] with the fullerenes C60 and C70 in 1,2,4-trichlorobenzene followed by acid hydrolysis
produce the fullerene diols C60(OH)2 and C70(OH)2.

30

[RuO4] has been used for the oxidative degradation of organochlorines such as polychlorinated
biphenyls and organochlorine pesticides.31–33 The oxidation of polycyclic aromatic hydrocarbons
(PAHs) by [RuO4] has also been studied.34 It is also used in the molecular characterization of
kerogens by mild selective chemical degradations.35

There are a number of mechanistic studies on [RuO4] oxidations. The oxidation of 2-propanol
by [RuO4] has been investigated. In 1–6.5M HClO4 hydride transfer appears to be the rate-
determining step, while at high acid concentrations the rate-determining step seems to involve
formation of carbocations.36 The oxidation of methoxy-substituted benzyl phenyl sulfides by
[RuO4], [RuO4]

�, and [RuO4]
2� produces only sulfoxides and sulfones, and it is concluded that

these oxidations occur by direct oxygen atom transfer rather than by single-electron transfer
(followed by oxygen rebound).37 The oxidation of thianthrene 5-oxide by [RuO4] to thianthrene
5,10-dioxide is also proposed to have an oxygen atom transfer mechanism.38 The ruthenium-
catalyzed oxidation of styrene and substituted styrenes by NaOCl has been studied. Electron
donating groups retard the reaction but electron withdrawing groups accelerate the reaction. This
trend is consistent with results of analysis by frontier MO theory. The mechanism of the oxidation
of ethers to esters by RuO4�NaIO4 has also been investigated. Oxidation of cyclopropylmethyl
methyl ether gives methyl cyclopropanecarboxylate with no rearranged products. No chlorinated
products are observed in the presence of CCl4. The rates of oxidation of a series of 4-substituted
benzyl methyl ethers correlate with Hammett � values to give a � value of �1.7, indicating only a
moderate charge separation in the transition state. When PhCHDOCH3 and PhCD2OCH3 are
oxidized two deuterium isotope effects, one of 6.1 and another of 1.3, are obtained. It is proposed
that the reaction proceeds by either a concerted reaction or a reversible oxidative addition of the
ether to [RuO4] followed by a slow concerted step to give the product.39 The oxidation of methyl
and octyl �-D-glucopyranoside by NaBrO3, catalyzed by three different high-valent ruthenium
species, ruthenium tetroxide, perruthenate, and ruthenate, has been reported. At pH 4.5, [RuO4]
appears to catalyze the oxidation of the alkyl glucopyranosides rapidly and produces alkyl
glucuronic acid as the main product. Analysis of the kinetic and thermodynamic data suggests
a hydride transfer mechanism.40

The photochemical decomposition of gaseous [RuO4] as a function of wavelength has been
studied.41

The use of [RuO4] as a reagent for the preparation of epidermal samples for transmission
electron microscopy has been investigated.42,43

(ii) OsO4

The most important compound is [OsO4]; its properties, reactivities, and uses have been described
inCCC (1987) . One of the most important reactions of [OsO4] is the cis-dihydroxylation of alkenes to
vicinal glycols. Oxidations can be effected catalytically with a variety of cooxidants such as
ClO3

�, H2O2, TBHP, IO4
�, NMO, and [Fe(CN)6]

3�. Catalytic asymmetric dihydroxylation of
alkenes to give optically active cis-glycols has been achieved by using a chiral amine ligand.44

Chiral amines such as the acetates of quinidine and dihydroquinidine have been employed using
NMO as the cooxidant.45 A trioxoosmium(VIII) glycolato complex, [OsO3(O2R)L] (L¼ chiral
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amine), is thought to be involved in the oxidative cycle.46,47 The X-ray crystal structure of the 1 : 1
OsO4–(dimethylcarbamoyl)dihydroquinidine complex shows that it has a trigonal bipyramidal
geometry with an axial amine ligand.48 Chiral chelating diamines such as (�)-(R,R)-N,N,N0,N0-
tetramethylcyclohexane-1,2-diamine have also been employed to promote asymmetric cis-hydro-
xylations.49,50 A (R,R)-trans-1, 2-bis(N-pyrrolidino)cyclohexane–OsO4 (12) complex has been
isolated as a deep red crystalline solid at low temperature. This compound has a distorted
octahedral structure; the diamine clearly functions as a bidentate ligand.51 The two Os�N
bonds are rather long (2.33 Å) indicating that the amine is weakly bound to the osmium. NMR
studies indicate that this structure is retained in solution. This diamine is a much better ligand for
asymmetric dihydroxylation catalysis (AD) than the related monoamine N-pyrrolidinocyclohexane.
The complexes OsO4�NMO (NMO¼N-methylmorpholine N-oxide) and OsO4�NMM
(NMM¼N-methylmorpholine) have been made and their crystal structures determined.52 These
species may play a role in the alkene–OsO4–NMO reactions. AD of olefins has become one of the
most general methods in asymmetric catalysis, and this topic has been extensively reviewed.53–57

A closely related reaction, which has been discovered subsequently, is the catalytic asymmetric
aminohydroxylation (AA) of alkenes.58–60 The reaction is initiated by in situ formation of
[Os(O)3(NR)] from [OsO4] and an appropriate nitrene source such as sulfonamides, carbamates,
or amides. This is followed by the coordination of a chiral ligand L to form a five-coordinate
species which adds to the alkene. Cinchona alkaloids are utilized as ligands as in the case of AD.
N-toluenesulfonyl derivatives of �,�-hydroxyamino acids have been found to give better results
both in AA and AD.61 The AD reactions have been reviewed.62,63

A method for the catalytic oxidative cleavage of alkenes using [OsO4] and oxone in DMF has
been reported.64 This method provides a safer alternative to ozonolysis (Equation (1)).

R1 R2

OsO4  (0.01 eq)
Oxone  (4 eq)

DMF, 3 h, RT
R1CO2H   +   R2CO2H ð1Þ

Reaction of one equivalent of [OsO4] with [60]fullerene in the presence of pyridine produces
trans-[C60(OsO4)(py)2]. In the presence of excess [OsO4] a two-to-one adduct can be obtained. The
X-ray structure of trans-[C60(OsO4)(4-Bu

tpy)2] (13) has been determined, which provides the first
crystallographic confirmation of the structure of C60.

65–69
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The photochemical and thermal ‘‘osmylation’’ of arenes have been reported.70,71 Various types of
arenes spontaneously form highly colored electron donor–acceptor (EDA complex) with [OsO4] in
nonpolar solvents (Equation (2)). Charge transfer (CT) osmylation is effected by irradiation of the
absorption bands of the EDA complexes. The molecular structures of the adducts of benzene (14)
and anthracene (15) are elucidated by X-ray crystallography. The mechanism for CT osmylation is
shown in Equation (3). The intermediate ion pair [Arþ, OsO4

�] is detected by time-resolved
picosecond spectroscopy. In the absence of light the EDA complexes of [OsO4] with electron-rich
arenes such as naphthalene, anthracene, and phenanthrene slowly undergo direct thermal (DT)
osmylation to produce the same series of adducts. Thus a similar mechanism is proposed for the
thermal reactions (Scheme 3). It is likely that ligand-promoted thermal osmylation of arenes and
dihydroxylation of alkenes also proceed with similar mechanisms.

[OsO4] + Ar [Ar, OsO4] ð2Þ

740 Ruthenium and Osmium: High Oxidation States



O

OO

O
Os

py

py
O

O

Os
py

py

O

O

(15)

Os
O O

F

F

O n

(16)

Os F

F

O

F

Os

F

F

O

F

O

F

O

+

(17)

[ArOsO4]
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Scheme 3

[Ar, OsO4] [Ar.+, OsO4
.-] adduct

hν CT fast ð3Þ

The complex OsO4(4-dimethylaminopyridine) has been synthesized.72 It shows an absorption at
473 nm which is assigned to LMCT transition. Excitation of this band in ethanol leads to a
reduction of OsVIII to OsVI and oxidation of ethanol to ethanal with a quantum yield of 0.1 at
436 nm.

There are a number of reports on the binding of [OsO4] to DNA in the presence of bpy (2,20-
bipyridine) and phen (1,10-phenanthroline).73–81

5.6.2.3.2 Oxo hydroxo complexes

The OsVIII complexes cis-[OsO4(OH)2]
2�, [Os2(O)8(OH)]�, and [Os(O)5(H2O)]2� have been

described in CCC (1987). The X-ray crystal structures of cis-MI
2[Os(O)4(OH)2] (M

I¼Li, Na)82,83

and cis-MII[Os(O)4(OH)2] (M
II¼Ca, Sr, Ba)84,85 have been determined. The X-ray structures of

MI[Os2(O)8(OH)] (MI¼Rb, Cs)86,87 show that the complexes have a trigonal bipyramidal geometry
with a bridging hydroxo ligand in the apical position. The terminal Os¼O bond lengths lie in the
range 1.62–1.77 Å, and the Os�OH distances are 2.21 Å and 2.22 Å.86

5.6.2.3.3 Oxo halo complexes

There are a few neutral oxo fluoro complexes of osmium(VIII), including [Os(O)3(F)2] and
[Os(O)2(F)4].

88 The electronic and matrix IR spectra of [Os(O)3(F)2] have been measured.89

A new method for the preparation of [Os(O)3(F)2], which involves the reaction of an excess of
liquid ClF3 with [OsO4], has been reported.90a X-ray crystal studies indicate a polymeric chain
structure with a distorted octahedral geometry for the [Os(O)3(F)2] units (16) and symmetrical,
nonlinear fluoride bridges. The equilibrium geometries of [OsO4], [Os(O)3(F)2], [Os(O)2(F)4], and
[OsF6] have been calculated by ab initio methods. The results show that [Os(O)(F)6] and [OsF8]
are unlikely to exist.90b The results also predict a D3h symmetry for [Os(O)3(F)2], which is not
in accord with experimental results.90a [Os(O)2(F)4] was obtained from KrF2 and [OsO4].

91

The X-ray crystal structure shows a helical chain arrangement of nearly octahedral
cis-[Os(O)2(F)4] molecules; however, the oxygen and fluorine atoms are partially disordered.90a

The cis structure of this molecule is confirmed by electron diffraction, NMR, vibrational
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spectroscopy, and DFT calculations.92 The Os¼O distance is 1.674 Å, and the Os�F distances
are 1.883 Å and 1.843 Å.

Cationic osmium(VIII) oxo fluoro species are also known. cis-[Os(O)2(F)4] reacts with the strong
fluoride ion acceptors AsF5 and SbF5 in anhydrous HF to produce [{cis-Os(O)2(F)3}2(�-F)]

þ as the
[AsF6]

� and [Sb2F11]
� salts, respectively.93 The structure of [{cis-Os(O)2(F)3}2(�-F)](Sb2F11) con-

sists of discrete fluoride bridged [{cis-Os(O)2(F)3}2(�-F)]
þ (17) and [Sb2F11]

�. The species [Os(O)3-
(F)](AsF6), [Os(O)3(F)](HF)2(AsF6), [{Os(O)3(F)}2(�-F)](AsF6), [Os(O)3(F)](HF)2(SbF6), and
[Os(O)3(F)](HF)(SbF6) have been prepared by the reaction of [Os(O)3(F)2] with AsF5 or SbF5 in
HF solvent.94 The X-ray crystal structures of [Os(O)3(F)](AsF6) (18), [Os(O)3(F)](HF)2 (AsF6) (19),
[Os(O)3(F)](SbF6) (20), and [Os(O3)(F)](HF)(SbF6) (21) have been determined. In these structures
the [Os(O)3(F)]

þ cations exhibit strong contacts to the anions and HF giving rise to cyclic, dimeric
structures in which the osmium atoms have coordination numbers of six. The reaction of
[Os(O)3(F)2] with neat SbF5 gives [Os(O)3(F)](Sb3F16), which consists of well-isolated cations and
anions and the osmium is four-coordinate.
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There are also a number of anionic osmium(VIII) oxo fluoro complexes. The salts (NMe4)
[Os(O)4(F)] and cis-(NMe4)2[Os(O)4(F)2] are prepared by reacting [OsO4] with stoichiometric
amounts of (NMe4)F in MeCN. The salts fac-(NMe4)[Os(O)3(F)3] and fac-(NO)[Os(O)3(F)3] are
prepared by reacting [Os(O)3(F)2] with a stoichiometric amount of (NMe4)F in MeCN and with
excess NOF, respectively. The structures of (NMe4)[Os(O)4(F)] and (NMe4)[Os(O)3(F)3] have
been determined by X-ray diffraction studies.95

Reaction of [OsO4] with (PPh4)Cl in CH2Cl2 gives (PPh4)[Os(O)4(Cl)]�CH2Cl2 as orange-red
crystals. The X-ray crystal structure shows a trigonal bipyramidal configuration (d(Os¼O)¼
1.72 Å, Os�Cl¼ 2.76 Å).96

Oxo imido and oxo nitrido complexes of OsVIII are discussed in Sections 5.6.2.1 and 5.6.2.2,
respectively.
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5.6.3 RUTHENIUM(VII) AND OSMIUM(VII)

5.6.3.1 Imido Complexes

No imido complexes of ruthenium(VII) have been reported and there are only two examples for
osmium.

An Os(VII)�Os(VII) dimer, [(ButN)2OsVII(�-NBut)]2(BF4)2 (22), is prepared by treatment of
[Os(ButN)4] (1) with (Me3O)(BF4) (Scheme 1).15 Its structure has been determined by X-ray
crystallography (Os���Os¼ 2.68 Å, Os¼N(terminal)¼ 1.715 Å, 1.710 Å, Os�N(bridge)¼ 1.902 Å,
1.927 Å). Cyclic voltammetry reveals a reversible two-electron couple at �0.07V vs. Ag/AgCl,
assigned to the OsVII,VII/OsVI,VI couple.

A paramagnetic mixed-valence OsVI�OsVII compound [(ButN)2Os(�-NBut)2Os(NBut)2]
þ (24)

has been isolated from the interaction of [Os(NBut)4] (1) with I2. X-ray crystal studies reveal that
the two osmium atoms are structurally equivalent (Os���Os¼ 2.921 Å, Os¼N(terminal)¼ 1.711 Å,
Os�N(bridge)¼ 1.925 Å) (Scheme 1).97

5.6.3.2 Nitrido Complexes

No RuVII and OsVII nitrido complexes have been isolated.

5.6.3.3 Oxo Complexes

5.6.3.3.1 [RuO4]
�

The only well-defined complex of ruthenium(VII) is the perruthenate ion, [RuO4]
�
. This tetrahedral

ion has long been known, and its properties and reactivities have been reviewed.98 In aqueous
solutions [RuO4]

� oxidizes alcohols and aldehydes to ketones and carboxylic acids, but it readily
cleaves C¼C double bonds.99,100 The most important use of [RuO4]

� is as a mild and selective
reagent for the catalytic oxidation of alcohols by NMO. There have been numerous publications in
this area since 1984, including reviews.5,6,101 A breakthrough in the oxidation chemistry of [RuO4]

�

was the isolation of the organic-soluble tetrabutylammonium salt, (NBun4)[RuO4], prepared by the
fusion of RuCl3 with KNO3 and KOH, followed by oxidation with Cl2 and addition of (NBun4)OH.
(NBun4)[RuO4] is a remarkably mild and selective oxidant for alcohols without competing double-
bond attack. This oxidation can be made catalytic by using NMO as a cooxidant.102 This system
becomes more useful when a more easily prepared tetra-n-propylammonium salt, (NPrn4)[RuO4], is
reported.101 This salt was first made by passing [RuO4] vapor into a solution of (NPrn4)OH and
NaOH.102 An even simpler procedure was later developed, which involves generating [RuO4]

� from
NaBrO3 and RuO2 and then precipitating with (NPrn4)OH.103 The ESR spectrum of (NPrn4)[RuO4]
has been measured.104 Salts of other organic cations such as (PPh4)

þ and (PPN)þ have also been
prepared.104,105 In CH2Cl2, (NPrn4)[RuO4]/NMO is an excellent oxidant of primary alcohols to
aldehydes and of secondary alcohols to ketones, without affecting sensitive functions such as allylic,
epoxy, lactone, indole, silyl ether, acetal, and tetrahydropyranyl functions. It has also been used for
the oxidation of homoallylic alcohols to dienones, the selective oxidation of primary–secondary diols
to lactones,106,107 and the oxidation of secondary nitro compounds to the corresponding ketones.108

Kinetics studies on the oxidation of alcohols by [RuO4]
� in aqueous solutions have been

reported.109 The oxidation of cyclobutanol results in much C�C bond cleavage and the mostly
likely mechanism involves one-electron processes with the formation of a radical intermediate.109

On the other hand, in organic solvents using (NPrn4)[RuO4] both the stoichiometric and the
catalytic (with NMO) oxidation of cyclobutanol produce almost exclusively cyclobutanone,
suggesting that the oxidations proceed by two-electron processes, although (NPrn4)[RuO4] is a
three-electron oxidant. A possible reaction sequence is shown in Equations (4)–(6).

RuVII
 + 2e RuV ð4Þ

2 RuV RuIV + RuVI ð5Þ

RuVI + 2e RuIV ð6Þ
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Various solid-supported perruthenate reagents have been designed for the oxidation of alco-
hols.110–114 Solid-supported NMO has also been used.115 A number of perruthenate systems
employing O2 as the terminal oxidant have also been reported.113,116–119 The use of ionic liquids
based upon substituted imidazolium cations as alternative solvent media for the selective oxida-
tion of alcohols to aldehydes and ketones has also been investigated.120,121

The kinetics of the reduction of perruthenate(VII) by [Fe(CN)6]
4� and [W(CN)8]

4� and the
oxidation of ruthenate(VI) by [Mo(CN)8]

3� and [Ru(CN)6]
3� have been studied in aqueous

alkaline solutions. The cross-reaction data have been treated according to the Marcus relations
and yield a self-exchange rate constant of 10M�1 s�1 at 25.0 �C and 1.0M ionic strength for the
perruthenate(VII)–ruthenate(VI) couple.122 The oxidation of alkylthio and arylthioacetic acids
(RSCH2CO2H) by [RuO4]

� has been studied. A reaction mechanism involving an expansion of
the ruthenium coordination shell through incorporation of a hydroxide ion is proposed. Oxygen
transfer is then initiated by action of a nonbonding pair of sulfur electrons with either a vacant
ruthenium d-orbital or a Ru¼O �*-orbital.38

5.6.3.3.2 [OsO4]
�

Reduction of [OsO4] with (AsPh4)I in CH2Cl2 produces (AsPh4)[OsO4]. The gray-green solid has a
�eff of 1.37�B, the low value being attributed to spin–orbit coupling effects. The IR spectrum
shows bands at 834 and 852 cm�1 assigned to �1(A1) and �3(F2), and the deformations �3 and �4
are at 240 cm�l. A reversible OsO4/OsO4

� couple (E� ¼ 0.1V vs. SCE) is observed in CH2Cl2.
123

The salt (PPh4)[OsO4] is also known.124 The [OsO4]
�, like its ruthenium counterpart, functions as

an oxidant for activated alcohols, converting them to aldehydes.125

5.6.3.3.3 Oxo fluoro species

The species [Os(O)(F)5] is well characterized. The ESR,126 IR, and UV–vis spectra89 of this
complex have been measured. [Os(O)2(F)3] is also known, but it is highly unstable. Matrix IR
studies suggest that it has a D3h structure.

127

5.6.4 RUTHENIUM(VI) AND OSMIUM(VI)

The vast majority of ruthenium(VI) and osmium(VI) complexes are those stabilized by metal–
ligand multiple bonds. These are mainly imido, nitrido, and oxo species.

5.6.4.1 Imido Complexes

5.6.4.1.1 Mono imido complexes

Ruthenium(VI) imido complexes are rare in the literature. The reaction of [Ru(N)(CH2SiMe3)4]
�

with Me3SiOSO2CF3 leads to [Ru(NSiMe3)(CH2SiMe3)4].
128 However, no elemental analysis can

be obtained due to the extreme instability of the compound to air and moisture. The first
cyclopentadienyl imido complex of osmium was prepared by alkylation of the nitrogen atom in
[(	5-C5H5)Os(N)(CH2SiMe3)2] by CH3OSO3CF3 to give [(	5-C5H5)Os(NMe)(CH2SiMe3)2]
(OSO2CF3), which was characterized by 1H NMR spectroscopy (
(NMe)¼ 2.8 ppm).129

The complex (PPh4)[Os{NC(CCl3)NCCl(CCl3)}Cl5] may be regarded as an imido complex of
osmium(VI), made by the reaction of Os2Cl10 with trichloroacetonitrile and has been character-
ized by X-ray structural studies.130 The Os�N distance of 1.97 Å is slightly shorter than that
expected for a single bond.

Reaction of [Os(N)(L)(Cl)] (L¼ 2,6-bis(2-hydroxy-2,2-diphenylethyl)pyridinato(2-)) with tri-
fluoroacetic anhydride in the presence of a small amount of glacial acetic acid in dry CH2Cl2
gives the imido complex [Os(L)(NCOCF3)(O2CCF3)(Cl)] which has been characterized by IR
spectroscopy (�(Os¼N)¼ 1197 cm�1).149 A similar trifluoroacetylimidomanganese(V) complex
has been proposed as the active intermediate in imido transfer to alkenes.14
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The reactions of [Os(O)(NAr)(CH2Bu
t)2] with HCl, Me3SiI, and AlMe3 give [Os(NAr)(CH2-

But)2(Cl)2], [Os(NAr)(CH2Bu
t)2(I)2], and [Os(NAr)2(CH2Bu

t)2(Me)2], respectively. [Os(O)(NAr)-
(CH2Bu

t)2] reacts with Me3SiX (X¼Cl, OTf) to yield green crystalline [Os(NAr)(CH2Bu
t)2

(OSiMe3)X]. X-ray crystallography studies of [Os(NAr)(CH2Bu
t)2(OSiMe3)(OTf)] (25) show

an approximate square pyramid with a neopentyl group in the apical position
(d(Os¼N)¼ 1.689 Å).132

Os

ArN

O O

CH2

H2C

CMe3

SiMe3

F3CO2S
CMe3

(25)

5.6.4.1.2 Oxo imido complexes

[Os(O)(NAr)3] reacts with alkenes C2H2R2 to give [Os(O){N(Ar)CHRCHRN(Ar)}(NAr)] (26).
An X-ray study of the complex made from ethene shows that it has a pseudo-tetrahedral
geometry (Scheme 2).17

Complexes of the type [Os(O)(NAr)(R)2] (Ar¼C6H3Pr
i
2-2,6; R¼CH2CMe3, CH2CMe2Ph) are pre-

pared via imido/oxo exchange reactions between [Os(O)2(R)2] with 1 equivalent of [Ta(NAr) (OBut)3].
132

An osmium(VI) oxo imido complex, [Os(O)(NBut)(mes)2](mes¼mesityl), has been isolated and
has been discussed in reference 131.

The isolation of the first stable oxo-t-butylimido complexes of ruthenium(VI) and osmium(VI)
porphyrins, [M(O)(por)(NBut)] (27), by oxidative deprotonation of [M(por)(ButNH2)2]
(por¼TPP (meso-tetraphenylporphyrinato dianion)), 3,4,5-MeO-TPP (meso-tetrakis(3,4,5-
trimethoxyphenyl)porphyrinato dianion), TTP (meso-tetrakis(p-tolyl)porphyrinato dianion),
4-Cl-TPP (meso-tetrakis(4-chlorophenyl)porphyrinato dianion), and 3,5-Cl-TPP (meso-tetra-
kis(3,5-dichlorophenyl)porphyrinato dianion) have been reported.133,134 These complexes are
diamagnetic and have been characterized by 1H NMR and IR spectroscopy. [RuVI(O)(por)
(NBut)] can also be prepared by reacting [Ru(O)2(por)] with ButNH2.

135 It reacts rapidly with PPh3
in solution to give O¼PPh3, Ph3P¼NBut, and [Ru(por)(PPh3)2].

133 [Os(O)(por)(NBut)] can also be
prepared by air oxidation of [Os(por)(H2NBut)2].

134 The X-ray crystal structure of (27h) has been

NN

N N

M

NBut

O

(27)

(a) M = Ru; N4 = TPP
(b) M = Ru; N4 = 3,4,5-MeO-TPP
(c) M = Ru; N4 = TTP
(d) M = Ru; N4 = 4-Cl-TPP
(e) M = Ru; N4 = 3,5-Cl-TPP
(f) M = Os; N4 = TPP
(g) M = Os; N4 = 3,4,5-MeO-TPP
(h) M = Os; N4 = TTP
(i) M = Os; N4 = 4-Cl-TPP
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determined; the Os¼O and Os¼NBut distances are 1.772 Å and 1.759 Å, respectively.134 Oxo
arylimidoosmium(VI) complexes of the type [Os(O)(por)(NAr)] (Ar¼ 4-F-Ph, por¼TPP, 3,4,5-
MeO-TPP) have also been isolated by refluxing a solution of [OsIV(por)(ArNH)2] in aerated THF
and ButNH2.

134 The various porphyrin structures are summarized in Figure 1.
Reaction of [Os(NBut)4] (1) with HOAc or pivalic acid in CH2Cl2 at low temperature gives the

oxo imido osmium(VI) compounds [Os(O)(NBut)(O2CMe)2(NH2Bu
t)] (28) and [Os(O)(NBut)-

(O2CBu
t)2(NH2Bu

t)2] (29), respectively (Scheme 1).97 The structure of (29) has been determined
by X-ray crystallography (Os�N¼ 1.749 Å, Os�O¼ 1.761 Å). The shorter Os�N than Os�O
distance reflects the greater �-donating capability of the organoimido function.97

5.6.4.1.3 Bis imido complexes

The imido/oxo exchange reaction between [Os(O)2R2] (R¼CH2Bu
t, CH2CMe2Ph) or [Os(O)2(CH2-

SiMe3)2]n and 2 equivalents of [Ta(NAr)(OBut)3] affords [Os(NAr)2(R)2] (Equation (7)).132

[Os(O)2R2] + 2[Ta(NAr)(OBut)3]  [Os(NAr)2R2] + 2[Ta(O)(OBut)3] ð7Þ

[Os(NAr)2(I)2(PMe2Ph)] (30) is prepared by the reaction of trans-[Os(NAr)2(PMe2Ph)2] (6)
(Ar¼C6H3Pr

i
2-2,6) with iodine followed by MeI (Scheme 4). X-ray crystallography studies of

the complex reveal a trigonal bipyramidal structure; the average Os�N distance is 1.773 Å and
the imido ligands are close to linear (Os�N�C¼ 168.2� and 171.2�). Replacement of iodides
and phosphine by addition of K[S2CNEt2] gives trans-[Os(NAr)2(S2CNEt2)2]. Converting (30)
to the acetato complex with AgOAc followed by the treatment of LiSBut gives [Os(NAr)2-
(SBut)2].

17

NNH

HNN

R

R

R

R

R8

R7

R1
R2 R3

R4

R5

R6

H2por: unspecified

H2TPP: R = Ph, R1-R8 = H

H2DPP: R = Ph, R1-R8 = Ph 

H2TTP: R = C6H4CH3, R1-R8 = H

H2TMP: R = 2,4,6-Me(C6H2), R1-R8 = H

H24-X-TPP: R = 4-XC6H4, R1-R8 = H

H22,6-Cl-TPP: R = 2,6-Cl2C6H3, R1-R8 = H

H23,5-Cl-TPP: R = 3,5-Cl2C6H3, R1-R8 = H

H22,4,6-MeO-TPP: R = 2,4,6-(MeO)3C6H2, R1-R8 = H

H23,4,5-MeO-TPP: R = 3,4,5-(MeO)3C6H2, R1-R8 = H

H2OEP: R = H, R1-R8 = Et

Figure 1 Porphyrin abbreviations.
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i
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v
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Ar = C6H3Pri
2-2,6, L = PMe2Ph ; i, Me3NO; ii, I2, MeI; iii, RI, R = Me, Et; iv, R = Me, AgPF6; 

v,  PMe3; vi, L = PPh3, PhC      CPh, CuCl; vii, PMe2Ph; viii, KS2CNEt2; ix, AgOAc, LiSBut.

viii ix

(6)

(30)

Scheme 4

Air oxidation of [Os(por)(H2NBut)2] to give [Os(O)(por)(NBut)] is described in Section
5.6.4.1.2. In the presence of H2NBut, however, air oxidation of [Os(por)(H2NBut)2] gives
[Os(por)(NBut)2] (31). The mean Os¼NBut distance in (31c) is 1.775 Å and the imido angles
are 166.6� and 174.6�.134

A bis(arylimido)osmium(VI) complex [Os(TPP)(p-NC6H4NO2)2] (32) has been synthesized by
reacting p-nitrophenyl azide with [Os(TTP)]2.

136 The two axial ligands are nearly coplanar and the
average imido Os�N distance is 1.821 Å, which is significantly shorter than a normal Os�N
single bond, but is longer than other structurally characterized osmium organoimido bonds. The
organoimido ligands are strongly bent with Os�N�C angles of 144.8� and 142.0�.136

Tosylimido complexes are key intermediates in the metal-catalyzed aziridination of alkenes by
PhI¼NTs.137–144 The syntheses and reactivities of a series of bis(tosylimido)osmium(VI) and
ruthenium(VI) porphyrin complexes are summarized in Scheme 5. Tosylimidoosmium(VI) com-
plexes [OsVI(por)(NTs)2] (33) (por¼TPP, TTP, 4-Cl-TPP, 4-MeO-TPP; Ts¼ tosyl) are prepared
by the treatment of [OsII(por)(CO) (MeOH)] with excess PhI¼NTs in CH2Cl2.

145 The X-ray
crystal study of (33a) reveals that the two tosylimido ligands are anti to each other, and the mean
Os�N(Ts) distance and Os�N�S angle are 1.800 Å and 155.3�, respectively. (33a) is able
to transfer its imido ligands to PPh3 to yield Ph3P¼NTs and [OsII(TPP)(PPh3)2]. Likewise
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[RuVI-(por)(NTs)2] (34) are prepared by the reaction of the corresponding [RuII(por)(CO)
(MeOH)] (por¼TPP, TTP, 4-Cl-TPP, 4-MeO-TPP, OEP) with PhI¼NTs.146,147 These ruthe-
nium(VI) complexes are more reactive than the osmium analogs, they are able to transfer their
imido groups to alkenes to yield aziridines, as well as to C�H bonds to afford amines.146,147 The
kinetics of the oxidation of a variety of alkenes by [RuVI(TPP)(NTs)2] (34a) have been investigated.
The second-order rate constants (k2) range from 1.6
 10�3 M�1 s�1 to 9.0
 10�2 M�1 s�1 at 298K.
A carboradical intermediate is proposed based on the nonstereospecificity of the aziridination, a
small slope of �1.7V�1 in the plot of log k2 vs. E1/2 of the alkenes, and a small �þ value of �1.1 in
the Hammett plot for para-substituted styrenes.146 The reactions between [RuVI(TPP)(NTs)2] and
alkylaromatics have k2 in the range 3.3
 10�4�1.65
 10�2 M�1 s�1. A mechanism involving
hydrogen atom abstraction by the imido group is proposed based on a large primary deuterium
isotope effect (kH/kD¼ 11 for tosylamidation of ethylbenzene) and a linear Hammett correlation

Os

NBut

NBut

NN

N N

(31)

(a) N4 = TPP
(b) N4 = TTP
(c) N4 = 4-Cl-TPP
(d) N4 = 3,4,5-MeOTPP

Os

N

N
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N N

NO2

NO2

N4 = TTP

(32)

M
N

N N

N
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M
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N N

N
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N
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M
N

N N

N

N

N

Ts
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Ph

Ph

NHTs

M
N

N N

N

CO

L

TsN=PPh3

M
N

N N

N

HN
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Ts

i

ii

iii
iv

N4 = por, L = MeOH; i, M = Ru or Os, PhI=NTs; ii & iii, M= Ru, Hpz; iv, M = Os, PPh3

Scheme 5
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between log kR (kR¼ relative rate) and TE (total effect parameters). A [RuVI(D4-por*)(NTs)2]
complex bearing a D4-symmetric chiral porphyrin ligand 5,10,15,20-tetrakis-{(1S,4R,5R,8S)-
1,2,3,4,5,6,7, 8-octahydro-1,4:5,8-dimethanoanthracene-9-yl}porphyrin [H2(D4-por*)] (35) has also
been isolated and it undergoes asymmetric aziridination of alkenes and amidation of C�H bonds
with poor to moderate ee.148 The bis(imido)ruthenium(VI) complex could be an active species in
the [RuII(D4-por*)(CO)(EtOH)]-catalyzed asymmetric aziridination of aromatic alkenes and asym-
metric amidation of benzylic hydrocarbons by PhI¼NTs and ‘‘PhI(OAc)2þNH2SO2Me.’’ 148

Os
N

N N

N

N

N

Ts

Ts
(33)

(a) N4 = TPP
(b) N4 = TTP
(c) N4 = 4-Cl-TPP
(d) N4 = 4-MeO-TPP

Ru
N

N N

N

N

N

Ts

Ts
(34)

(a) N4 = TPP
(b) N4 = TTP
(c) N4 = 4-Cl-TPP
(d) N4 = 4-MeO-TPP
(e) N4 = OEP

NH N

N HN

(35)

H2D4-Por*

Reaction of cis-[OsVI(O)2(L)] (L¼ 2,6-bis(2-hydroxy-2,2-diphenylethyl)pyridinato(2-)) with
phenylisocyanate leads to the formation of [OsVI(L)(NPh)2], which has been characterized by
IR spectroscopy (�(Os¼N(�Ph))¼ 1,233 cm�1).149

A highly reactive cis-bis(imido)ruthenium(VI) complex has been suggested in the oxidation of
cis-[Ru(bpy)2(tmen)]2þ (tmen¼ 2,3-dimethylbutane-2,3-diamine) by CeIV in aqueous solutions.150

This RuVI species decomposes rapidly in water to give [Ru(bpy)2 (ONCMe2CMe2NO)]2þ.

5.6.4.1.4 Tris imido complexes

Reaction of [OsO4] with 3 equivalents of ArNCO (Ar¼C6H3Pr
i
2-2,6) for 20 h in refluxing

heptane affords the unusual homoleptic tris(imido) complex [Os(NAr)3] (5) (Scheme 2).151 An
X-ray study reveals a rare planar trigonal geometry. Two of the phenyl rings are oriented roughly
perpendicular to the OsN3 plane, while the third lies in the OsN3 plane.151 The two
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crystallographically distinct imido ligands are linear (Os�N�C¼ 178.0� and 180�, d(Os¼N)¼ 1.736 Å,
1.738 Å). (5) is stable to moist air in both the solid state and solution for days at 25 �C. It does not
react at 25 �C with pyridine, THF, tertiary amines, PPh3, HCl, or alkenes. However, it does react
with PMe2Ph in pentane to give [Os(NAr)2(PMe2Ph)2] (6) and Me2PhP¼NAr in high yield. It
also reacts with Me3NO to give [Os(O)(NAr)3] (3), which readily transfers an oxygen atom to
PPh3 to give Ph3PO and [Os(NAr)3]. (3) also reacts with alkenes RCH¼CHR to give
[Os(O)(ArNCHRCHRNAr)(NAr)] (26).17 The reactivities of [Os(NAr)3] are summarized in
Scheme 2.

[OsVI(NAr)3] (Ar¼C6H3Me2-2,6, C6H3Pr
i
2-2,6) can also be synthesized by reacting [OsO4] with

neat NHAr(SiMe3) at 100–120
�C for 2–3 h.15

5.6.4.1.5 Imido-bridged complexes

The tetranuclear osmium(VI) oxo imido complex [(ButN)2Os(�-NBut)2Os(NBut)(�-O)]2 (2) is
obtained as a side product in the reaction of [OsO4] with neat NHBut(SiMe3) (Scheme 1). Its
structure can be described as a dimer of dimers with C2h symmetry.15

The OsVI dimer [(ButN)2OsVI(�-NBut)]2 (23) has been prepared by reduction of [Os(NBut)4]
with PPh3 or Na/Hg in THF (Scheme 1). The X-ray structure has been determined
[Os���Os¼ 3.120 Å; Os�N(bridge)¼ 1.953 Å, 1.939 Å; Os�N(terminal)¼ 1.589 Å, 1.821 Å].15 [(ButN)2-
Os-(�-NBut)2Os(X)2(NBut)] (X¼Cl (36), I (37)) are also known (Scheme 1).

5.6.4.2 Nitrido Complexes

The bond lengths and the stretching frequencies of some MVI nitrido complexes are summarized
in Table 1.

5.6.4.2.1 Carbon ligands

(i) Cyano complexes

Reaction of K[Os(O)3(N)] with HCN in water has been known to produce K[Os(N)(CN)4(H2O)].152

Treatment of (Ph4As)[Os(N)Cl4] with a slight excess of NaCN in THF/MeOH gives trans-(Ph4As)2
[OsVI(N)(CN)4(OH)], isolated as a diamagnetic yellow crystalline solid. Recrystallization in
methanol in the presence of NaCN affords (Ph4As)2[OsVI(N)(CN)5] (38), the structure of which
has been determined by X-ray crystallography (d(Os�N)¼ 1.647 Å; Os�C(trans)¼ 2.353 Å).153

(ii) Alkyl complexes

There is a rich chemistry of alkyl nitrido complexes of ruthenium(VI) and osmium(VI), which has
been well documented.154

5.6.4.2.2 Nitrogen ligands

Since the early 1980s rich thermal and photochemical redox chemistries of OsVI�N species
containing nonlabile oxidation-resistant nitrogen donor ligands have emerged. However, there
are only a few examples of ruthenium(VI) nitrido complexes of this type, and their redox
chemistry is largely unexplored.

(i) Syntheses

Oxidation of [Os(NH3)5(Cl)]Cl2 with an excess of CeIV in water followed by the addition of 6M
HCl and MeOH affords [OsVI(N)(NH3)4]Cl3 as a bright yellow solid (� (Os�N)¼ 1,090 cm�1).155

Dissolving the chloride salt in neat CF3SO3H followed by the addition of ether produces the light
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yellow [OsVI(N)(NH3)4](CF3SO3)3. Both complexes are luminescent in the solid state and in fluid
solutions (see Section 5.6.4.2.2(iii)).

A series of complexes of the type [OsVI(N)(L)2(Cl)3] (L¼ py, 3-Mepy, 4-Mepy, 4-Etpy, 4-Butpy)
have been prepared by the reaction of [Os(N)Cl4]

� with L.156–158

[M(N){ButNC(O)NBut}(Cl)2]
� (M¼Ru (39a) or Os (39b)) are prepared by the interaction of

[Ru(O)2(Cl)3]
�, [Ru(O)2(Cl)4]

2�, or [Os(O)2(Cl)4]
2� with excess t-butylisocyanate in acetonitrile.159

X-ray diffraction studies show that the anions have distorted square pyramidal geometry with the

Table 1 Selected metal–nitrido bond distances and stretching frequencies for ruthenium and osmium
complexes.

Complex
d(M�N)
(Å)

�(M�N)
(cm�1) References

[Ru(N)Cl4](AsPh4) 1.570 1,092 CCC (1987)
[RuVI(N)(Me)3(SSiMe3)](PPh4) 1,074 189
[RuVI(N)(Me)3(SH)](PPh4) 1.595(6) 1,073 189
[RuVI(N)(Me)4](PPh4) 1.58(1) 1,077 128
[RuVI(N){ButNC(O)NBut}(Cl)2](PPh4) 1.588(6) 1,067 159
[RuVI(N)(NHC(O)CH2CH2S)2](PPh4) 1.595(8) 202
[RuVI(N)(NHC(O)CH2CH2S)2](NBun4) 1,094 202
[RuVI(N)(bdt)2](NBun4) 1.613(5) 1,024 193
[RuVI(N)(HBA-B)](NBun4) 1.594(4) 203
[RuVI(N)(HBA-DCB)](NBun4) 1.609(6) 203
[RuVI(N)(L)]{Na(dme)3}

a 1.569(6) 209
[OsVI(N)(Cl)5]K2 1.614(13) 1,073 CCC (1987)
[OsVI(N)(Cl)4(H2O)]K 1.74(7) CCC (1987)
[OsVI(N)(Cl)4](AsPh4) 1.604(10) 1,123 CCC (1987)
[OsVI(N)(Br)4](AsPh4) 1.583(15) 1,119 CCC (1987)
[OsVI(N)(I)4](AsPh4) 1.626(17) CCC (1987)
[OsVI(N)(CN)5](AsPh4)2 1.647(7) 1,050 153
trans-[OsVI(N)(CN)4(OH)](AsPh4)2 1,050 153
[OsVI(N)(CH2SiMe3)4](NBun4) 1.631(8) 1,100 601,602
[OsVI(15N)(CH2SiMe3)4](NBun4) 1,073 602
[OsVI(N)(NH3)4](CF3SO3)3 1,090 155
[Os(N){ButNC(O)NBut}Cl2](PPh4) 1.629(7) 1,104 159
[OsVI(N)(tmen-H)(tmen)2](CF3SO3)2 1.68(3) 161
[OsVI(N)(bpy)(Cl)3] 1,086 603
[OsVI(15N)(bpy)(Cl)3] 1,051 163
[OsVI(N)(dmbpy)(Cl)3] 1.68(1) 1,084 162
[OsVI(N)(dpphen)(Cl)3] 1,081 162
[OsVI(N)(bpy)(Cl)2(H2O)](CF3SO3) 1.630(7) 162
trans-[OsVI(N)(tpy)(Cl)2]Cl 1.663(5) 163
[OsVI(N)(tpy)(Cl)(CF3SO3)](CF3SO3) 1.629(8) 162
[OsVI(N)(Tp)(Ph)2] 1.637(4) 167
[OsVI(N)(Tp*)(Ph)2] 1.648(3) 1,094 604
[OsVI(N)(SCH2Ph)4](PPh4) 1,069 190a
[OsVI(N)(mnt)2](NBun4) 1.639(8) 1,074 192
[OsVI(N)(bdt)2](NBun4) 1.64(1) 1,063 196
[OsVI(N)(LOEt)(Cl)2] 1.58(1) 188
[OsVI(N)(HBA-B)](NBun4) 1.618(7) 203
[OsVI(N)(HBA-B)](Ph3PNH2) 1.64(1) 204
[OsVI(N)(salophen)(MeOH)](ClO4) 1.651(7) 205
[OsVI(N)(salophen)(Cl)] 1,072 205
[OsVI(15N)(salophen)(Cl)] 1,037 205
[OsVI(N)(5,50-Cl2salophen)(MeOH)](ClO4) 1.66(1) 205
[OsVI(N)(salen)(Cl)] 1,094 205
[OsVI(N){N(SPPh2)}2(Cl)] 1.64(1) 1,064 198
[OsVI(N){N(SPPh2)}2](BF4) 1.646(5) 198
[OsVI(N){N(SPPh2)}2(OCOCF3)] 1.643(5) 1,082 198
[OsVI(N){N(SePPh2)}2(Cl)] 1,069 303

a H4L¼meso-octamethylporphyrinogen; dme¼ 1,2-dimethoxyethane.
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nitrido group in axial position (d(Ru�N)¼ 1.588 Å, Ru�N(But)¼ 1.973 Å, 1.974 Å;
d(Os�N)¼ 1.629 Å, Os�N(But)¼ 1.980 Å, 1.977 Å) The nitrido ligand has been shown to arise
from C�N bond cleavage of a t-butylimido intermediate accompanied by cycloelimination of
Me2C¼CH2 and HCl.

Os
NC

NC CN

CN

N

CN

2-

(38)

M

N

Cl Cl

N

N
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CMe3Me3C

-

     (39)

(a) M = Ru
(b) M = Os

A novel binuclear cationic ruthenium(VI) nitrido complex, [{RuVI(L)2(N)}2(�-O)]Cl4 (40)
(L¼ 2,5-dimethyl-2,5-hexanediamine), has been prepared by treatment of (NBu4)[Ru(N)Cl4]
with L in acetone. The X-ray crystal structure reveals a linear N�Ru�O�Ru�N unit.
The measured bond lengths of Ru�N and Ru�O are 1.66 Å and 1.9896 Å, respectively.160 The
long Ru�N distance, compared with the Ru�N distance of 1.570 Å found in [Ru(N)Cl4]

�,
could be attributed to the competitive �-bonding of the Ru ion with the N3� and �-O2�

ligands.

H2N

Ru
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NH2H2N
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H2N
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H2N^NH2 = 2,5-dimethyl-2,5-hexanediamine
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2+

Reaction of [Os(N)Cl4]
� with tmen in MeOH produces [Os(N)(tmen)2Cl]Cl2�2H2O (41).161 Add-

ition of CF3SO3H under an inert atmosphere gives [Os(N)(tmen)2](CF3SO3)3 which on prolonged
standing in MeCN becomes [Os(N)(tmen-H)(tmen)2](CF3SO3)2. The long osmium–nitrido dis-
tance of 1.797 Å in (41) may be due to problems of the disordered nitrido and chloro ligands. In
0.1M CF3CO2H, [Os(N)(tmen)2](CF3SO3)3 shows a 3Hþ/3e� reduction wave at �0.34V vs. SCE
which is assigned to the reduction of OsVI�N to OsIII�NH3.

161

A series of luminescent complexes [OsVI(N)(R-bpy)(Cl)3] and [OsVI(N)(R-phen)(Cl)3]
(R-bpy¼ bpy, dmbpy (5,50-dimethyl-2,20-bipyridine), R-phen¼ phen, 5-Clphen (5-chlorophenan-
throline), dpphen (4,7-diphenyl-1,10-phenanthroline)) have been prepared by reaction of
[Os(N)(Cl)4]

� with the appropriate ligands in MeCN.162 Treatment of [Os(N)(bpy)(Cl)3] with neat
HOTf gives [Os(N)(bpy)(Cl)2(H2O)](CF3SO3) (42). [Os(N)(dmbpy)(Cl)3] (43) adopts a distorted
octahedral geometry with the three chlorides in a meridonal configuration (d(Os�N)¼ 1.68 Å).
The atoms cis to the nitrido ligand bend away from it with N(bpy)�Os�Cl and Cl�Os�Cl angles
of 165.4� and 164.1�, respectively. By comparing with the structure of [Os(N)(dmbpy)(Cl)3] it seems
that an isomerization has occurred during the conversion of [Os(N)(bpy)(Cl)3] to [Os(N)(bpy)(Cl)2-
(H2O)](CF3SO3) (d(Os�N)¼ 1.630 Å). These complexes have long-lived and emissive 3[dxy,d�]
excited states in the solid state and in fluid solution at room temperature.
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The cationic nitrido complexes [OsVI(N)(tpy)(X)2]
þ (tpy¼2,20:60,200-terpyridine; X¼Cl, Br) are

prepared by the reaction of [Os(N)(X)4]
� with tpy in acetone or MeCN.162,163 The complex has a

severely distorted octahedral geometry, the trans angles being 150.4�, 165.0�, and 179.6�. The two
chlorides are trans and bend away from the nitrido ligand. The Os�N distance is 1.663 Å.163

This complex can be reduced reversibly in aqueous solution either electrochemically or chem-
ically to give [OsII(tpy)(Cl)2(NH3)] (Equation (8)).

[OsVI (tpy)(N)(Cl)2]+ [OsII(tpy)(NH3)(Cl)2]
4e-/3H+

- 4e-/3H+
ð8Þ

An equilibrium occurs between trans-[OsVI(N)(tpy)(Cl)2]
þ (44) and cis-[OsVI(N)(tpy)(Cl)2]

þ (45)
in methanolic solution containing chloride with K(20 �C)¼ 4.8, �H� ¼ 22(2) kJ mol�1, and
�S� ¼ 88(6) J mol�1 (Equation (9)). The approach to equilibrium follows first-order kinetics
with kf(20

�C)¼ 1.1
 10�4 s�1, kr(20
�C)¼ 2.3
 10�5 s�1, �Hf

‡¼ 78(8) kJ mol�1, �Sf
‡¼ 79(10)

J mol�1, �Hr
‡¼ 56(7) kJ mol�1, and �Sr

‡¼�9(6) J mol�1. In the absence of chloride a rapid
solvolysis occurs to give a mixture of trans- or cis-[Os(N)(tpy)(Cl)(MeOH)]2þ.164
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+ +

(44) (45)

ð9Þ

Dissolving (44) in neat HOTf followed by precipitation with ether converts the complex to
[Os(N)(tpy)(Cl)(OTf)]þ (46). The X-ray crystal structure shows that isomerization has occurred.162
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Nitridoosmium(VI) complexes containing facially coordinated polypyrazolyl ligands have been
reported. [OsVI(N)(tpm)(Cl)2]

þ (47) (tpm¼ tris(1-pyrazolyl)methane) is prepared in a manner
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similar to that of [OsVI(N)(tpy)(Cl)2]
þ.165 [OsVI(N)(Tp)(Cl)2] (48) (Tp

�¼ hydridotris (1-pyrazolyl)-
borate anion) is prepared by the reaction of [Os(N)(O)3]

� with KTp in aqueous ethanolic
HCl.166,167 The crystal structure of (47)BF4 and (48) have been determined.165 Due to N/Cl
disorder in the structures, precise bond lengths cannot not obtained. [OsVI(N)(Tp)(Ph)2] and
[OsVI(N)(Tp)(Ph)(Cl)] have also been obtained via the routes shown in Equations (10) and (11).167

N N

B N
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(48)

N

N
Os
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(49)

(NBun
4)[Os(N)(Ph)4] [Os(N)(Tp)(Ph)2]

1. HI(aq)
2. KTp

acetone

ð10Þ

[Os(N)(Tp)Ph2] [Os(N)(Tp)PhCl]
HCl

CH2Cl2/Et2O

∆
ð11Þ

[OsIV(Tp)(OTf)(Cl)2] can abstract the nitrogen atom from MeCN upon heating to give osmium
nitrido compound [OsVI(N)(Tp)(Cl)2]

168a (see M(IV) Section 5.6.6.4).
[OsVI(N)(tpm)(Cl)2]

þ and [OsVI(N)(Tp)(Cl)2] can be reversibly reduced electrochemically or
chemically in acidic solutions to give the corresponding ammine complexes of OsII.165

Cyclic voltammetry of [Os(N)(Tp)(X)(Y)] (X, Y¼Ph, Cl) shows a quasi-reversible or irrever-
sible oxidation wave and an irreversible reduction wave. The potentials of the OsVII/VI couples
have been compared with isoelectronic oxo and imido complexes of rhenium. The potentials
follow the order Os(N)>Re(O)>Re(Ntolyl). The potentials also correlate with the sum of the
Hammett � values for X, Y. The oxidation potential decreases from 2.05V for [Os(N)(Tp)(Cl)2] to
1.60V for [Os(N)(Tp)(Cl)(Ph)] to 1.36V vs. Ag/AgNO3 for [Os(N)(Tp)(Ph)2].

168b

[Os(N)(Tp)(OAc)2] is formed upon treating [Os(N)(Tp)(Cl)2] with AgOAc.169 Treatment of
[Os(N)(Tp)(OAc)2] with protic acids give [Os(N)(Tp)(X)2] (X¼ trifluoroacetate, trichloroacetate,
tribromoacetate, bromide, 1/2 oxalate or nitrate). Cyclic voltammetry of these complexes shows
irreversible reductions of OsVI to OsV, varying over a range of 0.63V. The Os�N stretching
frequencies occur in a narrow range (1059–1087 cm�1).

(ii) Reactivities

The nitrido ligand can show nucleophilic and/or electrophilic behavior, depending on the nature
of the ancillary ligands.4 With strongly electron donating alkyl ligands, osmium(VI) nitrido
complexes are nucleophilic. For example, [Os(N)R4]

� undergoes alkylation by MeI to give
[Os(NMe)R4].

171 BF3�Et2O can be added to [(Cp)Os(N)R2] to form [(Cp)Os(NBF3)R2]
(R¼CH2SiMe3).

129

Neutral or cationic osmium(VI) nitrido complexes containing nitrogen ligands, including cis-
and trans-[OsVI(N)(tpy)(Cl)2]

þ, [OsVI(N)(tpm)(Cl)2]
þ, [OsVI(N)(Tp)(Cl)2], and [OsVI(N)(bpy)

(Cl)3], are electrophilic. In general they are unreactive toward the electrophiles MeOTf,
[CF3C(O)]2O, BF3�Et2O, and [Ph3C](BF4). However, they undergo a variety of redox reactions
that are initiated by nucleophilic attack at the nitrido ligand to produce N�C, N�N, N�P, and
N�E (E¼O, S, Se) bonds. Many of these reactions are unprecedented, and the resulting
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osmium(IV) or osmium(V) complexes can further react with various substrates to generate
osmium(II) or osmium(III) complexes via atom/group transfer reactions, which may provide
general routes for the synthesis of heteroatom compounds (Scheme 6; see Section 5.6.6.4). Kinetic
data for the nitrogen atom transfer reactions by osmium(VI) nitrido complexes are summarized in
Table 2.

[OsIV(NCN)(L)Cl2]

i

[OsVI(N)(L)Cl2]+

[OsIV(NPR3)(L)Cl2]+

[OsIV{NS(H)(Ar)}(L)Cl2]+

[OsIV(NN(H)R2)(L)Cl2]+

[OsIV(NPR3)(L)Cl2]+ + 

[OsII(NS)(L)Cl2]+

[(L)Cl2OsII(µ-N2)OsIICl2(L)]

[Os(NO)(L)Cl2]+ + Me3N

ii

iii

iv
vvi

vii

i) L = tpy, CN-; ii) alkenes; iii) N3
-; iv) L= tpy/ tpm, HNR2 (R = Et, 1/2(CH2)4O, 1/2(CH2)4CH2); v) L = tpy, PR3;

vi) L = tpy, Me3NO; vii) L = tpy/tpm, SPPh3; viii) L = tpy, ArSH (Ar = 3,5-Me2C6H3); ix) L = tpy, e-.

viii

ix

Scheme 9

Scheme 7

Scheme 6

Table 2 Representative kinetic data for the nitrogen atom transfer reactions by osmium(VI) nitrido
complexes.

Complex
k at 298Ka

(M�1 s�1)a References

Reaction: [OsVI(N)]þPPh3! [OsIV(NPPh3)]
[Os(N)(salophen)(MeOH)]þ (2.53� 0.11)
 104 (MeCN) 205
[Os(N)(5,50-Cl2salophen)(MeOH)]þ (1.05� 0.02)
 105 (MeCN) 205
[Os(N)(5,50-Me2salophen)(MeOH)]þ (1.16� 0.02)
 104 (MeCN) 205
[Os(N)(5,50-(MeO)2salophen)(MeOH)]þ (1.51� 0.08)
 104 (MeCN) 205
trans-[Os(N)(tpy)(Cl)2]

þ (1.36� 0.08)
 104 (MeCN) 379,455
Reaction: [OsVI(N)]þ SPPh3! 1/2[OsII(NS)]þ 1/2[OsIV(NPPh3)]

trans-[Os(N)(tpy)(Cl)2]
þ (2.46� 0.06)
 101 (MeCN) 605

cis-[Os(N)(tpy)(Cl)2]
þ (8.4� 0.9)
 10�1 (MeCN) 605

Reaction: [OsVI(N)]þCN�! [OsIV(NCN)]

[Os(N)(bpy)(Cl)3] (8.44� 0.02)
 101

(295K, MeCN)
606

Reaction: [OsVI(N)]þNO! [OsII(NO)]þN2O

[Os(N)(Tp)(Cl)2] 3
 10�4 (294K, CD2Cl2) 182

Reaction: 2[OsVI(N)]þ 2HN(CH2)4O! [OsV(NN(CH2)4O)]þ 1/2[OsII(�-N2)OsII]þH2N(CH2)4O
þ

trans-[Os(N)(tpy)(Cl)2]
þ (5.81� 0.12)
 101 b

(MeCN)
178

[Os(N)(tpm)(Cl)2]
þ (2.683� 0.04)
 102 b

(MeCN)
178

Reaction: [OsVI(N)]þ 3,5-Me2C6H3SH! [OsIV(NSAr)]þHþ

trans-[Os(N)(tpy)(Cl)2]
þ (3.60� 0.08)
 10�2 (MeCN) 446

cis-[Os(N)(tpy)(Cl)2]
þ (3.21� 0.06) (MeCN) 446

a Unless specified. b Units¼M�2 s�1.
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(a) Reaction with CN�. [OsVI(N)(bpy)(Cl)3] reacts readily with CN� to generate a novel
osmium(IV) cyanoimido complex, [OsIV(bpy)(Cl)3(NCN)]� (49), which is described in Section
5.6.6.4.1. The same reaction occurs with [Os(N)(tpy)(Cl)2]

þ.606

N

N N

B N
H

Os
Cl

Cl

N

N
N

N

R

n+

(L)Os(Cl)2

N N

N
Os

Cl

N

Cl

Ph
O

Ph

O
Ph

Ph
Ar

R2

R1

R

N N

N
Os

Cl

N

Cl

R2

R1
H

Ar

+ +

L = tpy, n = 1; Tp, n = 0

                           (50)
Ar = Ph; R1 = H; R2 = CH:CHCH:CHPh

(51)

   (52)

(a) H
(b) OMe

Scheme 7

(b) Reaction with alkenes (Scheme 7). cis- and trans-[OsVI(N)(tpy)(Cl)2]
þ react with aryl

substituted alkenes in MeCN to form 	2-azaallenium complexes.172 The alkene C¼C
double bond is completely ruptured, forming two new C�N bonds and a new Os�C
bond. The structure of cis-[(tpy)Os(1,2-	2-PhCH¼N¼CHCH¼CHCH¼CHPh)(Cl)2]

þ

(50) has been determined (Os�N¼ 2.006 Å, Os�C¼ 2.182 Å, d(C¼N)¼ 1.293 Å). The
product may be regarded as an osmium(II) azaallenium complex or an osmium(IV)
azametallocyclopropane.
cis- and trans-[OsVI(N)(tpy)(Cl)2]

þ also react with the electron-rich alkene 1,3-diphenylisobenzo-
furan to form azavinylidene complexes (51).173

The azavinylidene moieties are linear (175.5� and 168.2� for the trans and cis isomers, respect-
ively) and have short Os¼N (1.812 Å and 1.806 Å) and C¼N bonds (1.273 Å and 1.264 Å). The
formation of azavinylidene is presumably initiated by nucleophilic attack of isobenzofuran at the
nitrido ligand.173

The nitrido complexes [OsVI(N)(Tp)(Cl)2], [OsVI(N)(tpm)(Cl)2]
þ, and cis- and trans-

[Os(N)(tpy)(Cl)2]
þ undergo 1,4-addition reactions to 1,3-cyclohexadienes to generate bicyclic

osmium(IV) amido complexes (52) (Section 5.6.6.1).425

(c) Reaction with Grignard reagents and boranes. Treatment of [OsVI(N)(Tp)(Cl)2] with PhMgBr
followed by H2O produces an osmium(IV) anilido complex [OsIV(Tp)(NHPh)(Cl)2] (53).166,167

(Section 5.6.6.1) With 2 and 3 equivalents of PhMgCl, [OsIV(Tp)(NHPh)(Ph)(Cl)] and
[OsIV(Tp)(NHPh)(Ph)2] are produced, respectively. A similar reaction occurs with tolylmagnesium
bromide or p-toluidine to give [OsTp(NHTol)(Cl)2].

167 These reactions probably occur by direct
attack of carbanions on the nitrido ligand. [OsVI(N)(Tp)(Cl)2] also reacts with BPh3 to give the
borylanilido compound (54) which hydrolyzes rapidly in H2O to give the anilido compound (53)
(Scheme 8).174 The Lewis acid–base interaction between the two reactants is probably not
important but rather the driving force comes from nucleophilic attack by the phenyl group of the
borane at the nitrido ligand.
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iii
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v

vi

vii

viii

ix

i, NO; ii, Me3NO; iii, S8 or ethylene sulfoxide; iv, Se; v, PhMgBr, H2O; vi, BPh3; vii, H+/e

viii, [CpCo(C5H5C6F5)]; ix, H2O.

(56)

(56)

(57)

(58)(53)(54)

(59)

(151)

Scheme 8

(d) Reaction with N3
�. The nitrido ligand in these complexes is readily attacked by N3

�; the
nature of the products, however, depends highly on the solvent and the nitrido species. [OsVI(N)
(bpy)(Cl)3] reacts with N3

� to give the stable osmium(IV) azidoimido complex [OsIV-
(NN3)(bpy)(Cl)3]

� (see also Section 5.6.6.4.3). The reactions of trans-[OsVI(N)(tpy)(Cl)2]
þ (44)

and [OsVI(N)(tpm)(Cl)2]
þ with N3

� do not give an azidoimido osmium(IV) complex (although it
may be an intermediate), but produce a variety of products depending on the solvent and
other reaction conditions.175,176 In nonpolar solvents such as acetone or CH2Cl2, electron
transfer occurs from N3

� to (44) to give [(tpy)(Cl)2OsII(�-N2)OsII(Cl)2(tpy)] in acetone and
CH2Cl2. In CH3CN, trans-[OsII(N2)(tpy)(Cl)2] is produced which undergoes solvolysis to give
trans-[OsII(tpy)(Cl)2(CH3CN)]. In CH3CN with excess N3

�, the [OsII(tpy)(Cl)2(CH3CN)] formed
reacts further with N3

� followed by air oxidation to give [OsIII(tpy)(Cl)2(5-CH3-tetrazolate)]. (44)
also reacts with N3

� and CS2 to give trans-[OsII(tpy)(Cl)2(NS)]þ. In H2O with 2 equivalents of N3
�

cis-[OsIII(tpy)(Cl)2(N3)] is produced (Scheme 9).176

(e) Reaction with amines. [OsVI(N)(L)(Cl)2]
þ (L¼ tpy or tpm) react rapidly with secondary

amines R2NH (R2NH¼HN(CH2)4O (morpholine), HN(CH2)4CH2 (piperidine), HN(C2H5)2
(diethylamine)) to give Os(V)–hydrazido complexes [OsV(L)(Cl)2(NNR2)]

þ ( Sections 5.6.5.3.1
and 5.6.6.4.4; Equation (12)).177,178 The rate law for the reaction with morpholine is first order
in OsVI and second order in amine. The rate constants at 298K in CH3CN are 58.1M�2 s�1 and
268.3M�2 s�1 for L¼ tpy and tpm, respectively. The proposed mechanism involves nucleophilic
attack of R2NH at OsVI�N to give OsIV�NN(H)R2, followed by deprotonation and oxidation
by OsVI to give OsV�NNR2.

177
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2 trans-[OsVI(N)(L)(Cl)2]+ + 2 HNR2  trans-[OsV(tpy)(Cl)2(NNR2)]
+ +    

1/2  trans,trans-[(tpy)(Cl)2OsII(N2)OsII(Cl)2(tpy)] + H2NR2
+

ð12Þ

The OsV complex can be chemically or electrochemically oxidized to OsVI (Section 5.6.5.3.1) or
reduced to OsIV (Section 5.6.6.4.4).
(f) N���N coupling reactions. N���N coupling of Os�N complexes to generate N2 has been

observed in a number of cases. These reactions are important because any factors that control the
rates of these reactions should also be applicable to N�N cleavage. The first evidence for nitrido
coupling is the formation of [Os2(NH3)8(CO)2(N2)]

4þ from the oxidation of [Os(NH3)5(CO)]2þ.
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N N
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i) 2 N3
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-, CH3CN; iv) recrystallization from CH3CN/Et2O;  

v) Fc+, CH3CN; vi) 2N3
-, H2O, air oxidation; vii) N3

-, acetone or CH2Cl2; viii) H2O or CH3OH, Cl-;
ix) 2N3

-, CH3CN. 

(44)

+

+

+

Scheme 9
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The product is proposed to arise from the coupling of the [OsV(N)(NH3)4(CO)]2þ intermediate
(see also Section 5.6.5.2). The first direct observation of N���N coupling of Os�N came from
laser flash photolysis experiments on [OsVI(N)(NH3)4]

3þ in the presence of electron donors such
as 1,4-dimethoxybenzene. This produces the nucleophilic OsV�N which undergoes N���N cou-
pling with the electrophilic OsVI�N179 (Equation (13)).

OsV N + Os
VI

N II---N N---Os
III

][Os ð13Þ

One-electron reduction of [OsVI(N)(tpy)(Cl)2]
þ in nonaqueous media generates OsV�N which

also undergoes N���N coupling (see also Section 5.6.5.2). A coupling reaction between the
nucleophilic [MoVI(N)(Et2NCS2)3] and the electrophilic [OsVI(N)(Tp)(Cl)2] has also been
reported.180 This reaction produces N2;

15N labeling experiments reveal that the N2 produced
comes from Mo�N and Os�N coupling. The major transition metal-containing product of the
reaction is the �-nitrido complex [(Tp)(Cl)2Os(�-N)Mo(S2CNEt2)3] (55), where the bridging
nitride is derived primarily (82%) from the Os�N. X-ray crystallography reveals a nearly linear
nitrido bridge (Mo�N¼ 1.721 Å, Os�N¼ 1.906(3) Å, Os�N�Mo¼ 173.7�).

N N

B N
H

Os
Cl

Cl

N

N

N
N

Mo(S2CNEt2)3

(55)

(g) Reaction with PR3. The nitrido ligand in these complexes are subject to rapid nucleophilic
attack by PR3 to form stable osmium(IV) phosphoraniminato complexes, which are described in
Sections 5.6.5.3.2 and 5.6.6.4.6.
(h) Atom transfer reactions to give chalconitrosyls. An unusual four-electron change at the

metal center occurs in the reaction of [OsVI(N)(tpy)(Cl)2]
þ with Me3NO to give

[OsII(NO)(tpy)(Cl)2]
þ (Scheme 6, reaction vi).170

Similarly [OsVI(N)(Tp)(Cl)2] reacts with various chalcogen compounds to give chalconitrosyls,
[OsII(Tp)(NE)(Cl)2] (E¼O (56), S (57), and Se (58)) as outlined in Scheme 8.181 The X-ray crystal
structures of [Os(Tp)(NO)(Cl)2] (56) and [Os(Tp)(NSe)(Cl)2] (58) have been determined.181 (58) is
the first transition metal selenonitrosyl complex. (56) is also formed in an unusual reaction of
[OsVI(N)(Tp)(Cl)2] with NO (Scheme 8).182 The reaction is probably initiated by addition of NO
to the nitrido ligand to form an osmium–N2O complex, [TpOs(NNO)Cl2]. The loss of N2O would
give [(Tp)Os(Cl)2], which would be converted to (56) by excess NO.
(i) Reaction with thiophenols. [OsVI(N)(L)(Cl)2]

þ (L¼ tpy or tpm) react rapidly with thiophe-
nols (3,5-Me2C6H3SH) to give Os(IV)–sulfimido complexes, [OsIV(L)(Cl)2(NSAr)] (Scheme 6,
reaction viii) (see Sections 5.6.5.3.3 and 5.6.6.4.5).
(j) Reaction with electron-rich metal centers. [Os(N)(Tp)(Cl)2] reacts with [(Cp)Co(	4-

C5H5C6F5)] to give a trimetallic species [(Cp)Co{Os(Tp)(N)(Cl)2}2] (59) (Scheme 8).183 X-ray
crystallography studies show Os�N distances of 1.704 and 1.741 Å, which are longer than typical
Os�N bonds (average 1.629 Å). The Co�N distances are short (1.696(11) and 1.737(9) Å),
indicating that the osmium nitrido complex acts as a �-acid ligand for [(Cp)Co(	4-C5H5C6F5)].
A similar reaction occurs with [Pt(Cl)2(Me2S)2] to afford [Pt(Cl)2(SMe2){(�-N)Os(Tp)(Cl)2}] (60),
which has a short Pt�N distance of 1.868 Å. The Os�N distance is 1.687 Å.

(iii) Electronic absorption and emission spectroscopy

The electronic absorption spectra of OsVI�N have been extensively studied by Gray and
co-workers. The lowest energy excited state is ligand field in nature, arising from the dxy! (dxz, dyz)
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transition. The charge transfer transition, p� (N
3�)!OsVI, probably occurs in the UV region and

conclusive assignment has not been made.184

The species [Os(N)(X)4]
� (X¼Cl, Br) exhibit intense red luminescence.184 Vibronically resolved

emission spectra have been obtained at 5K. The spectra are dominated by a progression in a
high-frequency (1,120 cm�1) mode that corresponds to �(Os�N) (IR/Raman: X¼Cl,
�¼ 1,123 cm�1; X¼Br, �¼ 1,119 cm�1).185 There is also a long, well-defined subprogression in
a lower frequency mode (X¼Cl, �¼ 151 cm�1; X¼Br, �¼ 112 cm�1). The polarized single-crystal
absorption spectrum of (Ph4As)[Os(N)(Cl)4] at 5K also showed vibronic structure but these
features are extremely weak, consistent with the long emission lifetime of 20 ms at 77K and
500 ns at 300K. The observation of long emission lifetimes and very weak absorptions, together
with a large geometric distortion along the OsN coordinate support the assignment of the excited
state to B1, B2(

3E)[(dxy)
1(dxz,yz)

1] (C4v ground state).184

The luminescent properties of [OsVI(N)(NH3)4]X3 (X¼Cl, CF3SO3)
155 and (Ph4As)2[OsVI-

(N)(CN)5]
153 have also been reported (Table 3). The complexes are emissive and have long excited

state lifetimes both in the solid state and in fluid solutions at room temperature (�em¼ 550 nm in
MeCN). [Os(N)(NH3)4]Cl3 is a powerful one-electron oxidant in the excited state, with an excited
state redox potential of 2.1V vs. NHE. The emitting state has been suggested to be
3[(dxy)

1(d�*)
1] in origin.

The electronic absorption spectra and luminescent properties of [OsVI(N)(OEP)(X)] (X¼OMe,
OClO3) have also been studied.207a The emission spectra of [OsVI(N)(OEP)(X)] and

N N

B N
H

Os
Cl

Cl

N

N

N
N

Pt S

Cl

Cl

Me

Me

(60)

Table 3 Photophysical data of selected osmium(VI) oxo and nitrido complexes in acetonitrile at room
temperature.

Complex �max (Em)(nm) Lifetime, �(ms) References

trans-[OsVI(O)2(14-TMC)](ClO4)2 620 1.0a 214
trans-[OsVI(O)2(15-TMC)](ClO4)2 625 1.0a 214
trans-[OsVI(O)2(16-TMC)](ClO4)2 600 1.6a 214
trans-[OsVI(O)2(CRMe3)](ClO4)2 710 0.9a 214
trans-[OsVI(O)2(CN)4](Ph4As)2 710 0.40a 214
[OsVI(N)(CN)5](Ph4As)2 550 2.49b 153
[OsVI(N)(NH3)4](CF3SO3)3 545 1.5b 155
[OsVI(N)(dmbpy)(Cl)3] 730 0.48b 162
[OsVI(N)(5-Clphen)(Cl)3] 732 0.49b 162
[OsVI(N)(dpphen)(Cl)3] 728 0.57a 162
[OsVI(N)(tpy)(Cl)2](ClO4) 700 5.64a 162
[OsVI(N)(tpy)(Br)2](ClO4) 700 2.33a 162
[OsVI(N)(tpy)(Cl)(CF3SO3)](CF3SO3) 660 0.2a 162
[OsVI(N)(bpy)(Cl)2(H2O)](CF3SO3) 637 c 162
[OsVI(N)(tmen)2(Cl)](Cl)2 550 5.0 161
[OsVI(N)(tmen-H)(tmen)](CF3SO3)2 560 2.0d 161
[OsVI(N)(mnt)2](NBun4) 653 0.097d 192
[OsVI(N)(mnt)2](NBun4) 610 0.097d,e 192

a Concentration of osmium complex 10�3mol dm�3. b Extraplated from the plot of 1/� vs. [OsVI�N]. c lifetime of the complex
varied from sample to sample. d Concentration of osmium complex 10�4mol dm�3. e Measured in dichloromethane.
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[OsVI(O)2(OEP)] are similar and they have comparable lifetimes. The phosphorescence has been
assigned to derive from a triplet T1(�, �*) level.

5.6.4.2.3 Phosphorus, arsenic, and antimony donor ligands

Ruthenium(VI) and osmium(VI) nitrido complexes containing AsPh3 and SbPh3[M(N)(X)3(L)2]
(�(M�N)  1,030–1,070 cm�1) have been described in CCC (1987). The complex [OsVI(N)(Ph2As-
CH2-CH2AsPh2)(Cl)3] is also known.186 The measured d(Os�N) of the two crystallographical
independent molecules are 1.70 Å and 1.66 Å. The reaction of [Os(N)(Cl)4]

� with PPh3 involves a
nucleophilic attack on the nitride in addition to substitution to give [OsIV(NPPh3)(Cl)3(PPh3)2]
(CCC, 1987). However, alkylosmium(VI) nitrido complexes of PMe3, PPh3, and Ph2PCH2CH2PPh2
(dppe) are known. The reaction of (NBu4)[Os(N)(CH2SiMe3)4] with HBF4 in the presence of
either PMe3 or PPh3 produces [Os(N)(CH2SiMe3)3(PR3)].

187 The addition of L (L¼PMe3,
1/2 dppe) to (NBu4)[Os(N)(CH2SiMe3)2(Cl)2] produces [Os(N)(CH2SiMe3)2(L)2(Cl)].

187

5.6.4.2.4 Oxygen and sulfur ligands

(i) Oxygen ligands

An anionic tetraalkoxide complex of nitridoosmium(VI), (PPh4)[Os(N)(OCH2Ph)4], has been
reported. Thermolysis of the complex results in �-H elimination to produce benzaldehyde and
benzyl alcohol.190a

[Os(N)(LOEt)(Cl)2] (61) is prepared by the treatment of (NBu4)[Os(N)Cl4] with NaLOEt

(d(Os�N)¼ 1.58 Å).188 The complex is relatively inert to alkylating agents such as MeOTf,
PhCH2Br, and (CPh3)

þ and nucleophile such as N3
�, Me3NO, and propylene sulfide when

compared with its Re analog [Re(N)(LOEt)(PPh3)(Cl)].

(ii) Sulfur ligands

(a) Thiolate ligands. (PPh4)[Ru(N)(Me)3(Br)] reacts with NaSSiMe3 to give (PPh4)[Ru(N)-
(Me)3(SSiMe3)], which on treatment with CsF or PPh4Cl affords (PPh4)[Ru(N)(Me)3(SH)],
which has been structurally characterized by X-ray diffraction.189 The d(Ru�N) of 1.595 Å in
(PPh4)[Ru(N)(Me)3(SH)] is slightly longer than the d(Ru�N) of 1.58 Å in (PPh4)[Ru(N)(Me)4].
Alternatively, (PPh4)[Ru(N)(Me)3(SH)] can be synthesized directly from the reaction between
(PPh4)[Ru(N)(Me)3(Br)] and NaSH. (PPh4)[Ru(N)(Me)3(SSiMe3)] also reacts with
[Os(N)(CH2SiMe3)2(�-Cl)]2 to form a heterobimetallic complex (PPh4)[Me3(N)Ru(�-S)Os(N)(CH2-
SiMe3)2(NCCH3)].

189

[Os(N)(CH2SiMe3)2(Cl)]2 reacts with alkali metal thiolates to give [Os(N)(CH2SiMe3)2(�-SR)]2
(R¼Et, CMe3, CHMe2, CH2CHMe2, CH2Ph), which have been characterized by spectroscopic
means.190a The complexes are air and water stable and unreactive toward nucleophiles and
electrophiles.

Reaction of (PPh4)[Os(N)(Cl)4] with Na(SCH2Ph) in refluxing THF produces
(PPh4)[Os(N)(SCH2Ph)4]. Thermolysis of (PPh4)[Os(N)(SCH2Ph)4] gives benzyl disulfide, prob-
ably via reductive elimination.190a

(61)
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(b) Sulfido ligands. An osmium complex containing a terminal sulfido ligand, (NBun4)[OsVI-
(N)(S)(CH2SiMe3)2], has been prepared by the reaction of (NBun4)[Os(N)(CH2SiMe3)2(Cl)2] with
Li2S. It has been characterized by 1H NMR, MS, and IR (� (Os�N)¼ 1,097 cm�1,
�(Os¼S)¼ 613 cm�1).190b

The osmium(VI) and ruthenium(VI) �3-sulfido clusters (Y)[{M(N)R2}3(�3-S)2] (Y¼NBu4, PPh4;
M¼Os, R¼CH2SiMe3; M¼Ru, R¼CH3, CH2SiMe3) have been described in reference 131. A
number of �3-sulfido heterobimetallic complexes [(L)M(�3-S)2{Ru(N)(Me)2}2] (M¼Pt, L¼ dppe,
cod; M¼Pd, L¼ dppe) have been prepared by the reactions of [Pt(dppe)(SSiMe3)2], [Pt(cod)
(SSiMe3)2], or [(dppe)Pd(SSiMe3)2] with (PPh4)[Ru(N)(Me)2(Cl)2]; the Os analog [(dppe)Pt(�3-
S)2{Os(N)(CH2SiMe3)2}2] is also known.191 The X-ray structures of [(dppe)Pt(�3-S)2{Ru(N)Me2}2]
(62) and [(dppe)Pt(�3-S)2{Os(N)(CH2SiMe3)2}2] (63) have been determined.

Os
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N Ph2P

P
Ph2Me3SiCH2

Me3SiCH2

Os
N

CH2SiMe3

CH2SiMe3

(63)
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CN
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N
-

(64)

(c) Dithiolene complexes. The luminescent (NBu4)[Os(N)(mnt)2] (64) (mnt¼maleonitriledithio-
late) is prepared by the treatment of (NBu4)[Os(N)(Cl)4] with 2 equivalents of Na2(mnt).192 The
X-ray structure reveals a square pyramidal geometry with the nitrido ligand at the axial
position and the osmium atom is displaced above the S4 plane by 0.651 Å; the Os�N distance
is 1.639 Å.

(NBu4)[Ru(N)(bdt)2] (65) (H2bdt¼ 1,2-benzenedithiol) was first prepared by the interac-
tion of (NBu4)[Ru(NO)(bdt)2] with NaBH4 in MeOH.193 This reaction is extraordinary
because the reduction of the nitrosyl ligand is accompanied by an oxidation of the metal
center even in the presence of a strong reducing agent. Alternatively, (65) can be synthesized
by interaction of [Ru(N)(OSiMe3)4]

� with the ligand in the presence of base.194 The osmium
analogs [Os(N)(L)2]

� (H2L¼H2bdt (66a) or 3,4-toluenedithiol (H2tdt) (66b)) are also
known.195,196

Ru

S

S S

S

N

(65)

-

K[Os(N)(CH2SiMe3)2(bdt)] and (NBu4)[Os(N)(CH2SiMe3)2(dmit)] (dmit¼ 1,3-dithiol-2-thione-
4,5-dithiolate) have also been reported.194

Alkylation of (NBu4)[Os(N)(CH2SiMe3)2(SCH2CH2S)] occurs at the more basic sulfur site
to give [Os(N)(CH2SiMe3)2{SCH2CH2S(Me)}].197 The position of alkylation for
(NBu4)[Os(N)(C6H4S2)2] (66a) is dependent on the entering electrophiles. (Me3O)(BF4) alkylates
the sulfur atom of the benzenedithiolate ligand (67), whereas the bulky (CPh3)

þ preferentially
attacks the less hindered nitrido ligand (68) as shown in Scheme 10.196

A similar observation is found in the reaction of (NBu4)[Os(N)(L)2] (66b) with electrophiles.
Reaction with [Au(PPh3)(OTf)] in CH2Cl2 affords [Os(N)(L){SC7H6S(AuPPh3)}] (69)
(d(Os�N)¼ 1.65 Å). Reaction with [Ir(CO)(PPh3)2(OTf)] in CH2Cl2 gives [(L)2Os{(N)Ir
(CO)(PPh3)2}] (70) (d(Os�N)¼ 1.676(5) Å).195 The less bulky electrophile [Au(PPh3)]

þ attacks
the more basic S-atom while the more bulky [Ir(CO)(PPh3)2]

þ is added to the less hindered nitrido
ligand.
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(d) Imidodiphosphinochalcogenido ligands. The nitrido complexes containing imidodiphosphino-
chalcogenido ligands, trans-[Os(N){N(QPR2)2}2Cl] (R¼Ph, Q¼ S (71a); R¼Pri, Q¼ S
(71b); R¼Ph, Q¼ Se (71c)), are prepared by reactions of (NBu4)[Os(N)(Cl)4] with
K[N(QPR2)2]; [Os(N){N(PSPh2)2}2](BF4) is also known.198,199 The �-nitrido OsVIII�OsVI

complex [Os(N){N(SPPh2)2}2(�-NOsO3)] is known (see Section 5.6.2.2). Heterometallic �-oxo
complexes trans-[Os(N){N(SPPh2)2}2{(O)Re(O)3}] and trans-[{Os(N)[N(SPPh2)2]2}2(M6(O)19)]
(M¼Mo or W) have also been reported and have been characterized by spectroscopic
means.199

5.6.4.2.5 Halogen ligands

The preparation, bonding, and reactivities of anionic nitrido halo complexes of ruthenium(VI)
and osmium(VI), including [M(N)(X)4]

�, [M(N)(X)5]
2� (M¼Ru, Os; X¼Cl, Br, I), and

[Os(N)(X)4(H2O)]� (X¼Cl, Br), have been well documented in CCC (1987). These complexes,
especially [M(N)(X)4]

�, are important starting materials for the preparation of a variety of MVI

nitrido complexes.
Approximate density functional theory calculations have been used to investigate the trans

influence in [Os(N)(X)4]
� (X¼Cl, Me, SMe) and [Os(N)(Cl)5]

2�.200 By using the transition state
method the relative effects of steric and electronic stabilization on the trans influence in these
complexes have been quantitatively assessed. It is found that the electronic stabilization is greater
than the steric stabilization for these complexes.

The reactions of [Os(N)(Cl)4]
� with L (L¼ pyrazine, p-dioxane) give the osmium dimers

[(Cl)4(N)Os(�-L)Os(N)(Cl)4]
2�. The Os�N distance in [(Cl)4(N)Os(�-pyz)Os(N)(Cl)4]

2� is
1.630 Å.156

5.6.4.2.6 Mixed donor atom ligands

RuVI and OsVI nitrido complexes containing amino acids and derivatives are known. Complexes
containing cysteine(2-) and related ligands have been prepared by the reactions of
[Ru(N)(CH2SiMe3)4]

�, [Ru(N)(OSiMe3)4]
�, or [Os(N)(Cl)4]

� with N-acetyl-L-cysteine, 3-mercap-
topropionic acid, and 3-mercaptopropionamide.202 The X-ray crystal structures of
[Os(N)(O2CCH2CH2S)2]

� (72) and [Ru(N)(NHCOCH2CH2S)2]
� (73) have been determined

(d(Os�N)¼ 1.608 Å, d(Ru�N)¼ 1.595 Å).202
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i, (Me3O)(BF4); ii, [CPh3]+; iii, [Au(PPh3)(OTf)]; iv, [Ir(CO)(PPh3)2(OTf)].

-

Scheme 10
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A number of air-stable, diamagnetic ruthenium(VI) and osmium(VI) nitrido complexes
containing multidentate di-, tri-, and tetraanionic ligands (L) are known (74–78) (Figure 2).
In general these complexes are synthesized by the reaction of [M(N)(Cl)4]

� with the proto-
nated ligand HnL in organic solvent at ambient conditions in the presence of 2,6-dimethyl-
pyridine which functions as a mild base.149,203 [Os(N)(76a)]� can also be prepared by the
reaction of [Os(HBA–B)(PPh3)2] with trimethylsilyl azide in benzene at room temperature.204

The structures of these complexes have been established by X-ray crystallography. The
pyridine–amide ligand derived from �-substituted pyridine (77) is a potentially tetradentate
ligand. However, interaction of [M(N)(Cl)4]

� (M¼Ru, Os) with (77) gives distorted octahe-
dral complexes [M(N)(77)(Cl)3] where (77) is bound to the M�N moiety in a bidentate
fashion via the N�O pair of the ligand. The Ru�N (1.594–1.615 Å) and the Os�N (1.612–
1.640 Å) distances are insensitive to the electron-donating power of the ancillary
ligands.149,203,204 All the nitridoruthenium(VI) complexes react spontaneously with PPh3
and the intermediate [RuIV(NPPh3)(74)(py)(Cl)] has been isolated and characterized spectro-
scopically. However, for those nitridoruthenium(VI) complexes bearing the trianionic (75)3�

and tetraanionic ligands (76a) and (76b), the phosphoraniminatoruthenium(IV) intermediate
undergoes further reaction with pyrazole to generate a bis(pyrazole)ruthenium(IV) complex
as the product.203

Os(VI) nitrido complexes containing Schiff base ligands, [OsVI(N)(L)(Cl)] (L¼ salophen or
salen), have also been reported. The �(Os�N) for the salophen complexes occur at
1,070 cm�1 and are insensitive to the nature of the substituents present on the Schiff base ligand.
The X-ray structures of [Os(N)(salophen)(MeOH)]ClO4 and [Os(N)(5,50-Cl2salophen)(MeOH)]
ClO4 have been obtained and the Os�N bond distances are 1.651 Å and 1.66 Å, respectively.
The OsVI nitrido complexes react rapidly with PPh3 to produce the corresponding OsIV phos-
phoraniminato complexes [OsIV(NPPh3)(L)(Cl)]. The reactions are first order in both the ruthe-
nium complex and PPh3. The reactivities of the complexes follow a linear Hammett correlation of
log(kX/kH) with �p, with a � value of 1.9. The positive � value is consistent with a transition state
involving electrophilic attack by the nitrido ligand on the P-atom.205 Interestingly, [Os(N)(salo-
phen)(Cl)] undergoes facile nucleophilic addition of CN� (79), H� (80), or CF3C(O)CH2

� (81) to
the salophen ligand instead of the nitrido ligand to generate a number of osmium(VI) nitrido
complexes containing trianionic modified salophen ligands (Scheme 11). The results suggest that
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nucleophilic attack at salen and salophen coordinated to a high-valent metal center could be very
facile.206

5.6.4.2.7 Porphyrins and related complexes

Osmium(VI) nitrido porphyrin complexes [Os(N)(OEP)(X)] (X¼F, ClO4, OMe) are made from
[Os(O)2(OEP)] and N2H4�H2O in the presence of HF, HClO4, or MeOH.207a [Ru(N)(por)(OH)]
(por¼TMP, 3,4,5-MeO-TPP have been prepared by the reaction of [Ru(O)2(por)] with excess
HN¼CBut2 in CH2Cl2. The X-ray structure of [Ru(N)(3,4,5-MeO-TPP)(OH)] reveals a Ru�N
distance of 1.656 Å.207b [OsVI(N)(por)(OH)] (por¼TPP, TTP, and 4-Cl-TPP) are synthesized by
the oxidation of [Os(por)(NH3)2] with m-CPBA.208

A ruthenium(VI) nitrido complex containing a tetrapyrrolic macrocycle ligand,
[RuVI(N)(L)]� (82) (H4L¼meso-octamethylporphyrinogen), has been synthesized by the reac-
tion of diphenyldiazomethane with [RuII(L)]2�, which is prepared from [Ru(cod)(Cl)2] and
Na4(L)�4THF.209 X-ray crystal studies reveal that [RuVI(N)(L)]� has a C2v symmetry, and it
has the usual saddle conformation, with the metal atom displaced 0.482 Å out of the N4 mean
plane. The reactivities and redox chemistry of this complex are summarized in Scheme 12
(see also Section 5.6.5.2).
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Figure 2 Mixed N, O-donor ligands.
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5.6.4.3 Hydrazido Complexes

Osmium(VI) hydrazido complexes can be generated by electrochemical oxidation of the corres-
ponding osmium(V) hydrazido complexes (Section 5.6.5.3.1).210,211 The complex trans-
[OsVI(tpy)(Cl)2(NN(CH2)4O)]2þ (83) is able to oxidize benzyl alcohol to benzaldehyde. It also
oxidizes PPh3 to PPh3O, and R2S to give R2SO; the source of O atoms is presumably H2O in the
solvent.

(83) also reacts with N or O bases such as [HN(CH2)4O] to give a remarkable ring-substituted
product, trans-[OsVI(40-O(CH2)4Ntpy)(Cl)2(NN(CH2)4O)]2þ (84) (Equation (14)).212 The X-ray
structure of the complex shows that the C(40) position remains sp2-hybridized. The Os�N-
(hydrazido) bond length of 1.778 Å, N�N bond length of 1.237 Å, and Os�N�N angle of
172.5� are all consistent with an OsVI hydrazido complex.
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5.6.4.4 Oxo Complexes

Monooxo and cis- and trans-dioxo complexes of ruthenium(VI) and osmium(VI) are known, with
the trans-dioxo species being most common.1 In general, these complexes are all diamagnetic and
are characterized by vibrational spectroscopy and/or X-ray crystallography. One intense metal–
oxo stretch is usually observed for monooxo and trans-dioxo complexes while two metal–oxo
stretches, �s(M(O)2) and �as(M(O)2), are found for the cis-dioxo species in the IR spectra. The
structural and vibrational data are listed in Table 4.
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Table 4 Selected metal–oxo bond distances and stretching frequencies for ruthenium and osmium oxo
complexes.

Complex
d(M¼O)
(Å)

�as(M¼O)
(cm�1) References

[RuIV(O)(bpy)2(py)](ClO4)2 792 474
[RuIV(18O)(bpy)2(py)](ClO4)2 752 474
[RuIV(O)(tpy)(bpy)](ClO4)2 792 481
[RuIV(O)(bpy)2(PEt3)](ClO4)2 790 489
[RuIV(18O)(bpy)2(PEt3)](ClO4)2 750 489
[RuIV(O)(bpy)2(PPr

i
3)](ClO4)2 790 489

[RuIV(O)(bpy)(biq)(PPrn3)](ClO4)2 785 475
[RuIV(O)(tpy)(TMEA)](ClO4)2 773 476
[RuIV(O)(tpy)(6,60-Cl2bpy)](ClO4)2 780 269
[RuIV(O)(Me3tacn)(bpy)](ClO4)2 1.815(6) 780 498
[RuIV(O)(PPz*)(bpy)]2þ 788 515
[RuIV(O)(tpy)(cxhn)](ClO4)2 1.827(14) 775 484
[RuIV(O)(Me3tacn)(cbpy)](ClO4)2 796 484
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Table 4 continued

Complex
d(M¼O)
(Å)

�as(M¼O)
(cm�1) References

[RuIV(O)(tpy)(S- or R-bpop)](ClO4)2 792 485
[RuIV(O)(14-TMC)(NCO)]ClO4 1.765(5) 815 240
[RuIV(O)(14-TMC)(N3)]ClO4 1.765(5) 815 240
[RuIV(O)(15-TMC)Cl]ClO4 820 240
[RuIV(O)(16-TMC)Cl]ClO4 1.75(1) 840 497
[RuIV(O)(TMEA)2Cl]ClO4 820 240
[RuIV(O)(CRMe3)(NCO)]ClO4 1.777(2) 790 243
[RuIV(O)(H2O)(N2O2)](ClO4)2 1.739(2) 845 247
[RuIV(O)(TMP)] 823 477
[RuIV(18O)(TMP)] 782 477
[RuVI(O)2(bpy){IO3(OH)3}] 1.727 815 284,285
[RuV(O)(PHAB)](NPrn4) 1.702(3) 389
[RuV(O)(O2COCEt2)2](NPrn4) 1.687(6) 900 395
[RuV(O)(N4O)](ClO4)2 872 492
[RuV(O)(CH2SiMe3)3]2 1.733(6) 908 372
[LOEt(O)Ru(�-O)2Ru(O)LOEt] 1.725(3) 848 413
trans-[RuV(O)2(14-TMC)]ClO4 840–860 240
cis-[RuV(O)2(Tet-Me6)]ClO4 1.751(3), 1.756(4) 850 260
[RuVI(O)3(OH)2]Ba 1.751, 1.759 820 279
[RuVI(O)2Cl3][N(PPh3)2] 1.658(5), 1.694(9) 878 (�sym 891) 304
[RuVI(O)2Cl4][N(PPh3)2]2 1.709(4) 830 304
[RuVI(O)2(HIO6)2]NaK5�8H2O 1.732(8) 820 283
[RuVI(O)2(H2TeO6)2]K6�4H2O 825 283
trans-[RuVI(O)2(14-TMC)](ClO4)2 850 245
trans-[RuVI(O)2(15-TMC)](ClO4)2 1.718(5) 855 245
trans-[RuVI(O)2(16-TMC)](ClO4)2 1.705(7) 860 245
trans-[RuVI(O)2(CRMe3)](ClO4)2 860 243
trans-[RuVI(O)2(pytn)](ClO4)2 860 244
trans-[RuVI(O)2(N2O2)](ClO4)2 865 247
trans-[RuVI(O)2(py)2(OAc)2] 1.726(1) 840 224
trans-[RuVI(O)2(bpy)2](ClO4)2 850 227
trans-[RuVI(O)2(H2O)(tpy)](ClO4)2 1.661 834,841 235
trans-[RuVI(O)2(TMP)] 821 320
trans-[RuVI(O)2(TPP)] 819 318
trans-[RuVI(O)2(OEP)] 821 318
trans-[RuVI(O)2(DPP)] 818 317
trans-[RuVI(O)2(2,6-Cl-TPP)] 824 317
trans-[RuVI(O)2(4-Cl-TPP)] 821 317
trans-[RuVI(O)2(4-Me-TPP)] 823 317
trans-[RuVI(O)2(4-MeO-TPP)] 821 317
cis-[RuVI(O)2(6,6

0-Cl2bpy)2](ClO4)2 790 (�sym 840) 229
cis-[RuVI(O)2(2,9-Me2phen)2](PF6)2 787 (�sym 839) 230
cis-[RuVI(O)2(Tet-Me6)](ClO4) 1.795(9) 859 (�sym 874) 260
[Ru2

VIO6(py)4]�3.5H2O 1.72(1) 826 (�sym 810) 222
trans-[OsV(O)2(14-TMC)](ClO4)2 873, 879 251
[OsVI(O){NHC(Me)2C(Me)2NH}-
{NH2C(Me)2C(Me)2NH2}]ClO4

1.72(2) 920 250

cis-[OsVI(O)2(OAc)3]K�2AcOH 1.711 845 290,201
cis-[OsVI(O)2(S2O3)2]Na2 1.692(3) 915 (�sym 931) 300
trans-[OsVI(O)2(bpy)2]

2þ 872 237
cis-[OsVI(O)2(bpy)2]

2þ 863 (�sym 883) 237
trans-[OsVI(O)2(14-TMC)](ClO4)2 876 251,252
trans-[OsVI(O)2(15-TMC)](ClO4)2 875 251
trans-[OsVI(O)2(16-TMC)](ClO4)2 872 251
trans-[OsVI(O)2(4-Me-TPP)] 1.743(3) 843 349
trans-[OsVI(O)2(3-Bu

t-saltmen)] 1.760(7), 1.722(8) 845 311
trans-[OsVI(O)2(CHBA-Et)]K2 820 314
trans-[OsVI(18O)2(CHBA-Et)]K2 788 314
trans-[OsVI(O)2{N(SPPh2)2}2] 1.739 848 303
trans-[OsVI(O)2{N(SPPri2)2}2] 1.748(3) 842 303
trans-[OsVI(O)2{N(SePPh2)2}2] 1.734(3) 844 303
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5.6.4.4.1 Carbon ligands

(i) Carbonyl complexes

An unusual high-valent carbonyl complex, formulated as [Os(O)2(CO)4](Sb2F11)2, has been iso-
lated by the reaction of [OsO4] with CO in SbF5 at room temperature. The complex was
characterized by vibrational spectroscopy. Unfortunately, because of its extreme sensitivity to
moisture, satisfactory elemental analysis and X-ray crystal structures have not been obtained.213

(ii) Cyano complexes

There are a number of osmium(VI) oxo complexes containing cyanide ligand, but none have been
reported for ruthenium. The ion [Os(O)2(CN)4]

2� can be prepared by reaction of [OsO4] with
aqueous KCN. The X-ray crystal structure of Cs2[Os(O)2(CN)4] (85) shows that it has trans-dioxo
groups with Os¼O distances of 1.750 Å.608 [Os(O)2(CN)4]

2� is luminescent both in the solid state
and in fluid solutions at room temperature, and the photochemistry of the organic-soluble
(AsPh4)2[Os(O)2(CN)4] has been studied in MeCN.214–217 Reaction of K2[Os(O)2(OH)4] with
KCN in water followed by the addition of acetic acid and (NBun4)(Br) produces (NBun4)2[OsVI

(O)2(OH)2(CN)2], which can be used as a precursor for the preparation of [OsVI(O)2(L)(CN)2]
(L¼ (py)2 (86), tmen (87a), 4,40-Me2bpy (87b), 4,40-But2bpy (87c)).218 The crystal structures of
[OsVI(O)2(py)2(CN)2] and [OsVI(O)2(tmen)(CN)2] have been determined.218 Like (AsPh4)2[Os-
(O)2(CN)4], [OsVI(O)2(py)2(CN)2] have long-lived and emissive excited states in solution at room
temperature. The related species [Os(O)2(dpphen)(CN)2] (87d) has also been prepared; this
complex is able to catalyze the oxidation of alkanes by O2 upon irradiation with UV light.219

A �-cyano species, [Os(O)2(mes)2(�-NC)Ru(bpy)2(CN)] (88) (mes¼mesityl), can be obtained
from the reaction of [OsVI(O)2(mes)2] with [RuII(bpy)2(CN)2]; its photophysical properties have
been studied.220a
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O
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O
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O
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mes NC

O

Ru
NC

N
N

N

N

NN

(88)

= bpy

(iii) Alkyl and aryl complexes

There are a number of oxo species containing alkyl ligands, including [Os(O)2(mes)2], [M(O)(Me3-
SiCH2)4] (M¼Ru, Os), [Os(O)(R1)2(R2)2] (R1¼R2¼Me or Et; R1¼Me, R2¼Me3SiCH2),
[Os(O)2Me2(py)2], [Os(O)2(L)(mes)2] (L¼ bpy, CNC6H3Me2-2,6, PMePh2), [Os(O)2(py)2 (Me3SiCH2)2],
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[(Me)2Os(O)2(py)]3, [(Me)2(O)Os{OC(Me)2C(Me)2O}], and [Os3(O)6(py)3(Me)6]. These compounds
are described in ref. 131, Volume 6, Chapter 7. [Os(O)2(tmen)(mes)2] is also known.218 A tetramer
with a square planar structure, [Os(O)2(mes)2(�-4,4

0-bpy)]4 (89) has been prepared by the reaction
of [Os(O)2(mes)2] with 4,40-bpy in CHCl3.

220b An aryl OsVI¼O species, Os(O)(C7H7)4 (C7H7¼
2-methylphenol; Os¼O bond length¼ 1.652 Å), has also been reported.221
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5.6.4.4.2 Nitrogen ligands

Extensive work on cis- and trans-dioxo complexes of ruthenium(VI) and osmium(VI) containing
nonlabile, oxidation-resistant nitrogen donor ligands has been reported.

(i) Syntheses

(a) Complexes with py, bpy, phen, tpy, and related ligands. A variety of cis- and trans-dioxo-
ruthenium(VI) and osmium(VI) complexes containing pyridine and polypyridyl ligands are known.
These ligands are frequently employed because they are oxidation resistant and are good �-donors.

A number of mononuclear and binuclear trans-dioxoruthenium(VI) complexes containing
pyridine ligands of the type [Ru2(O)6(L)4] (L¼ py, 4-Butpy, nicotinic acid, isonicotinamide,
pyridine-2-carboxylic acid, 1/2bpy), trans-[Ru(O)2(py)4]

2þ, trans-[Ru(O)2(pyca)2] (pyca¼ py-2-car-
boxylate), trans-[Ru(O)2(L)2(Cl)2] (L¼ py, 4-Butpy, 4-Clpy), and trans-[Ru(O)2(Cl)3(L)]

� (L¼ py,
4-Butpy, 3-Mepy, 3,4-Me2py) are known.222,223 The different types of complexes are made by the
interaction of RuO4 or [Ru(O)3(OH)2]

2� with L (and Cl�) in water under slightly different
conditions; apparently higher pH favors the formation of binuclear species. The dark green
solid produced by the reaction of [RuO4] in CCl4 with pyridine, which was originally formulated
as [Ru(O)4(py)2], has now been determined to be [Ru2(O)6(py)4] by X-ray crystallography.222 The
X-ray crystal structure of [Ru2(O)6(py)4]�3.5H2O (90) shows a planar [Ru2(O)2] bridge
(Ru�O¼ 1.93 Å) in which the Ru�O�Ru angle is 100.0� and the terminal Ru¼O bond length
is 1.72 Å. While for most trans-dioxoruthenium(VI) complexes the O¼Ru¼O angle is 180�, this
compound is distinctly nonlinear, with an O¼Ru¼O angle of 160.5�.

All the monomeric and dimeric trans-dioxoruthenium(VI) complexes are characterized by
vibrational spectroscopy. They display typically a strong IR band near 830 cm�1 corresponding
to the asymmetric stretch �asym(RuO2) and a strong Raman band near 850 cm�1 corresponding to
the symmetric stretch �sym(RuO2). These complexes all function as overall four-electron oxidants,
converting primary alcohols into aldehydes and secondary alcohols into ketones. These oxida-
tions can also be made catalytic by using N-methylmorpholine N-oxide as the terminal oxidant.
trans-[Ru2(O)6(py)4], trans-[Ru2(O)6(4-Bu

tpy)4], trans-[Ru(O)2(py)4]
2þ, and trans-[Ru(O)2(Cl)3

(4-Butpy)]� can also catalyze the aerobic oxidation of alcohols.222

A series of trans-dioxoruthenium(VI) complexes containing mixed pyridine–carboxylate
ligands, trans-[RuVI(O)2(py)2(RCO2)2] (R¼Me, Et, Pr, Pri, Ph), have been prepared from
Ba[Ru(O)3(OH)2], carboxylic acid, and pyridine in acetonitrile at 0 �C.224,225

X-ray crystallography of [RuVI(O)2(py)2(OAc)2] (91) established that the complex has an
octahedral geometry with the ligands in trans configurations (Ru�O¼ 1.726 Å).224 The oxidative
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reactivity of these dioxoruthenium(VI) complexes toward various organic substrates including
phosphines, alkenes, phenols, alkanes, and ethers has been studied. These complexes are active
but nonselective oxidants.

A series of cationic dioxoruthenium(VI) complexes of the form trans-[RuVI(O)2(L)2]
2þ

(L¼ dmbpy,226 bpy,227 phen226) and cis-[RuVI(O)2(L
0)2]

2þ (L0 ¼ 6,60-Cl2bpy,
229 2,9-Me2phen

230)
have also been isolated. Oxidation of trans-[RuIII(L)2(OH)(H2O)]2þ or cis-[RuII(L0)2(H2O)2]

2þ by
electrochemical methods or by cerium(IV) in water produces the respective dioxoruthenium(VI)
species.226–229 The diamagnetic trans-[RuVI(O)2(L)2]

2þ complexes exhibit an intense �as(RuO2)
stretch at around 850 cm�1. The UV–vis absorption spectra of trans-[RuVI(O)2(L)2]

2þ in MeCN
show a characteristic weak vibronically structured absorption band at 400 nm, which has been
assigned as the p� (O2�)!RuVI charge transfer transition.226 These cationic trans-dioxoruthe-
nium(VI) complexes are strong oxidants with E�(RuVI/IV) of around 1.0V vs. SCE at pH¼ 1; they
can oxidize a wide variety of organic substrates, including alkanes.226 The complex trans-
[RuVI(O)2(phen)2] (ClO4)2 has been found to catalyze the oxidation of cyclohexene and norbornene
by PhIO.228

The IR spectra of cis-[RuVI(O)2(2,9-Me2phen)2]
2þ and cis-[RuVI(O)2(6,6

0-Cl2bpy)2]
2þ show two

�(RuO2) stretch bands at230 839 cm�l and 787 cm�l and at229 840 cm�l and 790 cm�l, respectively.
An O�Ru�O angle of about 90� has been suggested from the IR data of cis-[RuVI(O)2(2,9-
Me2phen)2]

2þ. Thermodynamically these cis-dioxoruthenium(VI) complexes are stronger oxidants
than the corresponding trans-dioxoruthenium(VI) species. cis-[RuVI(O)2(2,9-Me2phen)2]

2þ is
found to catalyze the oxidation of alkenes such as norbornene, cyclohexene, and trans-�-methyl-
styrene with oxygen under pressure (2.7 atm) at 55 �C.230 This complex is also able to catalyze
hydroxylation of methane (at 4 atm and 75 �C) by H2O2.

231 Methane is oxidized to a 4:1 mixture
of methanol and formaldehyde at a rate of 125 and 140 turnovers per day in water and
acetonitrile, respectively. Under the same conditions ethane is oxidized to a mixture of ethanol
and acetaldehyde, and propane to 1-propanol, propanal, and 2-propanol.231 cis-[RuVI(O)2(6,6

0-
Cl2bpy)2]

2þ is also able to oxidize a variety of substrates at room temperature, including chloride
to chlorine, tetrahydrofuran to -butyrolactone, cyclohexane to cyclohexanone, toluene to ben-
zaldehyde, and alkenes to epoxides.229 Moreover, it is an active and robust catalyst for the
electrochemical oxidation of MeOH, EtOH, propan-2-ol, and tetrahydrofuran;232 and for the
hydroxylation of alkanes by TBHP.233 This complex has also been incorporated into a Nafion-
coated basal-plane pyrolytic graphite electrode to produce a robust and active electrocatalyst for
organic oxidations.229,234

A trans-dioxoruthenium(VI) complex containing the tpy ligand is also known. Oxidation of
[RuII(tpy)(C2O4)(H2O)] by CeIV in 2M HClO4 produces trans-[RuVI(O)2(tpy)(H2O)]2þ (92),
whose structure has been characterized by X-ray crystallography.235 The coordination geom-
etry is approximately octahedral, the two oxo groups being trans to each other with an
average Ru¼O distance of 1.661 Å and an O¼Ru¼O angle of 171.3�. The complex is an active
oxidant for a variety of organic substrates. The oxidation of the diphosphine 1,2-bis(diphenyl-
phosphino)ethane (dppe) produces the corresponding diphosphine dioxide and a mechanism
involving intramolecular rearrangement of the oxo group from an axial coordination position
to one in the tpy plane following reduction from RuVI to RuIV is proposed (Equation (15)).

Ru
O

O O

O

N

N Me
O

Me
O

(91)

N

N

N
Ru

H2O

O

O

2+

(92)

The kinetics and mechanisms of the oxidation of various other phosphines by trans-
[RuVI(O)2(tpy)(H2O)]2þ and trans-[RuVI(O)2(tpy)(MeCN)]2þ have also been investigated.236
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There are also a number of cis- and trans-dioxoosmium(VI) complexes containing pyridine and
bipyridine ligands. These are in general much weaker oxidants than their ruthenium counterparts.
The complexes trans-[OsVI(O)2(py)3(H2O)]2þ and trans-[OsVI(O)2(py)2(X)2] (X¼Cl, Br) have been
prepared by the reaction of K2[Os(O)2(OH)4] with pyridine followed by addition of HBF4 and
HX, respectively.223 These complexes are characterized by vibrational spectroscopy (�sym(OsO2)
 900 cm�1). The electronic absorption spectra show bands at 367 nm and 310–320 nm, charac-
teristic of the trans-dioxoosmium(VI) moiety. trans-[OsVI(O)2(bpy)(Cl)2] (�sym(OsO2)¼ 857 cm�1)
and trans-[OsVI(O)2(4,4

0-But2bpy)(Cl)2] (�sym(OsO2)¼ 846 cm�1) are also known.218 cis- and trans-
[OsVI(O)2(bpy)2]

2þ have also been prepared. Oxidation of cis-[Os(bpy)2(OH2)2]
2þ (generated by

acidification of cis-[Os(bpy)2(CO3)]) by CeIV produces cis-[OsVI(O)2(bpy)2]
2þ, which isomerizes to

trans-[OsVI(O)2(bpy)2]
2þ upon refluxing in dry acetonitrile. Both complexes are characterized by

1H NMR and IR spectroscopy.237 As in the case of the ruthenium analog, the cis complex shows
two peaks in the IR at 883 cm�l and 863 cm�l assigned to the symmetric and asymmetric �(OsO2)
stretches, respectively. As expected, the trans complex shows a single �asym(OsO2) stretch in the IR
at 872 cm�1.

An interesting intensely blue complex ion is formed by the reversible reaction of
[Os(O)2(en)2]

2þ with Fe2þ.238 In the presence of sulfate ions the complex [Os(O)2(en)2]2[Os2-
Fe4(O)4(SO4)8(en)4(H2O)6]�12H2O (93) can be isolated. The X-ray structure shows the linear
ion [(SO4)2Fe(�-O)Os(en)2(�-O)Fe(SO4)2]

2�, which is bridged by SO4
2� to form an infinite

one-dimensional planar ribbon-like array separated by cations.238 The Os¼O bond (average
1.845 Å) is much longer than that of the parent ion (average 1.734 Å), while the Fe�O bond
(average 1.800 Å) is much shorter than the average single bond distance of 2.05 Å. Coordin-
ation of the oxo ligands in [Os(O)2(en)2]

2þ to MoIV is also reported.239 Photolysis of yellow
aqueous solutions of [Mo(CN)8]

4� leads to an orange-red species, thought to be
[Mo(CN)7(OH2)]

3�, which quickly reacts with aqueous [Os(O)2(en)2]
2þ to produce a blue

ion, [Mo(CN)7(�-O)Os(en)2(�-O)Mo(CN)7]
4� (94). The structure of (AsPh4)

þ has been estab-
lished by X-ray crystallography;239 there is a remarkable change of the Os�O distances from
1.74 Å to 1.829 Å.
(b) Macrocyclic tertiary amine ligands. Apart from pyridine and polypyridyl ligands, macro-

cyclic tertiary amine ligands are also found to be oxidation resistant upon coordination and can
stabilize high-valent ruthenium and osmium oxo complexes. A series of trans-dioxoruthe-
nium(VI) complexes with macrocyclic tertiary amine ligands, trans-[RuVI(O)2(L)]

2þ (L¼ 14-
TMC, 15-TMC, 16-TMC, CRMe3) (Figure 3),

240–243 trans-[RuVI(O)2(TMEA)2]
2þ (TMEA¼N,N,

N0,N0,-tetramethyl-1,2-diaminoethane),240 and trans-[RuVI(O)2(pytn)]
2þ,244 have been prepared by

the following method. Reaction of trans-[RuIII(L)Cl2]
þ{L¼ 14-TMC, 15-TMC, 16-TMC, CRMe3,

(TMEA)2} with Agþ followed by oxidation with H2O2 yields trans-[RuVI(O)2(L)]
2þ, which can be

isolated as the ClO4
� or the PF6

� salt (Equations (16) and (17)).240
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trans-[RuIII(L)(Cl)2]+   trans-[RuIII(L)(OH)(OH2)]
2+Ag+, H2O ð16Þ

trans-[RuIII(L)(OH)(OH2)]
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H2O2 ð17Þ
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Figure 3 Macrocyclic ligands and related ligands.
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The X-ray structures of trans-[RuVI(O)2(15-TMC)](ClO4)2 (d(Ru¼O)¼ 1.718 Å) and
trans-[RuVI(O)2(16-TMC)](ClO4)2 (d(Ru¼O)¼ 1.705 Å) have been determined.245 trans-
[RuVI(O)2(pytn)]

2þ has also been prepared by a similar route.244 The IR spectral data of these
complexes are listed in Table 4.

These trans-dioxoruthenium(VI) complexes have characteristic UV–vis absorption spectra. The
�-saturated nature of the macrocyclic tertiary amine ligands enables the high-energy metal-
localized transition to be observed.240 The weak vibronic structured band at 370–400 nm has
been assigned to p� (O2�)!RuVI charge transfer transition that is vibronically coupled to the
Ru¼O stretch. The position of this band is insensitive to the nature of the macrocyclic amine
ligand, in accord with the formulation that the electronic transition involves the nonbonding d�
orbitals (Table 5, Figure 4). Similar electronic absorption bands have also been found for trans-
[RuVI(O)2(bpy)2]

2þ 227 and trans-[RuVI(O)2 (phen)2]
2þ.228 A very weak shoulder at 430–450 nm

could be due to the (dxy)
2! (dxy)

l(d�*)
l transition. Bands in the region 220–320 nm are charge

transfer transitions with substantial �N(L)!Ru(VI) charge transfer character, as evidenced by
the variation of the position and the relative intensity of these bands with the nature of the
macrocyclic amine ligand.240

In general, tertiary amines are better �-donors than pyridines. Hence dioxoruthenium(VI)
complexes of macrocyclic tertiary amines are more stable and weaker oxidants than those of
polypyridyls.

Although trans-[RuVI(O)2(CRMe3)]
2þ is a weak oxidant, upon irradiation with UV light it is

able to oxidize a variety of substrates, including alcohols and alkenes.246

A dioxoruthenium(VI) complex containing a macrocyclic ligand with mixed N,O donor atoms,
N2O2, is known. Oxidation of trans-[RuIII(N2O2)(OH)(OH2)]

2þ with CeIV gives trans-[RuVI-
(O)2(N2O2)]

2þ.247 Because of the weaker donor strength of N2O2, trans-[RuVI(O)2(N2O2)]
2þ is a

stronger oxidant than trans-[RuVI(O)2(L)]
2þ (L¼ 14-TMC, 15-TMC, 16-TMC, CRMe3). The

E�(RuVI/IV) value is 0.92V vs. SCE (at pH¼ 1.0) for trans-[RuVI(O)2(N2O2)]
2þ, which is 0.26V

higher than that of trans-[RuVI(O)2(14-TMC)]2þ, and is comparable to that of trans-
[RuVI(O)2(bpy)2]

2þ. It is capable of oxidizing a variety of organic substrates including alcohols,
alkenes, aromatic hydrocarbons, and alkanes.247

There are two examples of cis-dioxoruthenium(VI) complexes containing tertiary amine ligands:
cis-[RuVI(O)2(Tet-Me6)]

2þ (95) and cis-[RuVI(O)2(Me3tacn)(CF3CO2)]
þ (96).249,260 Both have rather

large O�Ru�O angles of>110�. Although both are active oxidants for organic substrates, they react
with alkenes in non-protic solvents to give epoxides rather than vicinal diols. cis-[RuVI(O)2(Tet-
Me6)](ClO4)2 is prepared by the oxidation of cis-[RuIII(Tet-Me6)(OH)(OH2)]

2þ in water with CeIV,
followed by the addition of NaClO4.

260 It is a green diamagnetic complex with IR bands at 874 and
859 cm�l assigned to �(RuO2) stretches. Its structure has been characterized by X-ray crystallography
(d(Ru¼O)¼ 1.795 Å, O�Ru�O¼ 112.0�). cis-[RuVI(O)2(Tet-Me6)]

2þ is a strong oxidant (E�(RuVI/IV)
¼ 0.80V vs. SCE at pH¼ 1.0), and is capable of oxidizing a variety of substrates including

Table 5 UV–visible spectral data of trans-dioxo(macrocyclic tertiary amine) complexes of Ru(VI), Ru(V),
Os(VI), and Os(V) in acetonitrile.240,251

�max ("max)
(nm (dm3 mol�1 cm�1))

Complex 1[(dxz,dyz)  (dxy)]
3[(dxz,dyz)  (dxy)]

trans-[RuVI(O)2(14-TMC)]2þ 388 (560) 455sh (50)
trans-[RuVI(O)2(15-TMC)]2þ 377 (550) 430sh (50)
trans-[RuVI(O)2(16-TMC)]2þ 375 (670) 425sh (80)
trans-[RuV(O)2(14-TMC)]þ 422 (240) 525sh (20)
trans-[RuV(O)2(15-TMC)]þ 420 (260) 530sh (20)
trans-[RuV(O)2(16-TMC)]þ 448 (170) 550sh (10)
trans-[OsVI(O)2(14-TMC)]2þ 312 (1260) 355 (340)
trans-[OsVI(O)2(15-TMC)]2þ 307 (1815) 347 (475)
trans-[OsVI(O)2(16-TMC)]2þ 306 (1915) 346 (345)
trans-[OsV(O)2(14-TMC)]þ 335 (490) 410 (100)
trans-[OsV(O)2(15-TMC)]þ 332 (540) 410 (120)
trans-[OsV(O)2(16-TMC)]þ 330 (550) 410 (160)
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Figure 4 UV–vis spectra in CH3CN: (a) trans-[RuVI(O)2(16-TMC)]2þ; (b) trans-[RuVI(O)2(15-TMC)]2þ;
(c) trans-[RuVI(O)2(14-TMC)]2þ.
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alcohols, alkenes, and alkanes.260 The other cis-dioxoruthenium(VI) complex, cis-[RuVI(O)2(Me3tacn)-
(CF3CO2)]ClO4, is similarly prepared as follows. Reaction of [Ru(Me3tacn)(Cl)3] with
AgCF3SO3 in aqueous CF3CO2H produces [Ru(Me3tacn)(CF3CO3)(OH2)2]

2þ, which is oxidized
by CeIV to give cis-[RuVI(O)2(Me3tacn)(CF3CO2)]

þ, isolated as a perchlorate salt.249 The �asym
and �sym(RuO2) stretches of this green diamagnetic solid occur at 842 cm�1 and 856 cm�1, respect-
ively. The two Ru¼O bond distances are identical (1.717 Å) and the O�Ru�O angle is 118.3�.
This complex is able to stoichiometrically oxidize a variety of organic substrates, including
alkenes and alkanes. In the oxidation of dimethyl sulfide, it functions as a four-electron oxidant.
It can carry out catalytic oxidation of alkenes and alkanes using PhIO or TBHP as the terminal
oxidant.
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N

N
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(95)
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N

N
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Me

Me

Me
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O

OC(O)CF3

+
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The six-coordinate trans-[Os(O)2(tmen)2]
2þ and five-coordinate [Os(O)(tmen-2H)(tmen-H)]þ

(97a) complexes have been prepared and are found to be in equilibrium in solution.250 The
X-ray structure of the five-coordinate square pyramidal OsVI¼O complex has been determined
with a measured Os¼O distance of 1.72 Å.250

Os
N
N

N

O
H

H2 H

H

(97a)

+

N

As in the case of ruthenium, a series of trans-dioxoosmium(VI) complexes with macrocyclic
tertiary amine ligands, trans-[OsVI(O)2(L)]

2þ (L¼ 14-TMC, 15-TMC, 16-TMC, CRMe3), have
been synthesized by the method shown in Scheme 13.251,252

Na2[OsIV(Cl)6] + L                           trans-[OsIII(L)(Cl)2]+                                     trans
Sn/EtOH

reflux ii)H2O2, 60˚C, 5 min 

i) H2O, 80˚C, 20 min
-[OsVI(O)2(L)]2+

Scheme 13

It is likely that the dichloro species undergoes aquation in hot water to give an aqua species,
which is then oxidized by H2O2 to give the dioxo species. Their IR spectra show a �asym(OsO2)
stretch at around 875 cm�1 (Table 4). Their UV–vis spectra are characterized by two vibronic
structured electronic absorption bands centered at 310nm and 350nm that are due to spin-allowed
and spin-forbidden p�(O

2�)!OsVI charge transfer transitions (Table 5). Very weak absorptions
are also observed in the tail of the low-energy band, which are due to ligand-field dxy! d�*(dxz,
dyz) transitions. As in the case of ruthenium, the relative insensitivity of the LMCT transition to
the nature of the equatorial ligands is in agreement with the lack of involvement of d�* electrons.
The much higher extinction coefficients of the dxy! d�* transition for the osmium complexes
than that of ruthenium, which appears as a weak shoulder at 455 nm ("max¼ 50 dm3 mol�l cm�1)
for trans-[RuVI(O)2(14-TMC)](ClO4)2, have been attributed to the larger spin–orbit coupling
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constant for the heavier osmium atom. The X-ray structure of [OsVI(O)2(14-TMC)](PF6)2 has
been determined. The dominant isomer present in the crystal is the RSSR isomer in which one
pair of N-methyl groups is ‘‘up’’ and the other is ‘‘down.’’ The average Os�O and Os�N
distances are 1.735 Å and 2.126 Å, respectively.253

(ii) Electrochemistry

The electrochemistry of dioxoruthenium(VI) and dioxoosmium(VI) complexes with polypyridyl
and macrocyclic tertiary amine ligands has been extensively studied by cyclic voltammetric
techniques.7 In general, cis-dioxo species have higher reduction potentials than the
corresponding trans-dioxo species.237,248,254 For the trans-dioxo species, the d� orbital ordering
is dxy< dxz,dyz (the O¼M¼O bond axis is taken as the z-axis). Reduction of MVI ((dxy)

2) to MV

((dxy)
l(d�*)

1) would involve adding an electron to dxz,dyz (d�*) which have considerable antibond-
ing character arising from d�*(M)–p� (O) mixing. The d� orbital ordering in the cis isomer is
d�1< d�2� dxy with the ground state electronic configuration (d�1)

2, where d�1 and d�2 are taken
as if constructed from linear combinations of dxz and dyz, including spin–orbit coupling. Electro-
nic destabilization effects in the reduction of MVI to MV are smaller since the d�1–d�2 energy
separation is relatively small.
trans-[RuVI(O)2(bpy)2]

2þ, trans-[RuVI(O)2(14-TMC)]2þ, and related complexes display similar
cyclic voltammograms in aqueous solutions.254,255 At low pH (usually <7) three reversible/quasi-
reversible redox couples corresponding to the redox reactions shown in Equations (18)–(20) are
observed (Figure 5). At higher pH (usually >8) the two-electron RuVI/IV couple splits into two
reversible one-electron couples RuVI/V and RuV/IV (Equations (20) and (21)). The observation of a
two-electron RuVI/IV couple at low pH indicates that trans-dioxoruthenium(V) undergoes rapid
acid-catalyzed disproportionation (Equation (23)).256

trans-[Ru
VI

(O)2] 2+ + 2e–  + 2H+ trans -[RuIV(O)(OH2)]2+ ð18Þ

trans-[RuIV(O)(OH2)]2++ e–  + H+ trans -[RuIII(OH)(OH2)]2+ ð19Þ

trans-[RuIII (OH)(OH2)]2+ + e–  + H+ trans-[RuII(OH2)2]2+ ð20Þ

1.0 0.6 0.2 –0.2

Volts (vs. S.C.E)

50 µA

Ru(VI)/Ru(IV)

Ru(IV)/Ru(III)
Ru(III)/Ru(II)

Figure 5 Cyclic voltammograms for trans-[RuVI(16-TMC)O2](ClO4)2 (1mM) in 0.1M HClO4 in MeCN.
Conditions: working electrode, pyrolytic graphite; scan rate, 50mV s�1.
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trans-[RuVI(O)2]2+ + e–           trans-[RuV(O)2]+ ð21Þ

trans-[RuV(O)2]+ + e– + H+             trans-[RuIV(O)(OH)]+ ð22Þ

2[RuV(O)2]+ + 2H+              [RuIV(O)(OH2)]2+ + [RuVI(O)2]2+ ð23Þ

The kinetics of the disproportionation of [RuV(O)2(TMC)]þ is described in Section
5.6.5.4.1(ii). As expected, the E� values of these proton-coupled redox couples shift cathodically
with increase in pH in a manner predicted by the Nernst equation. The reversibilities of these
redox couples are strongly affected by the pretreatment of the electrode (see Section
5.6.6.6.1(ii)). The Pourbaix diagrams for trans-[RuVI(O)2(14-TMC)]2þ and trans-
[RuVI(O)2(bpy)2]

2þ are shown in Figures 6 and 7, respectively. The electrochemical data of
trans-dioxoruthenium(VI) complexes are summarized in Table 6. The change in ring size on
going from 14-TMC to 16-TMC has little effect on the redox potentials. However, replacing
amine nitrogens with weaker �-donor atoms such as pyridine nitrogen or ether oxygen leads to
an increase in redox potential. For example, E� for the RuVI/IV couple follows the order
L¼ 14-TMC<CRMe3<N2O2< quaterpy (quaterpy¼300,5,50,5000-tetramethy1-2,20:60,200:600,2000-
quaterpyridine). trans-[RuVI(O)2(quaterpy)]

2þ is by far the most strongly oxidizing trans-diox-
oruthenium(VI) complex known.257 Similar ligand effects on the reduction potentials of
RuIV¼O complexes have also been observed.

The electrochemistry of cis-dioxoruthenium(VI) complexes also shows pH-dependent redox
couples. In the cyclic voltammogram of cis-[RuVI(O)2(bpy)2]

2þ four couples are observed (Equa-
tions (24)–(27)) even at pH 1: RuVI/V, RuV/IV, RuIV/III, and RuIII/II.254,392

cis-[RuVI(O)2(bpy)2]2+ + H+ + e–          cis-[RuV(O)(bpy)2(OH)]2+ ð24Þ

cis-[RuV(O)(bpy)2(OH)]2+ + H+ + e–           cis-[RuIV(O)(bpy)2(OH2)]2+ ð25Þ

cis-[RuIV(O)(bpy)2 (OH2)]2+ + 2H+ + e–            cis-[RuIII(bpy)2(OH2)2]3+ ð26Þ

cis-[RuIII(bpy)2(OH2)2]3+ + e–           cis-[RuII(bpy)2(OH2)2]2+   ð27Þ
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Figure 6 Pourbaix diagram for trans-[RuVI(O)2(14-TMC)]2þ.
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Table 6 Summary of formal potentials for selected ruthenium and osmium oxo complexes.

Complex E�(V vs. SCE) References

Ruthenium(VI)
Electrode reaction (at pH 1.0): [RuVI(O)2]

2þþ 2Hþþ 2e�! [RuIV(O)(OH2)]
2þ

trans-[RuVI(O)2(14-TMC)](ClO4)2 0.66 240
trans-[RuVI(O)2(15-TMC)](ClO4)2 0.65 240
trans-[RuVI(O)2(16-TMC)](ClO4)2 0.66 240
trans-[RuVI(O)2(TMEA)2](ClO4)2 0.67 240
trans-[RuVI(O)2(CRMe3)](ClO4)2 0.76 243
trans-[RuVI(O)2(pytn)](ClO4)2 0.89 244
trans-[RuVI(O)2(N2O2)](ClO4)2 0.92 247
trans-[RuVI(O)2(bpy)2](ClO4)2 1.01 227
trans-[RuVI(O)2(5,5

0-Me2bpy)](ClO4)2 1.00 226
trans-[RuVI(O)2(quaterpy)](ClO4)2 1.12 257
cis-[RuVI(O)2(6,6

0-Cl2bpy)2](ClO4)2 1.17 234

Ruthenium(VI)
Electrode reaction (at pH 1.0): [RuVI(O)2]

2þþHþþ e�! [RuV(O)(OH)]2þ

cis-[RuVI(O)2(bpy)2](ClO4)2 1.23 254,392
cis-[RuVI(O)2(Tet-Me6)](ClO4)2 0.80 260

Ruthenium(V)
Electrode reaction: [RuV(O)X]2þþ e�! [RuIV(O)X]þ

[RuV(O)(N4O)](ClO4)2 0.98 (pH 4.0) 492
[RuV(O)(pyen)Cl]2þ 1.29 (pH 1.0) 385

(V vs. Cp2Fe
þ/0)

trans-[RuV(O)(14-TMC)(NCO)]2þ 0.89 (MeCN) 240
trans-[RuV(O)(14-TMC)(Cl)]2þ 1.10 (MeCN) 240
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Table 6 continued

Complex E�(V vs. SCE) References

trans-[RuV(O)(14-TMC)(N3)]
2þ 0.72 (MeCN) 240

trans-[RuV(O)(15-TMC)Cl]2þ 1.10 (MeCN) 240
trans-[RuV(O)(CRMe3)(NCO)]2þ 0.96 (MeCN) 243
trans-[RuV(O)(TMEA)2Cl]

2þ 1.06 (MeCN) 240
(V vs. Ag/AgNO3)

trans-[RuV(O)(py)4Cl]
2þ 1.39 (MeCN) 486

Ruthenium(IV)
Electrode reaction: [RuIV(O)]2þþHþþ e�! [RuIII(OH)]2þ

(V vs. SCE)
[RuIV(O)(tpy)(bpy)](ClO4)2 0.62 (pH7.0) 481
[RuIV(O)(tpy)(4,40-Me2bpy)](ClO4)2 0.55 (pH 7.0) 481
cis-[RuIV(O)(tpy)(pic)](ClO4)2 0.56 (pH 7.0) 483
trans-[RuIV(O)(tpy)(pic)](ClO4)2 0.45 (pH 7.0) 483
[RuIV(O)(tpy)(TMEA)](ClO4)2 0.93 (pH 1.0) 476
[RuIV(O)(tpy)(6,60-Cl2bpy)](ClO4)2 1.13 (pH 1.0) 269
[RuIV(O)(bpy)2(PEt3)]

2þ 0.97 (pH 2.0) 489
[RuIV(O)(bpy)2(SbPh3)]

2þ 1.10 (pH 2.0) 489
[RuIV(O)(bpy)2(PMe3)]

2þ 1.10 (pH 2.0) 489
[RuIV(O)(bpy)2(P

iPr3)]
2þ 0.98 (pH 2.0) 489

[RuIV(O)(bpy)2(PPh3)]
2þ 1.06 (pH 2.0) 489

[RuIV(O)(bpy)2(AsPh3)]
2þ 0.97 (pH 2.0) 489

[RuIV(O)(bpy)2(PCy3)]
2þ 0.99 (pH 2.0) 489

[RuIV(O)(bpy)2(P(p-CF3C6H4)3)]
2þ 1.23 (pH 2.0) 489

[RuIV(O)(bpy)(biq)(PEt3)]
2þ 0.91 (pH 1.97) 475

[RuIV(O)(biq)2(PEt3)]
2þ 0.91 (pH 1.97) 475

[RuIV(O)(bpy)(biq)(PPh3)]
2þ 1.0 (pH 2.0) 475

[RuIV(O)(tpm)(bpy)](ClO4)2 0.71 (pH 7.0) 483
[RuIV(O)(tpm)(4,40-Me2bpy)](ClO4)2 0.66 (pH 7.0) 483
[RuIV(O)(tpm)(phen)](ClO4)2 0.71 (pH 7.0) 483
[RuIV(O)(OH2)(14-TMC)]2þ 0.36 (pH 1.0) 240
[RuIV(O)(OH2)(15-TMC)]2þ 0.34 (pH 1.0) 240
[RuIV(O)(OH2)(16-TMC)]2þ 0.33 (pH 1.0) 240
[RuIV(O)(OH2)(CRMe3)]

2þ 0.52 (pH 1.1) 243
[RuIV(O)(OH2)(N2O2)](ClO4)2 0.62 (pH 1.0) 247
[RuIV(O)(Me3tacn)(bpy)]

2þ 0.53 (pH 7.0) 498

Osmium(VI)
Electrode reaction: [OsVI(O)2]

2þþ e�! [OsV(O)2]
þ

(V vs. Cp2Fe
þ/0, CH2Cl2)

cis-[OsVI(O)2(S2O3)2]Na2 �1.10 300
(V vs. Cp2Fe

þ/0, CH3CN)
trans-[OsVI(O)2(CN)4](Ph4As)2 �1.52 217

(V vs. Ag/AgNO3, CH3CN)
trans-[OsVI(O)2(3-Bu

t-saltmen)] �1.38 311
trans-[OsVI(O)2(tmen)(CN)2] �1.02 218

(V vs. Ag/AgNO3, CH3CN)
trans-[OsVI(O)2(4,4

0-Me2bpy)(CN)2] �0.88 218
(V vs. Ag/AgNO3, CH3CN)

Electrode reaction: [OsVI(O)2]
2þþHþþ e�! [OsV(O)2(OH)]2þ

cis-[OsVI(O)2(bpy)2]
2þ 0.81 (pH 1.0) 237

Electrode reaction: [OsVI(O)2]
2þþ 3Hþþ 3e�! [OsIII(OH)(OH2)]

2þ

trans-[OsVI(O)2(bpy)2]
2þ 0.51 (pH 1.0) 237

trans-[OsVI(O)2(14-TMC)](ClO4)2 0.04 (pH 1.0) 251
trans-[OsVI(O)2(15-TMC)](ClO4)2 0.05 (pH 1.0) 251
trans-[OsVI(O)2(16-TMC)](ClO4)2 0.05 (pH 1.0) 251
trans-[OsVI(O)2(CRMe3)](ClO4)2 0.14 (pH 1.0) 251

Electrode reaction: [OsVI(O)(OH)(OH2)]
3þþ 3Hþþ 3e�! [OsIII(OH2)3]

3þ

trans-[OsVI(O)(OH)(OH2)]
3þ 0.44 (pH 1.0) 262
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The Pourbaix diagram for cis-[RuVI(O)2(bpy)2]
2þ is shown in Figure 8. Similar electrochem-

ical behavior is observed for cis-[RuVI(O)2(L)2]
2þ (L¼ 6,60-Me2bpy, 2,9-Me2phen).

258 The cyclic
voltammogram in acidic medium shows all four couples, though not all of them are reversible.
The electrochemical steps have not been easily observed individually, the difficulties being
attributed to absorption phenomena or precipitations on the electrodes, and slow electrochem-
ical kinetics.

Electrodes coated with thin polymeric films of poly-cis-[Ru(vbpy)2(H2O)2]
2þ (vbpy¼ 4-methyl-

40-vinyl-2,20-bipyridine) or poly-cis-[Ru(pyr-bpy)2(H2O)2]
2þ (pyr-bpy¼ 4-(2-pyrrol-1-yl-ethyl)-

40-methyl-2,20-bipyridine) have been prepared, and cyclic voltammograms of these films are
similar to that of cis-[RuVI(O)2(bpy)2]

2þ in solution.259

The cyclic voltammogram of cis-[RuVI(O)2(6,6
0-Cl2bpy)2]

2þ at pH 1–3 shows only two couples
assigned to RuVI/IV and RuIV/II (Equations (28) and (29)). For cis-[RuVI(Tet-Me6)(O)2]

2þ(95)
three couples are observed at pH 1 due to RuVI/IV, RuIV/III, and RuIII/II (Equations (30)–(32)).260

cis-[RuVI(O)2(6,6'-Cl2bpy)2]2+ + 2e– + 2H+           cis-[RuIV(O)(6,6'-Cl2bpy)2(OH2)]2+ ð28Þ

cis-[RuIV(O)(6,6'-Cl2bpy)2(OH2)]2+ + 2e– + 2H+           cis-[RuII(6,6'-Cl2bpy)2(OH2)2]2+ ð29Þ

cis-[RuVI(O)2(Tet-Me6)]2+ + 2e– + 2H+           cis-[RuIV(O)(OH2)(Tet-Me6)]2+ ð30Þ

cis-[RuIV(O)(OH2)(Tet-Me6)]2++ e– + H+         cis-[RuIII(Tet-Me6)(OH)(OH2)]2+ ð31Þ

cis-[RuIII(Tet-Me6)(OH)(OH2)]2++ e– + H+         cis-[RuII(Tet-Me6)(OH2)2]2+ ð32Þ
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Figure 8 Pourbaix diagram for cis-[RuVI(O)2(bpy)2]
2þ.
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At pH 2 the RuVI/IV couple begins to split into two quasi-reversible one-electron waves,
corresponding to the RuVI/V and RuV/IV couples (Equations (33) and (34). At pH 4.5 the RuV/IV

and RuIV/III couples merge to form a new two-electron RuV/III couple (Equation (35)).

cis-[RuVI(O)2(Tet-Me6)]2+ + e–        cis-[RuV(O)2(Tet-Me6)]+ ð33Þ

cis-[RuV(O)2(Tet-Me6)]++ e– + 2H+          cis-[RuIV(O)(OH2)(Tet-Me6)]2+ ð34Þ

cis-[RuV(O)2(Tet-Me6)]+ + 2e– + 3H+           cis-[RuIII(Tet-Me6)(OH)(OH2)]2+ ð35Þ

The Pourbaix diagram for cis-[RuVI(O)2(Tet-Me6)]
2þ is shown in Figure 9. These electro-

chemical data show that for this system RuV is unstable with respect to disproportionation at pH 1,
while RuIV is unstable at pH.4.5. The RuV complex cis-[RuV(O)2(Tet-Me6)]

þ has been isolated
and is found to disproportionate in strongly acidic medium (Equation (36)).

2 cis-[RuV(O)2(Tet-Me6)]+ + 2H+             cis-[RuVI(O)2(Tet-Me6)]2+ + cis-[RuIV(O)(OH2)(Tet-Me6)]2+

ð36Þ

cis-[RuVI(O)2(OH2)(Me3tacn)]
2þ, which contains a facially coordinated Me3tacn ligand,249

shows three reversible couples at pH 1 (Equations (37)–(39)). As the pH increases the RuV/III

couple splits into RuV/IV and RuIV/III couples.

cis-[RuVI(O)2(OH2)(Me3tacn)]2+ + H+ + e–             cis-[RuV(O)(OH)(OH2)(Me3tacn)]2+ ð37Þ
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cis-[RuV(O)(OH)(OH2)(Me3tacn)]2++ 3H+ + 2e–              cis-[RuIII(Me3tacn)(OH2)3]3+ ð38Þ

cis-[RuIII(Me3tacn)(OH2)3]3+ + e–           cis-[RuII(Me3tacn)(OH2)3]2+ ð39Þ

In acetonitrile, a reversible RuVI/V couple is observed (Equation (40)) for trans-
[RuVI(O)2(L)]

2þ (L¼ 14-TMC, 15-TMC, 16-TMC, (TMEA)2)
240 (Table 6). cis-[RuVI(O)2(Tet-

Me6)]
2þ (95) also exhibits a reversible RuVI/V couple in acetonitrile.260 The electrochemistry of

cis-[RuVI(O)2(b)2]
2þ (b¼ bpy and its derivatives) has not been explored due to its instability in

organic solvents.

trans-[RuVI(O)2(L)]2+ + e–           trans-[RuV(O)2(L)]+   ð40Þ

The electrochemistry of dioxoosmium(VI) complexes has also been extensively studied. The
trans-dioxoosmium(VI) complexes of polypyridyl and macrocyclic tertiary amine ligands display
very similar proton-coupled electron transfer couples. In aqueous solutions at pH<5–7 the
cyclic voltammograms of trans-[OsVI(O)2(bpy)2]

2þ show a remarkable reversible three-electron
OsVI/III couple and a one-electron OsIII/II couple.237 In the Pourbaix diagram two break points are
observed in the pH dependence of the OsVI/III couple, which correspond to the pKa values of
OsIII�OH2 and OsIII�(OH)(OH2) (Figure 10). The redox reactions are shown in Equations (41)–
(43). At pH>8 the 3e OsVI/III wave splits into a pH-independent 1e OsVI/V wave and a 2e/2Hþ

OsV/III wave (Equations (44) and (45)).

trans-[OsVI(O)2(bpy)2]2+ + 3e– + 4H+           trans-[OsIII(bpy)2(OH2)2]3+ ð41Þ

trans-[OsVI(O)2(bpy)2]2+ + 3e– + 3H+                 trans-[OsIII(bpy)2(OH)(OH2)]2+ ð42Þ

trans-[OsVI(O)2(bpy)2]2+ + 3e– + 2H+             trans-[OsIII(bpy)2(OH)2]+ ð43Þ

trans-[OsVI(O)2(bpy)2]2+ + e–            trans-[OsV(O)2(bpy)2]+ ð44Þ

trans-[OsV(O)2(bpy)2]+ + 2e– + 2H+         trans-[OsIII(bpy)2(OH)2]+ ð45Þ

A reversible three-electron OsVI/III couple is also observed with [OsVI(O)2(tpy)(OH)]þ.262

The electrochemical behavior of trans-[OsVI(O)2(14-TMC)]2þ is also similar to that of
trans-[OsVI(O)2(bpy)2]

2þ and the Pourbaix diagram is shown in Figure 11(a).252 Only
one break point is observed in the pH dependence of the OsVI/III couple, with slopes
of �60 and �42mV/pH, which correspond to the reactions shown in Equations (46) and (47).

trans-[OsVI(O)2(14-TMC)]2+ + 3e– + 3H+          trans-[OsIII(14-TMC)(OH)(OH2)]2+  ð46Þ

trans-[OsVI(O)2(14-TMC)]2+ + 3e– + 2H+           trans-[OsIII(14-TMC)(OH)2]+ ð47Þ

It appears that the observation of a reversible OsVI/III couple is a general feature of trans-
dioxoosmium(VI) complexes in acidic media, indicating that the intermediates OsV and OsIV

species undergo rapid acid-catalyzed disproportionation.
For cis-[OsVI(O)2(bpy)2]

2þ three couples are observed at pH 1, namely the OsVI/V, OsV/III, andOsIII/II

couples.237 The OsV/III couple splits into two one-electron waves at pH 4, corresponding to the OsV/IV

and the OsIV/III couples. The Pourbaix diagram for cis-[OsVI(O)2(bpy)2]
2þ is shown in Figure 11(b).
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In acetonitrile, the cyclic voltammogram of trans-[OsVI(O)2(L)]
2þ (L¼ 14-TMC, 15-TMC, 16-TMC,

CRMe3) displays two reversible/quasi-reversible one-electron redox couples (Equations (48)
and (49)).251

trans-[OsVI(O)2(L)]2+ + e–          trans-[OsV(O)2(L)]+ ð48Þ

trans-[OsV(O)2(L)]+ + e–         trans-[OsIV(O)2(L)] ð49Þ

The OsVI/V couples occur at �0.67V to �0.73V vs. Cp2Fe
þ/0 (Table 6),214,251 while the OsV/IV

couples occur at �1.48V to �1.74V. The change in the macrocyclic ring size of L has little effect
on the E� values. However, a shift to more positive redox potential has been observed upon
substitution of a tertiary amine nitrogen by a pyridyl group as in CRMe3. This is attributed to
greater �-donating properties of tertiary amines than pyridines.

(iii) Reactivities

trans-Dioxoruthenium(VI) complexes with polypyridyl and macrocyclic tertiary amine ligands are
active oxidants for a variety of organic and inorganic substrates. In general, the rates of oxidation
increase with the redox potentials of the ruthenium complexes. The redox potentials (RuVI/V and
RuVI/IV) and the rates of oxidation of substrates by trans-[RuVI(O)2(L)]

2þ follow the same order
L¼ (bpy)2>N2O2>CRMe3> pytn>TMC. Replacing an amine nitrogen with a pyridine nitro-
gen in L will cause an increase in redox potentials and rates of reaction. cis-Dioxoruthenium(VI)
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complexes have higher redox potentials than the corresponding trans complex and they react
faster with reducing agents. trans-Dioxoosmium(VI) complexes are much more stable than their
ruthenium counterparts, and in general they react only with strong reducing agents such as
phosphines. However, trans-dioxoosmium(VI) complexes of macrocyclic tertiary amine ligands
have strongly oxidizing and emissive excited states that are capable of oxidizing a wide variety of
organic and inorganic substrates.
(a) Oxidation of organic substrates. The trans-dioxoruthenium(VI) complexes readily oxidize

alcohols and ethers at ambient conditions. Tables 7–9 summarize the second-order rate constants
for the oxidation of benzyl alcohol to benzaldehyde,263 propan-2-ol to acetone,263 and tetra-
hydrofuran to -butyrolactone,264 respectively, by different trans-dioxoruthenium(VI) species. In
general, the rates of oxidation increase with an increase in the redox potential of the RuVI/IV

couple. A linear free energy plot with a slope close to the theoretical value for a two-electron
transfer (i.e., 16.8V�1) has been obtained for the oxidation of alcohols and THF. For the
oxidation of benzyl alcohol, the kinetic isotope effects range from 15 to 19, and do not appear
to have any correlation with the E� values of the RuVI/IV couple.263 A mechanism involving
hydride abstraction or an initial hydrogen atom abstraction followed by rapid in-cage electron
transfer has been suggested for the oxidation of these substrates. A [2þ 2] (C�HþRu¼O)
addition mechanism has been proposed for the oxidation of benzhydrols by [Ru(O)2-
(14-TMC)]2þ.265

Oxidation of various alkylaromatics, including toluene, ethylbenzene, and cumene, by trans-
[RuVI(O)2(N2O2)]

2þ in MeCN also has large kinetic isotope effects (kH/kD¼ 16 for ethylbenzene),
indicating C�H bond cleavage in the transition state. The second-order rate constants for
ethylbenzene and cumene are similar but are substantially higher than that for toluene.264

Representative kinetic data for the oxidation of ethylbenzene, cumene, and toluene are collected
in Table 10.

Table 7 Representative kinetic data for the oxidation of benzyl alcohol by ruthenium oxo complexes.

Complex k2 at 298K(M
�1 s�1) kH/kD

�H‡ (�S‡)
(kcal mol�1 (eu)) References

trans-[RuVI(O)2(14-TMC)]2þ 1.98
 10�4 (H2O) 263
trans-[RuVI(O)2(TMEA)2]

2þ 4.99
 10�4 (H2O) 263
trans-[RuVI(O)2(CRMe3)]

2þ 3.25
 10�3 (H2O) 18� 2 263
trans-[RuVI(O)2(pytn)]

2þ 9.30
 10�1 (H2O) 15� 2 263
trans-[RuVI(O)2(N2O2)]

2þ 6.85
 10�1 (H2O) 19� 2 10 (�26) 263
trans-[RuVI(O)2(bpy)2]

2þ 2.08
 10�1 (H2O) 17� 2 263
trans-[RuVI(O)2(dmbpy)2]

2þ 3.60 (H2O) 19 8.3 (�23) 226
[RuV(O)(N4O)]2þ 1.17
 102 (0.1M HClO4) 5.9 9.1 (�18) 387
trans-[RuV(O)(14-TMC)(NCO)]2þ 1.40
 102 (CH3CN) 4.1 383
trans-[RuV(O)(14-TMC)Cl]2þ 2.1
 102 (CH3CN) 383
cis-[RuV(O)(pyen)(Cl)]2þ 8.4
 104 (0.1 M HOTf) 385
[RuIV(O)(bpy)2(py)]

2þ 2.43 (0.1M HClO4) 50 5.7 (�38) 410,411
1.54 (CH3CN) 5.8 (�38) 410,411

[RuIV(O)(tpy)(6,60-Cl2bpy)]
2þ 2.23 (0.1M HClO4) 39 269

[RuIV(O)(tpy)(TMEA)]2þ 2.4
 10�2 (0.1M HClO4) 476
[RuIV(O)(bpy)(PEt3)]

2þ 9.2
 10�2 (H2O) 509
2.8
 10�1 (CH3CN) 509

[RuIV(O)(bpy)2(PPh3)]
2þ 1.05 (H2O) 509

8.3
 10�1 (MeCN) 509
5.5
 10�1 (CH2Cl2) 509

[RuIV(O)(bpy)2(AsPh3)]
2þ 6.8
 10�1 (CH3CN) 509

5.8
 10�1 (CH2Cl2) 509
[RuIV(O)(bpy)(biq)(PEt3)]

2þ 4.07
 10�2 (H2O) 475
3.22
 10�1 (CH2Cl2) 475

[RuIV(O)(bpy)(biq)(PMe3)]
2þ 6.62
 10�1 (H2O) 475

5.35
 10�1 (CH2Cl2) 475
[RuIV(O)(bpy)(biq)(PPh3)]

2þ 2.23 (H2O) 475
6.44
 10�1 (CH2Cl2) 475
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The kinetics of the oxidation of alkenes by trans-[RuVI(O)2(14-TMC)]2þ, trans-
[RuVI(O)2(CRMe3)]

2þ, trans-[RuVI(O)2(pytn)]
2þ, and trans-[RuVI(O)2(N2O2)]

2þ with E�(RuVI/V)
ranging from 0.23V to 0.70V vs. SCE have been investigated in acetonitrile.266 The rate constants
depend on the redox potential of the ruthenium oxidant as well as on the oxidation potentials and

Table 8 Representative kinetic data for the oxidation of propan-2-ol by ruthenium oxo complexes.

Complex
k2 at 298K
(M�1 s�1) kH/kD

�H‡(�S‡)
(kcal mol�1 (eu)) References

trans-[RuV(O)2(bpy)2]
2þ 2.0 (H2O) 263

trans-[RuVI(O)2(N2O2)]
2þ 5.6
 10�2 (H2O) 11 12 (�28) 263

1.5
 10�2 (MeCN) 263
trans-[RuVI(O)2(pytn)]

2þ 1.9
 10�2 (H2O) 263
[RuV(O)(N4O)]2þ 13.5
 101 (0.1M HClO4) 5.3 9.2 (�22) 387
[RuIV(O)(tpy)(bpy)]2þ 6.7
 10�2 (H2O) 18 9 (�34) 411
[RuIV(O)(bpy)2(py)]

2þ 8.7
 10�3 (MeCN) 8 (�42) 411
[RuIV(O)(bpy)2(PEt3)]

2þ 1.35
 10�3 (MeCN) 509
2.3
 10�3 (CH2Cl2) 509

[RuIV(O)(bpy)2(PPh3)]
2þ 2.3
 10�3 (H2O) 509

[RuIV(O)(tpy)(6,60-Cl2bpy)]
2þ 7.7
 10�3 (MeCN) 269

[RuIV(O)(tpy)(TMEA)]2þ 4.3
 10�3 (MeCN) 476

Table 9 Representative kinetic data for the oxidation of tetrahydrofuran by ruthenium oxo complexes.

Complex k2 at 298K(M
�1 s�1) kH/kD

�H‡(�S‡)
(kcal mol�1 (eu)) References

trans-[RuVI(O)2(CRMe3)]
2þ 4.2
 10�3 (0.1M CF3SO3H) 14 (�28) 264

trans-[RuVI(O)2(pyen)]
2þ 1.2
 10�2 (0.1M CF3SO3H) 264

trans-[RuVI(O)2(N2O2)]
2þ 0.17 (0.1M CF3SO3H) 20 10 (�28) 264

trans-[RuVI(O)2(bpy)2]
2þ 3.5 (0.1M CF3SO3H) 264

trans-[RuV(O)(N4O)]2þ 31 (0.1M HClO4) 6 11.4 (�14) 387
RuO4 4.3
 10�2 (1.49M HClO4) 1.5 14 (�18) 607

Table 10 Representative kinetic data for the oxidation of ethylbenzene, cumene, and toluene by ruthenium
oxo complexes.

Complex k2 at 298K(M
�1 s�1) kH/kD

�H‡(�S‡)
(kcal mol�1

(eu)) References

Ethylbenzene
trans-[RuVI(O)2(pytn)]

2þ 1.32
 10�3 (MeCN) 12 13 (�24) 264
trans-[RuVI(O)2(N2O2)]

2þ 1.98
 10�3 (MeCN) 16 14 (�22) 264
trans-[RuVI(O)2(TPP)] 2.2
 10�4 (CH2Cl2/

MeOH 19:1)
319

Cumene
trans-[RuVI(O)2(pytn)]

2þ 1.96
 10�3 (MeCN) 14 (�25) 264
trans-[RuVI(O)2(N2O2)]

2þ 2.9
 10�3 (MeCN) 11 (�31) 264
trans-[RuVI(O)2(TPP)] 3.16
 10�4 (CH2Cl2/

MeOH 19:1)
319

[RuIV(O)(bpy)2(py)]
2þ 2.6
 10�2 (MeCN) 398b

Toluene
trans-[RuVI(O)2(N2O2)]

2þ 1.8
 10�5 (MeCN) 264
[RuIV(O)(bpy)2(py)]

2þ 5
 10�5 (MeCN) 398b

Ruthenium and Osmium: High Oxidation States 787



structures of the alkenes. Representative kinetic data for the oxidation of styrene are summarized
in Table 11. For the oxidation of para-substituted styrenes a linear Hammett plot of log kX/kH vs.
�þ of para-substituents with a � value of �2.1 has been obtained. A linear correlation between log
kX/kH and E�(RuVI/V) has been observed in the oxidation of styrene and norbornene, suggesting
the importance of charge transfer in the transition state.

In general the reactivities of cis-dioxoruthenium(VI) complexes toward organic substrates
are similar to that of the trans complexes. cis-[RuVI(O)2(Tet-Me6)]

2þ is also able to oxidize a
variety of organic substrates at room temperature.260 Alcohols are oxidized to aldehydes and
ketones, and large �-CH deuterium isotope effects are observed (kH/kD¼ 10, 21, and 8 for
2-propanol, benzyl alcohol, and methanol, respectively). A linear Hammett plot for the
oxidation of para-substituted benzyl alcohols with a slope of �1.0 is obtained. A hydride
abstraction mechanism has been proposed. In general the rates of oxidation of alcohols by
dioxoruthenium(VI) complexes appear to depend only on the RuVI/IV redox potential, irre-
spective of whether the complex is cis or trans. Aromatic hydrocarbons are also readily
oxidized by cis-[RuVI(O)2(Tet-Me6)]

2þ. The oxidation of toluene, ethylbenzene, and cumene
gives benzaldehyde, acetophenone and s-phenethyl alcohol, and 2-phenylisopropyl alcohol,
respectively. The oxidation of alkenes such as styrene, cis- and trans-stilbene, and cyclooctene
are again similar to that of the trans complexes; both epoxidation and oxidative cleavage of
the C¼C bond are observed. No diol products were reported. Oxidation of adamantane
occurs predominantly at the tertiary C�H position. The complex cis-[RuVI(O)2(6,6

0-
Cl2bpy)2]

2þ is among the most active and robust ruthenium oxidants.229,233,267–269 It is able
to oxidize stoichiometrically, among other substrates, unactivated C�H bonds such as cyclo-
hexane and n-hexane at room temperature.

The complex cis-[RuVI(O)2(Me3tacn)(CF3CO2)]
þ is an active oxidant for alcohols and

alkenes.249 The oxidation of alkynes by this complex has also been investigated.270 In
MeCN in the presence of CF3CO2H, disubstituted alkynes are oxidized to 1,2-diketones in
good to excellent yields under ambient conditions. The reaction proceeds via the formation of
a dark blue ruthenium(IV) dioxolene intermediate, which is formally a [3þ 2] cycloadduct, as
revealed by an X-ray structure determination of the adduct with bis(trimethylsilyl)acetylene
(Scheme 14) (see Section 5.6.6.7.3). The kinetics of the cycloaddition with various substituted
trimethylsilylacetylenes have been investigated. The rate constants are within an order of
magnitude despite the large difference of ionization potentials (2.3 eV) of the substrates.
A mechanism involving rate-limiting formation of a vinyl radical intermediate followed by
subsequent collapse with the adjacent Ru¼O moiety to form the ruthenium(IV) dioxolene
product has been proposed.270

(b) Oxidation of inorganic substrates. The kinetics of the reduction of trans-[RuVI(O)2-
(14-TMC)]2þ with the outer-sphere ruthenium(II) reductants cis-[Ru(NH3)4(bpy)]

2þ, cis-[Ru-
(NH3)4(isn)]

2þ ( isn¼ isonicotinamide), and [Ru(NH3)5(py)]
2þ have been investigated. From the

rate data a self-exchange rate constant of 1.5
 105 M�1 s�1 (25.0 �C and 0.1M ionic strength) for
the [RuVI(O)2(14-TMC)]2þ/[RuV(O)2(14-TMC)]þ couple has been obtained.256 The rates and equili-
brium constants for the reaction trans-[OsVI(O)2(14-TMC)]2þþQ�Ð trans-[OsV(O)2-(14-TMC)]þþQ

Table 11 Representative kinetic data for the oxidation of styrene by ruthenium oxo complexes.

Complex k2 at 298K(M
�1 s�1)

�H‡(�S‡)
(kcal mol�1 (eu)) References

trans-[RuVI(O)2(14-TMC)]2þ 1
 10�6 (MeCN) 217
trans-[RuVI(O)2(CRMe3)]

2þ 1.5
 10�5 (MeCN) 15 (�24) 217
trans-[RuVI(O)2(pytn)]

2þ 9.2
 10�2 (MeCN) 12 (�24) 217
trans-[RuVI(O)2(N2O2)]

2þ 2.1
 10�1 (MeCN) 11 (�22) 217
trans-[RuVI(O)2(TPP)] 4.3
 10�3 (CH2Cl2/MeOH 19:1) 10 (�35) 319
trans-[RuVI(O)2(OEP)] 1.55
 10�3 (ClCH2CH2Cl) 16 (�18) 319
[RuIV(O)(bpy)2(py)]

2þ 1.48
 10�2 (MeCN) 7.2 (�43) 513
[RuIV(O)(tpy)(6,60-Cl2bpy)]

2þ 2.8
 10�2 (MeCN) 11.1 (�28.2) 269
[RuIV(O)(tpy)(TMEA)]2þ 2.0
 10�2 (0.1M HClO4) 476
[RuIV(O)(bpy)2(PEt3)]

2þ 3.7
 10�3 (MeCN) 15.6 (�15.9) 490
4.3
 10�3 (CH2Cl2) 9.7 (�36.7) 490

[RuIV(O)(bpy)2(PPh3)]
2þ 8.9
 10�3 (MeCN) 13.1 (�22.5) 490

9.1
 10�3 (CH2Cl2) 13.3 (�23.4) 490
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(Q¼ quinones) have beenmeasured by pulse radiolysis methods.253From the results a self-exchange rate
constant of 1.1
 106 M�1 s�1 and a reduction potential of þ0.048V vs. NHE for OsVI/OsV have been
obtained. The relatively fast self-exchange rates of the RuVI/V and OsVI/V couples are consistent with the
reactions being adiabatic, with relatively small inner-sphere reorganization barriers. The small barriers
are due to small bond distance changes when the oxidation states differ only in their d� orbital
populations.253
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The reduction of trans-[RuVI(O)2(14-TMC)]2þ by Fe2þ has an enthalpy of activation that is close
to zero and a large negative entropy of activation,�H‡¼ 1.3� 0.3 kJmol�1 and�S‡¼�(210� 20)
JK�1mol�1 at 1.0M ionic strength, consistent with an inner-sphere mechanism.271

The oxidation of I� by trans-[RuVI(O)2(14-TMC)]2þ in aqueous acidic solution has the
following stoichiometry: trans-[RuVI(O)2(14-TMC)]2þþ 3I�þ 2Hþ! trans-[RuIV(O)(OH2)-
(14-TMC)]2þþ I3

�. The rate law is �d[Ru(VI)]/dt¼ (kaþ kb[Hþ])[RuVI][I�] with ka¼ 0.041M�1 s�1

and kb¼ 18.5M�2 s�2 at 25.0 �C and 0.1M ionic strength. A mechanism involving oxygen atom
transfer from O¼RuVI¼O to I� is consistent with the data.272

The oxidation of SO3
2� by trans-[RuVI(O)2(14-TMC)]2þ has the following stoichiometry in

aqueous solution: trans-[RuVI(O)2(14-TMC)]2þþ SO3
2�þH2O! trans-[RuIV(O)(OH2)(14-TMC)]2þ

þ SO4
2�. The rate law is �d[RuVI]/dt¼ k/(1þ [Hþ]/K)[RuVI][SIV] with k¼ 7.0
 104 M�1 s�1 and

K¼ 3.4
 10�7 M at 1.0M ionic strength. A simple outer-sphere mechanism can be ruled out since
k is more than two orders of magnitude greater than predicted by the Marcus cross-relation, and
an oxygen atom transfer mechanism has been proposed.273

The oxidation of hypophosphite and phosphite by trans-[Ru(O)2(N2O2)]
2þ in aqueous acidic

solutions has the following stoichiometry (x¼ 2 or 3): trans-[RuVI(O)2(N2O2)]
2þþH2

POx
�þH2O! trans-[RuIV(O)(OH2)(N2O2)]

2þþH2POxþ1
�. The two reactions have the same

rate law (P¼PI or PIII): �d[RuVI]/dt¼ k/(1þ [Hþ]/K)[RuVI][P]. For PI, k¼ 1.3M�1 s�1 and
K¼ 9.7
 10�2M at 298K and 1.0M ionic strength. For PIII, k¼ 4.8
 10�2M�1 s�1

and K¼ 1.2
 10�2M at 298K and 0.2M ionic strength. For hypophosphite, the kinetic isotope
effect, k(H2PO2

�)/k(D2PO2
�), is 4.1 at pH¼ 1.07. For phosphite, the kinetic isotopic effect,

k(HDPO3
�)/k(D2PO3

�), is 4.0 at pH¼ 2.30. A mechanism involving hydride transfer from
P�H to Ru¼O is proposed for these two reactions.274

The kinetics of the reduction of cis-[RuVI(O)2(Tet-Me6)]
2þ by [Ni(tacn)2]

2þ (tacn¼ 1,4,7-tri-
azacyclononane) and [Fe(H2O)6]

2þ in aqueous acidic solutions have the following stoichiometry:
2MIIþ cis-[RuVI(O)2(L)]

2þþ 2Hþ! 2MIIIþ cis-[RuIV(O)(OH)2(L)]
2þ (M¼Ni or Fe). Two dis-

tinct steps are observed for both reactions and these are assigned to RuVI!RuV and
RuV!RuIV. For reduction by [Ni(tacn)2]

2þ an outer-sphere mechanism is proposed for the
RuVI!RuV step and a self-exchange rate of 2
 104M�1 s�1 for the cis-[RuVI(O)2(L)]

2þ/cis-
[RuV(O)2(L)]

þ couple has been estimated; a mechanism involving a pre-equilibrium protonation
of cis-[RuV(O)2(L)]

þ followed by outer-sphere electron transfer is proposed for the RuV!RuIV

step. For reduction by [Fe(H2O)6]
2þ, an outer-sphere mechanism is proposed for the first step and

an inner-sphere mechanism is proposed for the second step.275

(c) Photophysical and photochemical properties of trans-dioxoosmium(VI) complexes. The com-
plexes trans-[OsVI(O)2(L)]

2þ (L¼ 14-TMC, 15-TMC, 16-TMC, (TMEA)2, CRMe3) exhibit room
temperature photoluminescence both in the solid state and in fluid solution.214–216 Excitation
of trans-[OsVI(O)2(L)]

2þ at �> 350 nm results in phosphorescence in the 600–700 nm region.
The emitting state has been assigned to the [(dxy)

l(d�*)
1] triplet state (d�*¼ dxz, dyz).

The photophysical properties are summarized in Table 3. The phosphorescence of
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trans-[OsVI(O)2(14-TMC)]2þ* is found to display large excited state lifetime dependence on the
concentration of trans-[OsVI(O)2(14-TMC)]2þ, indicating a self-quenching process; and an inherent
life time of 3.3 ms has been estimated by extrapolating the lifetime to infinite dilution. An excited
state redox potential of 2.2V vs. NHE has been determined for trans-[OsVI(O)2-(14-TMC)]2þ using
spectroscopic and electrochemical data. The excited state �sym(OsO2) stretch has been estimated to
be 740–750 cm�1, which is substantially lower than the ground state value of 917 cm�1, indicating a
weakening of the Os¼O bond upon light excitation. Because of the high excited state redox
potential and the weakening of Os¼O bond upon light excitation, trans-[OsVI(O)2(14-TMC)]2þ*
is both a strong one-electron oxidant and an oxygen atom transfer reagent. Photooxidation of
aromatic hydrocarbons to the corresponding cation radicals has been observed. Steady-state
photolysis of trans-[OsVI(O)2(14-TMC)]2þ in the presence of phosphines, sulfides, and alkenes
results in the formation of phosphine oxides, sulfoxides, and epoxides, respectively. The primary
step in these photoinduced oxygen atom transfer reactions is probably charge transfer in nature
(Equation (50)). This is supported by a linear correlation between the logarithm of the quenching
rate constant and the vertical ionization potential of alkenes, suggesting an electron transfer
mechanism in the initial step of the quenching reactions:

[OsVI(O)2]* + S           [OsV(O)2, S+] ð50Þ

The reductive quenching of [OsVI(O)2(TMC)]2þ* by various inorganic anions and cations has
also been investigated in water at 25 �C.276 The rate constants for the quenching by a number of
anions are NO2

�, 2.0
 109 M�1 s�1; N3
�, 4.0
 109 M�1 s�1; and I�, 6.5
 109 M�1 s�1. The rate

constants for the quenching of the aqua ions [Fe(H2O)6]
2þ (1.0
 109 M�1 s�1), [Co(H2O)6]

2þ

(1.0
 106 M�1 s�1), and CeIII (1.0
 105 M�1 s�1) are in fair agreement with values calculated
from the Marcus cross-relation and the self-exchange rates for the [OsVI(O)2(TMC)]2þ*/
[OsV(O)2(TMC)]þ couple (1.0
 105 M�1 s�1).276

5.6.4.4.3 Phosphorus and arsenic ligands

It appears that there are no examples for ruthenium. trans-[Os(O)2(Cl)2(PPh3)2] and trans-
[Os(O)2(Br)2(PPh3)2] can be made in a pure form by reaction of OsO4 with PPh3 in ethanolic
HCl or HBr.277 A number of other [Os(O)2(Cl)2(PR3)2] species (PR3¼PMePh2, PEtPh2,
PEt2Ph),

277 as well as complexes with diphosphines, diarsines, and diamines, [Os(O)2(X)2-
(L–L)],278 have also been made using similar procedures.

5.6.4.4.4 Oxygen ligands

Many ruthenyl and osmyl complexes with O donor ligands are known. The ruthenium com-
pounds are usually prepared from [RuO4], which can be generated by the oxidation of
RuCl3�xH2O or [RuO2] with [IO4]

�. The osmium compounds are usually prepared from [OsO4]
or K2[Os(O)2(OH)4].

The ruthenate ion has been known for a long time and was thought to have a tetrahedral
structure with the formula [RuO4]

2�. X-ray studies of the potassium and barium salts show the
presence of the trigonal bipyramidal trans-[Ru(O)3(OH)2]

2� anion instead.279–281 However, it is
possible that the [RuO4]

2� ion may exist in solution. The ruthenate ion functions as a two-electron
oxidant for alcohols in aqueous solutions at high pH. The oxidation can be made catalytic by using
persulfate as co-oxidant; however, competing C¼C cleavage occurs in the oxidation of allylic
alcohols.100 The insoluble barium salt can be used as a stoichiometric oxidant in nonaqueous
solvents for the conversion of benzyl alcohols to aldehydes and ketones.100 Catalytic oxidation of
activated primary alkyl halides to alkanoic acids, secondary halides to ketones, and nitro com-
pounds to alkanoic acids by ruthenate/persulfate has also been reported.103 The kinetics and
mechanisms of the oxidation of alcohols by [RuO4]

2� have been investigated.99,109 In the oxidation
of substituted mandelic acids a concave Hammett plot is obtained, suggesting a free radical-like
transition state. The oxidation of 2-propanol has an �-CH deuterium isotope effect of 2.4. The
oxidation of sulfides to sulfoxides and sulfones by [Ru(O)3(OH)2]

2� (also [RuO4]
� and [RuO4])
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appears to occur by an oxygen atom transfer mechanism.37 The corresponding osmate(VI) ion,
trans-[Os(O)2(OH)4]

2�, is octahedral. The purple diamagnetic potassium osmate, K2[Os(O)2(OH)4],
is a useful starting material for the preparation of other osmyl or osmium complexes. It is best
prepared from the reaction of [OsO4] with excess KOH. A closely related species is the olive green
K2[Os(O)2(OMe)4], made from KOH and [OsO4] in methanol.282

There are a number of complexes that contain the periodato ligand; both the metal center and the
ligand have oxidation capacity. The species trans-[Ru(O)2(HIO6)2]

6� has been prepared from
RuCl3�nH2O and IO4

�.283 The X-ray structure of trans-NaK5[Ru(O)2(HIO6)2]�8H2O (98) shows
trans-dioxo ligands (d(Ru¼O)¼ 1.732 Å) and bidentate monoprotonated periodato ligands
(Ru�O¼ 2.012 Å).283 This complex is unusual in that both the metal center and the ligand function
as oxidants. It functions as an overall six-electron oxidant, two electrons going to each
[IVII(O)5(OH)]4� ligand, which is reduced to [IV(O)3]

�, and two to the RuVI, which is reduced to
[RuO2]. Primary alcohols are oxidized to carboxylic acids and secondary alcohols to ketones.
Double bonds are cleaved, as are diol linkages. The oxidation can be made catalytic by using excess
[IO4]

� as co-oxidant. trans-[Ru(O)2(H2TeO6)2]
6� has also been prepared similarly. It functions only

as a two-electron oxidant; the tellurato ligand does not function as an oxidizing moiety.283

The complex trans-[Ru(O)2(bpy){IO3(OH)3}] (99), prepared by the reaction of [RuO4] with
IO4

� and bpy, is the first example of a complex that contains the triply protonated periodate
ligand, [I(O)3(OH)3]

2�. The Ru¼O and Ru�O distances are 1.727 Å and 1.99 Å, respectively.
The complex (99) is an efficient catalyst for the oxidation of alkenes using IO4

� as the co-oxidant.
It also oxidizes primary alcohols to aldehydes and secondary alcohols to ketones. In the stoichio-
metric oxidation of alkenes, IO3

� and a RuIIbpy complex can be identified as the products,
indicating that the complex functions as a six-electron oxidant.284,285 (99) is also an effective
catalyst for the oxidation of alkanes using TBHP or IO4

� as the terminal oxidant.285 The osmium
analog of this complex can be made from K2[OsVI(O)2(OH)4], bpy, and Na[IO4], and a number of
complexes of the type [Os(O)2(L){I(O)3(OH)3}] (L¼ bpy, phen, 2,20-dipyridylamine) have been
isolated. [Ru(O)2(bpy){Te(O)2(OH)4}] has also be made: it is a four-electron oxidant that can
catalyze the epoxidation of alkenes using IO4

�.285
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Carboxylato complexes of ruthenium(VI) and osmium(VI) are known. Reaction of [RuO4] with
PPh4Cl in glacial acetic acid yields (PPh4)[Ru(O)2(OAc)(Cl)2]�2AcOH (100).286 The measured
Ru¼O distances and O¼Ru¼O angle are 1.64–1.71 Å and 120.2�, respectively. Complexes of
other carboxylate ligands, [Ru(O)2(OCOR)(Cl)2]

� (R¼Et, Pr, CHF2), have also been prepared.287

These complexes are good two-electron oxidants at room temperature, both stoichiometrically and
catalytically using NMO. Primary halides are oxidized to aldehydes, secondary halides to ketones,
alcohols to aldehydes and ketones, and sulfides to sulfoxides and sulfones.286,287

A dark green solid, formulated as Ba[Ru(O)2(OCOMe)4]�3H2O, has been obtained by dissolving
Ba[Ru(O)3(OH)2] in MeCO2H/CH2Cl2.

288 This compound is able to stoichiometrically
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oxidize alkanes at room temperature. The reaction can be made catalytic by using
(NBut4)(IO4) as the terminal oxidant. The stoichiometric oxidation of alkanes is greatly
increased by the addition of a few equivalents of metal chlorides such as ZnCl2, FeCl3, and
AlCl3. It was proposed that the metal chlorides function as Lewis acids by with-
drawing electron density from the oxo group.288 Dissolving Ba[Ru(O)3(OH)2] in trifluoroacetic
acid/CH2Cl2 generates an unstable solution that can oxidize alkanes at room temperature,
presumably the active species being a trans-dioxoruthenium(VI) species with trifluoroacetate
ligands.289 In the presence of bpy, a more stable solution that can oxidize ethane (to ethanoic
acid) and propane (to 2-propanone) is obtained. The active species is proposed to be trans-
[RuVI(O)2(bpy)(CF3CO2)2].

289

The blue K[Os(O)2(OAc)3]�2AcOH (101) can be prepared from K2[Os(O)2(OMe)4] and acetic
acid, the structure of which has been established by X-ray crystallography;290 the O¼Os¼O
angle is 125.2� and the Os¼O distances are 1.700 Å and 1.722 Å. The species (PPh4)[Os(O)2-
(OCOR)(Cl)2] (R¼Me, Et) is prepared by adding [OsO4] to PPh4Cl in RCO2H. (PPh4)[Os(O)2-
(OCOMe)(Cl)2] is unable to oxidize alcohols under stoichiometric conditions. However, it can
perform catalytic oxidation of alcohols using NMO as the terminal oxidant, the active species
being most probably [OsO4�NMO].(PPh4)[Os(O)2(OCOMe)(Cl)2] is a good starting material for
the preparation of a variety of osmium compounds.290

An osmyl acetate complex has been produced by an unusual CO insertion reaction: interaction
of CO (1.4 atm) with [Os(O)2(OMe)4]

2� in MeOH gives the methoxy-bridged dimer
[{Os(O)2(OCOMe)2(�-OMe)}2]

2� (102).291 The X-ray structure of the (NBun4)
þ salt has been

determined (average Os¼O bond length is 1.725 Å).291
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A number of hydroxycarboxylato complexes of osmium(VI) have been prepared as models
for glycols and aldonic acid forms of sugars. These include [Os(O)2(L)(py)2] (L¼ glycolate,
oxoisobutyrate, mandelate, salicylate),292 [Os(O)2(L

0)(py)2] (L0 ¼ oxalate, lactate, atrolactate,
citrate, quinate),293 [Os(O)2(pic)2(L)] (pic¼ 3-methylpyridine, L¼ oxalate, oxoisobutyrate),
[Os(O)2(py)2]2(tartrate), K2[Os(O)2(L)2] (L¼ glycolate, quinate), and K4[{Os(O)2}2 (tartrate)3].

293

IR, Raman, and NMR studies suggest that these complexes contain the trans-OsO2 osmyl
linkages. The X-ray structures of [Os(O)2(py)2(glycolate)]

294 and [Os(O)2(py)2(salicylate)]
295 have

been determined.
A large number of osmium(VI) oxo esters are known, generally made by the reaction of [OsO4]

and an alkene R. These have been described in detail in CCC (1987). The X-ray structure of an
osmium(VI) bisglycolate species (103) produced by reaction of a sterically hindered chiral alkene
with [OsO4] has been determined.296 These kinds of bisglycolate species may be key intermediates
in catalytic osmylation processes. There are also a few osmium(VI) oxo esters prepared from
photochemical or thermal reactions of [OsO4] with arenes (see Section 5.6.2.3.1(ii)).70,71 Analo-
gous osmium(VI) esters are obtained from the reaction of [Os(O)3(NR)] and [Os(O)3(NR)(L)]
with alkenes.297,298 Reaction of [Os(O)3(NBut)] with isobutylene produces [Os2(O)4(OCMe2CH2N-
But)2] (104).

297 The Os�O(terminal) and Os�O(bridging) distances are 1.67 Å and 1.92 Å, respect-
ively. The structure is comparable to [Os2(O)4(O2C2Me4)2] which is made from [OsO4]. The
adducts [Os(O)3(NR)(L)] (R¼But, t-pentyl, C8H17; L¼ quinuclidine) and [{Os(O)3(NR)}2(L

0)]
(R¼But or C8H17, L0 ¼ 1,4-diazabicyclo[2.2.2]octane (dabco) or 1,3,5,7-tetraazatricyclo-
[3.3.1.1]decane; R¼ t-pentyl, L0 ¼ dabco) react with alkenes R0 to give [Os(O)2(OR0NR)(L)]
and [{Os(O)2(OR0NR)}2(L)

0], respectively.298

Other osmyl complexes with O donor ligands include (PPh4)2[Os(O)2(OSiMe3)4], prepared from
(PPh4)2[Os(O)2(Cl)4] and NaOSiMe3; and trans-[Os(O)2(trop)2] (trop¼ tropolonato C7H5O2

�),
prepared from K2[Os(O)2(OH)4] and the ligand.299
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5.6.4.4.5 Sulfur and selenium ligands

An unusual tetrahedral osmyl thiosulfato complex, [Os(O)2(S2O3)2]
2� (105), has been prepared by

reaction of [OsO4] with Na2S2O3 in water. The X-ray structure of the (NBun4)
þ salt reveals a

distorted tetrahedral structure; the O�Os�O angle is significantly enlarged at 127.2� and the
S�Os�S angle is appreciably contracted at 89.2�. The Os�S and Os�O distances are 2.218 Å
and 1.692 Å respectively.300,301 The IR and Raman spectra in the solid state are similar to those in
CH2Cl2, suggesting that the tetrahedral geometry is retained in solution. Cyclic voltammetry of
the complex in dichloroethane shows a reversible OsVI/V couple at �1.10V vs. Cp2Fe

þ/0 and an
irreversible oxidative wave. [Os(O)2(S2O3)2]

2� is found to be very reactive; it reacts with a variety of
organic and inorganic substrates to produce a number of new thiosufato complexes (Scheme 15).301

The X-ray structure of one of these products, (NBu4
t)[Os(H2O)(S2O3)2(PMe2Ph)3] (106), has

been determined.
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Scheme 15

The osmyl thioether and selenoether complexes [Os(O)2(X)2(SR2)2] ((SR2)2¼ (SMe2)2,
MeS(CH2)2SMe, o-C6H4(SMe)2, o-C6H4(PPh2)(SMe) or MeSe(CH2)2SeMe; X¼Cl, Br) have been
prepared by reaction of the ligand with [OsO4] in a mixture of ethanol and concentrated HX.302

Reaction of K2[Os(O)2(OH)4] with the imidodiphosphinochalcogenide ligands HN(QPR2)2
yields the dioxoosmium(VI) complexes trans-[Os(O)2{N(QPR2)2}2] (107) (Q¼ S, R¼Ph, Pri;
Q¼ Se, R¼Ph).303

5.6.4.4.6 Halogen ligands

A clear-cut method for the preparation of [Ru(O)(F)4] was reported, which involves reaction of
[RuO4] with KrF2 in HF.610 Its IR spectrum shows a strong �(Ru¼O) stretch at 900 cm�l.
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Chloro complexes of dioxoruthenium(VI) exist as six-coordinate [Ru(O)2(Cl)4]
2� (108a) as well as

five-coordinate [Ru(O)2(Cl)3]
� (108b) forms.100 The six-coordinate form rapidly converts to the

five-coordinate form, with a dissociation constant K¼ 5.3
 10�3 M for chloride loss in CH2Cl2.
304

The structure of (PPN)2[Ru(O)2(Cl)4] has been established by X-ray crystallography. It has an
octahedral geometry and consists of trans-dioxo ligands with d(Ru¼O)¼ 1.709 Å. The �as(RuO2)
stretch occurs at 830 cm�1 304 (Table 4). The solid-state structure of [Ru(O)2(Cl)3]

� is dependent on
the counterion. In the (PPN)þ salt the [Ru(O)2(Cl)3]

� ion has a trigonal bipyramidal structure with
cis-dioxo ligands. The Ru¼O distances are 1.658 Å and 1.694 Å and the O�Ru�O angle is 127�.304

The �as(RuO2) stretch occurs at 881 cm�1. However, the [Ru(O)2(Cl)3]
� ion in the (PPh4)

þ salt is
disordered between trigonal bipyramidal and square pyramidal geometries, which can be refined by
using an occupancy ratio of 6:4. The square pyramidal component of [Ru(O)2(Cl)3]

� is assigned
with trans-dioxo ligands that accounts for the appearance of the unusual IR band at 891 cm�1

(together with the band at 878 cm�1 in crystalline (PPh4)[Ru(O)2(Cl)3].
The oxidation of alcohols and various organic substrates by (PPh4)[Ru(O)2(Cl)3] has been

described.100,304 Salts of the form trans-(R-pyH)2[Ru(O)2(Cl)4] (R-py¼ pyridine, substituted pyr-
idines), trans-(R)2[Ru(O)2(X)4] (X¼Cl, Br; R¼Me2NH(CH2)2NHMe2, Me2N(C2H4)2NMe2),
(PPh4)[Ru(O)2Br3], trans-(PPh4)2[Ru(O)2(Br)4], and trans-(AsPh4)[Ru(O)2 (Cl)3(OPPh3)] have
been shown to function as catalysts for the oxidation of primary alcohols to aldehydes and of
secondary alcohols to ketones, without competing olefinic bond cleavage, using NMO as the
terminal oxidant.305

[Os(O)(Cl)4] and [Os(O)(F)4] have been described in CCC (1987). The matrix IR spectrum of
[Os(O)(F)4] has been measured, and shows absorptions at 1,079 cm�1 (Os¼O) and
685 cm�1(Os�F), consistent with C4v geometry.89 The molecular structure of [Os(O)(Cl)4] has
been studied by gas-phase electron diffraction.306 The X-ray structure of trans-(H2TMEA)-
[Os(O)2(Cl)4] has been determined (Os�O¼ 1.718–1.728 Å, Os�Cl¼ 2.381–2.397 Å).307 The
bromo analog, (PPh4)2[Os(O)2(Br)4], has been prepared by the addition of PPh4Br in HBr to
K2[Os(O)2(OMe)4] in MeOH.287

5.6.4.4.7 Mixed donor atom ligands

There are a number of osmium(VI) oxo complexes of this type; however, there appears to be only
one example for ruthenium (see Figure 12 for structures of ligands).

Oxidation of (NPrn4)[RuV(O)(PHAB)] (109) by CeIV yields the diamagnetic monooxoruthe-
nium(VI) complex [RuVI(O)(PHAB)] . As expected, the �(Ru¼O) stretch (935 cm�1) occurs at a
higher frequency than that of the corresponding RuV complex (887 cm�1). X-ray diffraction
studies reveal that it has a square pyramidal structure with a Ru¼O distance of 1.661 Å, which
is shorter than that in RuV (1.702 Å).

A trans-dioxoosmium(VI) complex of the tetradentate pyridine-amido ligand bpb has been
isolated.308 Reaction of K2[OsVI(O)2(OH)4] with H2bpb in MeOH/HCl (2M) produces
trans-[OsVI(O)2(H2bpb)]Cl2, which can be deprotonated with Et3N in MeOH to give trans-
[OsVI(O)2(bpb)]. As expected for a d2 trans-dioxoosmium(VI) complex, this compound is diamag-
netic and exhibits an intense IR band at 850 cm�1 characteristic of the �asym(OsO2) stretch. It
reacts with excess PPh3 in MeCN at 50–60 �C to produce trans-[Os(bpb)(PPh3)(Cl)]. A chiral
version of trans-[OsVI(O)2(bpb)] has also been reported.309 Stirring the R(�) or S(þ) form of the
amide ligand L (148) (Figure 12) with K2[Os(O)2(OH)4] in methanol at 40 �C gives the respective
R or S form of the orange [OsVI(O)2(L)]. The R form has been established by X-ray crystal-
lography.309 The osmium atom is six-coordinate with the two oxo groups trans to each other.
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However, the measured O�Os�O angle of 166.7� significantly deviates from 180�. The measured
Os¼O distances of 1.726 Å and 1.727 Å are in the normal range expected for trans-dioxo-
osmium(VI) complexes.

A series of trans-dioxoosmium(VI) complexes with Schiff base ligands (salen, 5-Pri-salen, 5-But-
salen, 3-But-saltmen, 5-{(3-Me)-Bu}-saltmen, 5-But-saltmen) have also been prepared by the
reaction of K2[Os(O)2(OH)4] with the ligand in methanol.310,311 Surprisingly the corresponding
ruthenium complexes have yet to be reported. The X-ray crystal structure of trans-[OsVI(O)2-
(3-But-saltmen)] has been determined (d(Os¼O)¼ 1.760 Å and 1.722 Å, O�Os�O¼ 176.6�). These
complexes undergo irreversible electrochemical oxidation and reduction in acetonitrile. A related
species, [OsVI(O)2(phenba)], is able to oxidize benzyl alcohol in the presence of one equivalent of
PPh3, the active oxidant being probably a OsIV¼O species.312 trans-Dioxoosmium(VI) complexes
of Schiff base ligands obtained from the condensation of �-diketones and 1,2-diaminoethane are
also known.313 The X-ray structure of trans-[OsVI(O)2{(BA)2en}] has been determined. The
Os¼O distances are 1.753 Å and 1.736 Å (average) for the two crystallographically independent
molecules.
trans-Dioxoosmium(VI) complexes with tetraanionic ligands are also known. The complexes

K2[Os(O)2(CHBA-Et)] and K2[Os(O)2(CHBA-DCB)] are prepared from K2[Os(O)2(OH)4]
(�as(OsO2)¼ 820 cm�1).314 In the presence of pyridine these complexes react with PPh3 to give
bis(pyridine)osmium(IV) derivatives. There are also complexes of the form trans-[Os(O)2(H2L)]

2�

(L¼ (149), (150), (151)) (Figure 12) where H2L are tetraamidato ligands with appendages contain-
ing hydrogen bond donors.315

A rare example of a cis-dioxoosmium(VI) complex is cis-[Os(O)2(L)], L¼ 2,6-bis(2-hydroxy-2,
2-diphenylethyl)pyridinato(2-), which is prepared from K2[Os(O)2(OH)4] and H2L.

149 The assign-
ment of cis configuration is based on IR spectroscopy. This complex reacts readily with nitrogen
bases to form six-coordinate trans-dioxoosmiun(VI) complexes. The crystal structure of
[Os(O)2(L)-(Bu

tNH2)]�0.5C6H14 (110) has been determined; the average Os¼O distance is
1.741 Å.149

An unusual osmium(VI) monooxo species stabilized by amido ligands, [OsVI(O)(tmen-
2H)(tmen-H)]þ, has been prepared by treatment of [OsVI(O)2(tmen)2]

2þ (97b) with a base such
as collidine in acetonitrile.250 The crystal structure of the perchlorate salt has been determined: the
osmium atom is displaced 0.67 Å from the plane of the four N atoms. The Os¼O distance is
1.72 Å, and the Os�N distances of 1.85 Å and 1.99 Å indicate double bond character.250
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trans-Dioxoruthenium(VI) complexes containing bidentate cysteinate-S,O or 3-mercapto-propio-
nate-S,O ligands have been prepared as models for the active site of isopenicillin N-synthetase.316
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Reaction of [Ru(O)2(OH)2(py)2] or [Ru(O)2(bpy)(Cl)2] with H2L (H2L¼ N-acetylcysteine,
N-formylcysteine, or 3-mercaptopropionic acid) produces the complexes [Ru(O)2(py)2(L)]
or [Ru(O)2(bpy)(L)].

316 The IR spectra show a single and strong �as(RuO2) stretch at
800–835 cm�l, consistent with the trans configurations of these species.

5.6.4.4.8 Macrocyclic tertiary amine ligands

These are described in Section 5.6.4.4.2.

N- -N
O O

-OO-Cl Cl

ClCl

CHBA-Et

N- -N

N N

O O

R1

O-

N N

-O

R2 R3
R4

N- -N

N N

O O

N- -N
O O

Cl Cl

O- -O

Cl

Cl

Cl

Cl

CHBA-DCB

O-O

N N

-O O

N N

O- -O

NH HN
O

NH
O

NH HNCl

Cl Cl

Cl

OO

HN

NH HN

NH HN

OO

O
NH HN

O

NH HN

NH HN

OO

O
NH

O
O-

N- -N

-O

O O

PHAB

salen, R1, R2, R3, R4 = H
5-i-Pr-salen, R1, R2, R3, R4 = H, 5,5' = -CHMe2 
5-t-Bu-salen, R1, R2, R3, R4 = H, 5,5' = -CMe3

3-t-Bu-saltmen, R1, R2, R3, R4 = CH3, 3,3' = -CMe3

5-(3-Me)-Bu-saltmen, R1, R2, R3, R4 = CH3, 5,5' = -CH2CH2CHMe2

5-t-Bu-saltmen, R1, R2, R3, R4 = CH3, 5,5' = -CMe3

bpb, R = H
bpc, R = Cl

1
2

34

5
6 1'

2'

3' 4'

5'
6'

(148)

phenba(Ba)2en

(149)

(150) (151)

R R

Figure 12 Structures of some tetradentate ligands.
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5.6.4.4.9 Porphyrins and related complexes

(i) Syntheses

There is an extensive series of dioxoruthenium(VI) complexes with porphyrinato ligands, trans-
[RuVI(O)2(por)].

317 These include the nonsterically bulky porphyrins 4-X-TPP and OEP;318,319

sterically encumbered porphyrins such as TMP,320 DPP,321,322 2,6-Cl-TPP,322 and 2,4,6-MeO-
TPP;322 chiral porphyrins such as chiral picket-fence porphyrin (Pf-por),323 D2-porphyrins (D2-
por1 and D2-por2)

324,325,338 (Figure 13), and D4-porphyrin (D4-por) (35);326,327 and dentritic
porphyrins.328 These complexes are much more stable than oxoiron porphyrins, and have been
used as models for cytochrome P450 and related enzymes. They are also an important class of
oxidants for organic substrates. Initial attempts to oxidize ruthenium(II) porphyrins to generate
high-valent terminal oxo species resulted only in �-oxo ruthenium(IV) dimers (see Section
5.6.6.6.2(i) in Ru(IV)) The first dioxoruthenium(VI) porphyrin complex, trans-[RuVI(O)2(TMP)],
was obtained by oxidation of [Ru(TMP)CO] with m-CPBA (m-chloroperbenzoic acid) in CH2Cl2.

320

Evidently the sterically bulky TMP ligand prevents dimerization. Later, it was found that trans-
[RuVI(O)2(por)] complexes of nonsterically bulky porphyrin ligands such as TPP and OEP can
also be prepared if an EtOH/CH2Cl2 solvent is used.

318 Presumably the alcohol coordinates to the
putative RuIV intermediate and prevents dimerization. Dioxoruthenium(VI) complexes with other
sterically encumbered prophyrins such as H2DPP, H2(2,6-Cl-TPP), and H2(2,4,6-MeO-TPP) can
be obtained by simply carrying out the oxidation of the ruthenium(II) carbonyl complex with
PhIO in CH2Cl2. The X-ray structure of the chiral complex [RuVI(O)2(D4-por)*] has been deter-
mined; the Ru¼O distances are 1.73 Å and 1.75 Å.327

All the RuVI complexes are diamagnetic and display well-revolved 1H NMR spectra. The
pyrrolic proton signals are shifted about 0.4 ppm downfield from those of the carbonylruthen-
ium(II) precursors.

All [RuVI(O)2(por)] complexes show a strong �asym(RuO2) stretch at around 820 cm�1 (Table 4)
in the IR, and for [RuVI(O)2(4-X-TPP)] the frequency is insensitive to the nature of the para-
substitutent on the meso-phenyl groups. There is also a strong band near 1,000 cm�1 in the IR
spectra of ruthenium porphyrin complexes, which is assigned as the rocking vibrations of the
porphyrin ring. The position of this band (here referred as the oxidation marker band) is sensitive
to the strength of the metal–nitrogen bond and is related to the oxidation state of ruthenium.
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Figure 13 Structures of chiral porphyrins.

Ruthenium and Osmium: High Oxidation States 797



The oxidation state marker band for [RuII(por)(CO)(MeOH)] occurs at 1,007–1,009 cm�1, while for
[RuVI(O)2(por)] the band is located at 1017–1020 cm�1.317

The UV–vis spectra of [RuVI(O)2(por)] (Table 12) feature mainly the B band (Soret band) and a less
intense Q band typical of a normal porphyrin. The Q band is split into � and � in the OEP complexes.

The cyclic voltammogram of [RuVI(O)2(por)] shows a reversible oxidation wave and an irre-
versible reduction wave (Table 13). The oxidation wave is probably due to ligand-centered
oxidation (Equation (51)).

[RuVI(O)2(por)] – e–         [RuVI(O)2(por.+)] ð51Þ

[RuVI(O)2(por
.þ)] (for por¼TMP and OEP) have been generated by oxidation of [RuVI(O)2-

(por)] with phenoxathiin hexachloroantimonate.329 The products show a broad Q band and a less
intense and blue-shifted Soret band, consistent with the formation of the porphyrin cation radical.
The ESR spectra show a signal at g¼ 2.002 at 77K. [RuVI(O)2(por

.þ)] reacts with PPh3 to
produce two equivalents of PPh3O.

(ii) Reactivities

The trans-[RuVI(O)2(por)] complexes are active stoichiometric oxidants of alkenes and alkylaro-
matics under ambient conditions. Unlike cationic macrocyclic dioxoruthenium(VI) complexes that
give substantial C¼C bond cleavage products, the oxidation of alkenes by [RuVI(O)2(por)] affords
epoxides in good yields.319,321,322,326 Stereoretentive epoxidation of trans- and cis-stilbenes by
[RuVI(O)2(L)] (L¼TPP and sterically bulky porphyrins) has been observed, whereas the reaction
between [RuVI(O)2(OEP)] and cis-stilbene gives a mixture of cis- and trans-stilbene oxides.318,319

Adamantane and methylcyclohexane are hydroxylated at the tertiary C�H positions.318,319 Using
[RuVI(O)2(D4-por)], enantioselective epoxidation of alkenes can be achieved with ee up to 77%.326

In the oxidation of aromatic hydrocarbons such as ethylbenzenes, 2-ethylnaphthalene, indane, and
tetrahydronaphthalene by [RuVI(O)2(D4-por*)], enantioselective hydroxylation of benzylic C�H
bonds occurs resulting in enantioenriched alcohols with ee up to 76%.330

Table 12 UV–visible spectral data of selected dioxoruthenium(VI) porphyrins in CH2Cl2.

Complex �max (log ")(nm (dm3 mol�1 cm�1))

[RuVI(O)2(TPP)] 545 sh (3.89), 518 (4.24), 418 (5.29), 340 sh (4.19)
[RuVI(O)2(OEP)] 540 (4.40), 508 (4.28), 396 (5.44), 335 sh (4.45)
[RuVI(O)2(DPP)] 586 (3.59), 550 (3.85), 448 (4.78), 358 sh (3.98)
[RuVI(O)2(2,6-Cl-TPP)] 420 (5.49), 510 (4.16), 566 sh (3.60)
[RuVI(O)2(2,4,6-MeO-TPP)] 4.23 (5.38), 512 (4.40)
[RuVI(O)2(TMP)] 4.22(5.44), 526 (4.18)
[RuVI(TPP)(NTs)2] 416 (5.14), 536 (4.18), 568 (3.77)
[RuVI(OEP)(NTs)2] 406 (5.07), 520 (4.21), 551 (4.16)

Table 13 E� values (V vs. Cp2Fe
þ/0) for selected dioxoruthenium(VI) porphyrins.a

Complex Oxidation Reductionb

[RuVIO2(OEP)] 0.60 �0.90
[RuVIO2(TPP)] 0.79 �0.83
[RuVIO2(4-Me-TPP)] 0.72 �0.85
[RuVIO2(4-MeO-TPP)] 0.64 �0.88
[RuVIO2(4-Cl-TPP)] 0.86 �0.76
[RuVIO2(DPP)] 0.90b, 0.55 �1.00

Source: Che and Yu.317
a Conditions: 0.1mol dm�3 NBu4PF6 CH2Cl2, Ag/AgNO3 in MeCN as the reference electrode and glassy carbon working electrode; scan
rate¼ 100mV s�1. b Irreversible.
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The nature of the ruthenium product depends on the porphyrin and the solvent used. For
sterically nonbulky ligands such as TPP and OEP in noncoordinating solvents such as benzene,
the product is the �-oxo species [RuIV(por)(OH)]2(�-O).318 For sterically bulky porphyrins, the
product is a ruthenium(II) species that arises from disproportionation of the intermediate [RuIV-
(O)(por)].331 In CH2Cl2/ROH, a monomeric RuIV product is formed for all porphyrins, which can
be formulated either as [RuIV(por)(OR)2] or [RuIV(O)(por)(ROH)].318,319 In CH2Cl2/pyrazole
(Hpz), the product for all porphyrins is [RuIV(por)(pz)2].

321,322,326

The kinetics of the reaction of [RuVI(O)2(por)] with various alkenes have been investigated
either in CH2Cl2/MeOH or CH2Cl2/Hpz.319,321,322,326 In the absence of MeOH or Hpz, clean
kinetics are not always observed, presumably because dimerization or disproportionation of the
intermediate RuIV¼O species occurs at comparable rates as epoxidation. The reactions have
the following rate law: rate¼ k[RuVI(O)2(por)][alkene]. The rate constants for the oxidation of
styrene are in the range 6
 10�4�4.8
 10�3 M�1 s�1. The oxidation of norbornene occurs at
similar rates (9
 10�4�1.3
 10�2 M�1 s�1).317

Remarkably [RuVI(O)2(por)] with sterically bulky ligands can catalyze the aerobic epoxidation of
alkenes317,321,327,332,333 and the first example was demonstrated by [RuVI(O)2(TMP)].333,334 With the
chiral [RuVI(O)2(D4-por*)], enantioselective aerobic epoxidationof alkenes canalsobe achieved.

327These
catalysts usually become deactivated after 1–2 days, probably due to the formation of [Ru(por)(CO)].335

Apart from O2, [RuVI(O)2(por)] can also catalyze the oxidation of hydrocarbons using other
terminal oxidants such as N2O

336 and pyridine N-oxides.328,330,337,338 Notably [RuVI(O)2(D2-
por1)]325 and [RuVI(O)2(D2-por2)]

339 are selective catalysts for asymmetric epoxidation of term-
inal and trans-substituted alkenes with 2,6-dichloropyridine N-oxide. In the catalytic oxidation
with pyridine N-oxides, the most important intermediate appears to be a N-oxide coordinated
RuIV¼O species.338 The precursor [RuII(por)(CO)] is often used as the catalyst. The electrocata-
lytic oxidation of styrene by [RuVI(O)2(TMP.þ)] has also been reported.340

The ruthenium catalysts have also been attached to various solid supports, including polyethy-
leneglycol (PEG),341 mesoporous molecular sieves,342–344 and Merrifield’s peptide resin.345

Apart from alkenes, the oxidation of phosphines by the chiral [RuVI(O)2(Pf-por)]
346 and

[RuVI(O)2(TMP)],347 as well as the aerobic oxidation of sulfides by [RuVI(O)2(TMP)]348 have
also been investigated.

A number of trans-dioxoosmium(VI) complexes with porphyrins are also known. [OsVI (O)2(por)]
(por¼ 4-X-TPP, OEP, TMP, DPP) are synthesized by the oxidation of [OsII(por)(CO)] with
m-CPBA.321,349,350 The X-ray structure of [Os(O)2(4-Me-TPP)] has been determined; the Os¼O
distance is 1.743 Å.349 [OsVI(O)2(por)] are in general much weaker oxidants than their ruthenium
counterparts; they do not react with alkenes even at 50 �C. However, they catalyze the reaction of
alkenes with iodosylarenes.351 The main reaction pathway is oxidative double bond cleavage,
presumably through a seven-coordinate osmium intermediate. Both [OsVI(O)2(OEP)] and
[OsVI(O)2(TPP)] react with PPh3 to give [OsII(por) (OPPh3)2] (por¼TPP, OEP), and their X-ray
structures have been determined.352 [OsVI(O)2(OEP)] is reduced by ascorbic acid to give [OsIV(OEP)-
(OH)2].

349 The photophysics and photochemistry of [Os(O)2(OEP)] have also been reported.353 The
complex [Os(O)2(OEP)] shows emission at 729 nm [�0< 6 ms and �p¼ 5
 10�3 at 300K in deoxy-
genated acetone]. An extended Hückel calculation has been performed on [OsVI(O)2(por)].

207a

5.6.4.5 Sulfur Complexes

Apparently, soft sulfur ligands alone cannot stabilize RuVI or OsVI. The existing thioether,
thiolato, and sulfide complexes of ruthenium(VI) and osmium(VI) are associated with either the
oxo or the nitrido ligand and they have been discussed in the previous sections.

5.6.4.6 Halide Complexes

5.6.4.6.1 Fluoro complexes

The hexafluorides [RuF6] and [OsF6] are known. The rather unstable RuF6 can be obtained as a
brown solid in high yield by the interaction of [RuF5] with F2 at 220 �C and 30 atm. The IR
spectrum is consistent with an octahedral geometry.354 The metal K-edge EXAFS data for RuF6

have been obtained and a Ru�F distance of 1.83 Å was found.355
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The bright yellow [OsF6] has been described in CCC (1987). It can be prepared by the direct
fluorination of osmium.356 The molecular structure has been studied by EXAFS
(Os�F¼ 1.816 Å)357 and neutron diffraction (Os�F¼ 1.831 Å).358 The gas-phase molecular struc-
ture of [OsF6] has also been studied by electron diffraction and ab initio calculations.359 The
experimental Os�F distance is 1.828 Å. The electronic spectral study of [OsF6] has been
reported.360 The compound (NO)[Os(F)7] has also been mentioned in CCC (1987).

The reaction of [OsF6] with ZnS or B2S3 at elevated temperature yields [OsF5�SF4] instead of
an osmium thiofluoride.361

5.6.4.6.2 Chloro, bromo, and iodo complexes

Apparently there are no MVI binary complexes of these three halides. These halides are found in oxo
(Section 5.6.4.4.6), nitrido ( Section 5.6.4.2.5), and imido ( Section 5.6.4.1) complexes.

5.6.4.7 Hydride Complexes

A number of hexahydridoosmium(VI) species [Os(H)6(PR3)2] (PR3¼ tertiary phosphine) are
known.362–366 These can be prepared by treatment of [Os(Cl)4(PR3)2] (PR3¼PMe2Ph)

362 or
[Os(O)2(Cl)2(PR3)2] (PR3¼PPhPri2)

365 with LiAlH4, or by reaction of [Os(H)2(Cl)2(PR3)2]
(PR3¼PPri3, PMeBut2) with NaBH4;

366 they are characterized by 1H NMR. A single-crystal
neutron diffraction study of [Os(H)6(PPhPr

i
2)2] has established the eight-coordinate core geom-

etry about the osmium atom to be that of an irregular dodecahedron.367 The Os�H distances
range from 1.637 Å to 1.668 Å with a very short H���H interaction (1.650 Å) between the two most
closely bound hydrides. The two phosphine ligands are essentially equivalent, Os�P¼ 2.338 Å
and 2.347 Å, P�Os�P¼ 155.2�. [Os(H)6 (PPhiPr2)2] reacts with HgCl2 to give [Hg(Cl)2{Os(H)6-
(PPhiPr2)2}2], which is characterized by 1H NMR.365

5.6.4.8 Miscellaneous

[Os{(HN)SC6H4}3] has been synthesized by interaction of aminothiol with [OsO4].
368

5.6.5 RUTHENIUM(V) AND OSMIUM(V)

5.6.5.1 Imido Complexes

There are only a few examples, and the ruthenium complexes are all unstable.
A paramagnetic imidoruthenium(V) complex, [RuV{N(C6H11)}(OCEt2CO2)2]

�, has been obtained
via interaction of the corresponding amidoruthenium(IV) species [RuIV{NH(C6H11)}(OCEt2CO2)2]

�

(116) with O2.
369 The formulation of the complex is supported by EPR.
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An unstable imidoruthenium(V) species, formulated as cis-[RuV(bpy)2(NC(Me)2C(Me)2NH)]2þ,
has been generated by electrochemical oxidation of cis-[RuII(bpy)2(tmen)]2þ.370 This species
undergoes C�C bond cleavage in acidic solutions to give [Ru(bpy)2(NH¼CMe2)2]

2þ.
The unstable species [RuV(4-But-TPP)(NR)]þ is prepared by the oxidation of [RuIV(4-But-

TPP)(NR)] (Section 5.6.6.2) using Agþ or CeIV.371 This complex can transfer the imido group
to PMe2Ph at a rate 60 times faster than that its RuIV analog.

Reaction of [Ru2(O)2(CH2SiMe3)6] with PhNCO and Me3P¼NSiMe3 gives the dimeric
[Ru2(NPh)2(CH2SiMe3)6] (�(Ru�N)¼ 1132 cm�1) and [Ru2(NSiMe3)2(CH2SiMe3)6] (�(Ru�N)
¼ 1,160 cm�1), respectively.372

A novel osmium(V) imido complex, [OsV(NH)(Tp)(Cl)2] (151), has been obtained by one-
electron electrochemical reduction of [OsVI(N)(Tp)(Cl)2] in dry CH3CN containing 3.5M HPF6

(see Scheme 8 in Section 5.6.4.2.2(ii)).373 The Os�N(H) distance of 1.749 Å373 is the longest
reported for transition metal M¼NH complexes, which fall in the range 1.638–1.749 Å. There is
evidence for an imido structural trans effect: the Os�N(Tp) bond of 2.291 Å trans to the NH2�

ligand is much longer than those cis to NH2� (2.053 Å and 2.063 Å). The complex is also char-
acterized by IR spectroscopy (�(14N�H)¼ 3257 cm�1 and �(15N�H)¼ 3,250 cm�1). [OsV-(bpy)(Cl)3-
(NH)] is also prepared in the same manner. (151) readily disproportionate in aqueous solution
to give [OsVI(N)(Tp)(Cl)2] and [OsIII(Tp)(Cl)2(NH3)] (Equation (52)).

3[OsV(NH)(Tp)(Cl)2]       2[OsVI(N)(Tp)(Cl)2] + [OsIII(Tp)(Cl)2(NH3)] ð52Þ

5.6.5.2 Nitrido Complexes

The only example of ruthenium(V) nitrido species would appear to be [RuV(N)(L)]2�

(�eff¼ 1.84�B at 293K), where L is the tetraanionic macrocyclic ligand meso-octamethylporphy-
rinogen, which is prepared by the reduction of [RuVI(N)(L)]� with Na in THF (Scheme 12).209 In
the X-ray structure of this compound, the Ru�N is disordered. The bond lengths for the two
different sites are 1.74 Å and 1.78 Å.

An osmium(V) nitrido complex [OsV(N)(CO)(NH3)4]
2þ has been invoked as an intermediate

involved in the formation of [Os2(N2)(NH3)8(CO)2]
4þ by oxidation of [Os(NH3)5(CO)]2þ.374

The complex [OsV(N)(NH3)4]
2þ has been generated by reductive quenching of the 3Eg state of

[OsVI(N)(NH3)4]
3þ.179,375 This species, once formed, undergoes rapid coupling with

[OsVI(N)(NH3)4]
3þ to form the mixed-valence [Os2(NH3)8(CH3CN)2(�-N2)]

5þ species (see
also Section 5.6.4.2). Similarly, one-electron reduction of [OsVI(N)(tpy)(Cl)2]

þ generates
[OsV(N)(tpy)(Cl)2] which rapidly couples with another OsV�N unit to form a �-dinitrogen
osmium(II) complex, [(tpy)(Cl)2OsII(N2)OsII(Cl)2(tpy)].

376 Dimerization can be prevented by
adding appropriate reductants at high concentrations as trapping agents, such as Me2SO, 3,5-
Me2C6H3OH, and HNPh2.

373 A generalized reaction scheme for OsV�N species is shown in
Scheme 16.

5.6.5.3 Miscellaneous Nitrogen Ligands

5.6.5.3.1 Hydrazido complexes

Electrochemical oxidation of [OsII(tpy)(bpy)(NH3)]
2þ in aqueous solutions in the presence

of a secondary aliphatic amine produces the formally osmium(V) hydrazido(2-) complex
[OsV(tpy)(bpy)(NNR2)]

3þ, which can be reduced electrochemically to [OsIV(tpy)(bpy)(NNR2)]
2þ.377

A series of osmium(V) hydrazido complexes, [OsV(L)(Cl)2(NNR2)]
þ (L¼ tpy, tpm;

NNR2¼NN(CH2)4CH2, NN(CH2)4O, NNEt2), can be obtained by reaction between the corres-
ponding osmium(VI) nitrido complex and HNR2 (Equation (53)):177,178,378

2trans-[OsVI(N)(tpy)(Cl)2]+ + 2HNR2       trans-[OsV(tpy)(Cl)2(NNR2)]+ + ½trans,trans-
[(tpy)(Cl)2OsII(N2)OsII(Cl)2(tpy)] + H2NR2

+
ð53Þ
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A number of these complexes have been structurally characterized (Table 14). The Os�N(N)
bond lengths (1.846–1.915 Å) are significantly shorter than Os�N single bonds (2.039–2.123 Å).
The N�N bond lengths (1.231–1.321 Å) are relatively short, consistent with a N¼N double
bond. The OsV complexes exhibit reversible OsVI/V, OsV/IV, OsIV/III in cyclic voltammetry, and the
E1/2 values are shown in Table 15.

5.6.5.3.2 Phosphoraniminato complexes

Although a number of stable osmium(IV) phosphoraniminato complexes are known, the corres-
ponding osmium(V) complexes are unstable. The net reaction for one-electron oxidation of
[OsIV(NPPh3)(tpy)(Cl)2]

þ to OsV is shown in Equation (54).379 The reaction presumably occurs
by initial disproportionation of OsV to OsVI and OsIV followed by PPh3 transfer. Similarly,

OsVI N

OsIII NH3OsV NH CH3CN

H+

CH3CNCH3CN

OsIII NH3 H+ OsV N
OsV N OsII N N OsII

H2O CH3CN
OsVI N

Me2SO

CH3CN
OsIII NS(O)Me2 HNPh2

CH3CNO2
OsIII N(H)OC6H3Me2

OsIV NS(O)Me2

OsIII N(H)NPh2

+ e-

+

3,5-Me2C6H3OH

3 H+, 2 e-

Scheme 16

Table 14 Summary of bond distances, angles, and stretching frequencies for osmium hydrazido complexes.

Complex
d(Os�N)
(Å) ffOs�N�N(�)

�(N�N)
(cm�1) References

[OsIV(NNEt2)(tpy)(bpy)](PF6)2 1.89(1) 137(1) 1259 377
[OsIV{NN(CH2)4O}(tpy)(bpy)](PF6)2 1.849(16) 137.1(12) 1219 377
cis-[OsIV{NN(CH2)4O}(tpy)(MeCN)2](PF6)2 1.971(7), 130.9(5), 1384 177,211
[OsIV(N(H)N(CH2)4O)(tpm)(Cl)2](PF6) 1.904(8) 136.0(6) 1218 178
cis-[OsIV{NN(CH2)4O}(tpy)(MeCN)(Cl)](PF6)2 1.984(10) 129.3(7) 177
[OsV(NNEt2)(tpy)(bpy)](PF6)3 1332 377
[OsV{NN(CH2)4O}(tpy)(bpy)](PF6)3 1340 377
cis-[OsV{NN(CH2)4O}(tpy)(Cl)(MeCN)](PF6)2 1.915(7) 148.9(8) 178

1.846(8) 148.9(7)
trans-[OsV{NN(CH2)4CH2}(tpy)(Cl)2](PF6) 1.855(9) 157.2(9) 1352 177,178
[OsV(NN(C2H5)2)(tpm)(Cl)2](BF4) 1.855(4) 148.5(4) 1227 177,178
trans-[OsVI{NN(CH2)4O}(tpy)(Cl)2](PF6)2 1.778(8) 170.3(7) 177,178
trans-[OsVI{NN(CH2)4O}(4-O(CH2)4Ntpy)(Cl)2](PF6)2 1.778 172.5(4) 212
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[OsV(tpm)Cl2(NPEt3)]
2þ, generated by oxidation of [OsIV(tpm)Cl2(NPEt3)]

þ, undergoes a group
transfer reaction with 3,5-dimethylbenzenethiol in MeCN (Equation (55)).380

2[OsV(NPPh3)(tpy)(Cl)2]2+         [OsVI(N)(tpy)(Cl)2]+ + [OsIII(tpy)(Cl)2(MeCN)]+ + [PPN]+ ð54Þ

[OsV(NPEt3)(tpm)(Cl)2]2+ + Me2C6H3SH + MeCN           [OsIII(tpm)(Cl)2(MeCN)]+ + Et3P=N– SC6H3Me2 + H+

ð55Þ

5.6.5.3.3 Sulfilimido complexes

Osmium(V) sulfilimido complexes can be generated by electrochemical or chemical oxidation of
the corresponding osmium(IV) complexes (see Section 5.6.6.4.5).

5.6.5.4 Oxo Complexes

The compound Ba5[Ru2(O)11] has been synthesized by solid-state reactions of barium carbonate
with ruthenium oxide. The X-ray structure shows that it contains peroxide ions and the ruthenium is
in the þ5 oxidation state, i.e., Ba5[Ru2(O2)O9].

381 The novel mixed-valence RuV�RuVI triple
perovskites, Ba3M[Ru2(O)9] (M¼Li, Na), have been grown from reactive hydroxide fluxes.382

5.6.5.4.1 Terminal oxo complexes

(i) Carbon ligands

Reaction of [Ru2(CH2SiMe3)6] in hexane at �30 �C with O2 produces the unusual metal–metal
bridged oxoruthenium(V) species, [Ru2O2(CH2SiMe3)6], as a red crystalline solid.372 This

Table 15 Summary of formal potentials for osmium hydrazido complexes.

Vs. SSCE (MeCN)
(V)

Complex (OsVI/V) (OsV/VI) (OsIV/III) References

[OsIV(NNEt2)(tpy)(bpy)]
2þ 1.425 0.586 377

1.18a (H2O) 0.360 (H2O)
[OsIV{NN(CH2)4CH2}(py)(bpy)]

2þ 1.415 0.625 377
1.16a (H2O) 0.397 (H2O)

[OsIV{NN(CH2)4O}(tpy)(bpy)]2þ 1.489 0.669 377
1.22a (H2O) 0.464 (H2O)

cis-[OsIV{NN(CH2)4O}(tpy)(MeCN)2]
2þ 1.52 0.95 �0.36 211

[OsIV(N(H)N(CH2)4O)(tpy)(Cl)2]
þ 0.98 0.84d �0.08 178

trans-[OsV{NN(CH2)4CH2}(tpy)(Cl)2]
þ 0.90 �0.05 �0.75 178

cis-[OsV{NN(CH2)4O}(tpy)(MeCN)(Cl)]þ2 1.30 0.42 �0.22 178
[OsV{NN(CH2)4O}(tpm)(Cl)2]

þ 1.05 0.27 �0.62b 178
[OsV{NN(CH2)4CH2}(tpm)(Cl)2]

þ 0.95 0.05 �0.77b, �0.05c 178
[OsV{NN(C2H5)2}(tpm)(Cl)2]

þ 0.92 0.03 �0.77b 178
trans-[OsVI{NN(CH2)4O}(tpy)(Cl)2]

þ 0.98 0.00 �0.79 178
trans-[OsVI{NN(CH2)4O}
(40-O(CH2)4Ntpy)(Cl)2]

þ
0.780 0.15 0.48 212

trans-[OsVI{NN(CH2)4O}
(ButN(H)tpy)(Cl)2]

2þ
0.775 0.113 �0.586 212

trans-[OsVI{NN(CH2)4O}(Et2Ntpy)(Cl)2]
2þ 0.761 0.144 �0.533 212

trans-[OsVI{NN(CH2)4O}
((CH2)5Ntpy)(Cl)2]

2þ
0.759 0.156 �0.580 212

a Irreversible oxidation. Epa value is given. b Epc (Os(IV)!Os(III)). c Epa (Os(III)!Os(IV)). d OsV/IV�N(H)N(CH2)4O.
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compound is also formed by reaction of [Ru2(CH2SiMe3)6] with PhNO at �80 �C in toluene
(Scheme 17).

R3Ru RuR3
O2

R3Ru RuR3
2PhNO

O

O O

R3Ru RuR3

RuVR3R3RuV

O

O

NPhPhN

R3RuV RuVR3

O

+

Scheme 17

The IR absorption band at 908 cm�l is assigned as the Ru¼O stretch. The X-ray structure of
[Ru(O)(CH2SiMe3)3]2 has been obtained.372 The molecule can be considered to comprise two
[Ru(O)2C3] trigonal bipyramids, in which the equator is formed from one oxo oxygen atom and
two alkyl carbons, linked via asymmetric oxygen bridges between one axial and one equatorial
site (Ru�O¼ 1.733 Å, Ru���O¼ 2.208 Å, Ru�Ru¼ 2.738 Å). The diamagnetism of the complex
has been suggested to result from the single Ru�Ru link. [Ru2(O)2(CH2CMe3)6] can also be
obtained by treatment of [Ru2(CH2CMe3)6] with PhNO.

(ii) Nitrogen ligands

A series of monooxo complexes of ruthenium(V), trans-[RuV(O)(14-TMC)(X)]2þ (X¼Cl,
NCO, N3), have been generated electrochemically from the parent RuIV oxo complexes in
acetonitrile.241,242,383 These complexes have high one-electron reduction potentials with
E�(RuV/IV) ranging from 1.10 V to 0.70V vs. Cp2Fe

þ/0. They are active electrocatalysts for
the oxidation of benzyl alcohol to benzaldehyde. The second-order rate constants for the
reaction between trans-[RuV(O)(L)(X)]2þ and benzyl alcohol have been evaluated by rotating
disk voltammetry. The values obtained are 2.1
 102M�1 s�1 and 1.4
 102M�1 s�1 for X¼Cl�

and NCO�, respectively. In the oxidation of substituted benzyl alcohols by trans-[RuV(O)-
(14-TMC)(NCO)]2þ, a linear Hammett plot with a slope of �2.0 is obtained, consistent with the
buildup of positive charge at the alcohol in the transition state. These results suggest a hydrogen
atom abstraction mechanism.384

In aqueous solution, cis-[RuV(O)(pyen)Cl]2þ has also been generated electrochemically from
cis-[RuIII(pyen)Cl(OH2)]

2þ385 (see Figure 3 for structure of ligand). This RuV oxo complex has an
E�(RuV/IV) value of 1.29V vs. SCE and it is an active catalyst for the electrochemical oxidation of
alcohols and THF. The rate constants for the oxidation of PhCH2OH, CH3OH, CH3OD, and
CD3OH evaluated by rotating disk voltammetry are 8.4
 104M�1 s�1, 6.6
 102M�1 s�1,
5.5
 102M�1 s�1, and 6.6
 10M�1 s�1, respectively, at 25 �C.385,386 The large deuterium isotope
effect for methanol indicates the importance of �-CH bond cleavage in the transition state.
A chemically modified electrode prepared by immobilization of the complex inside a Nafion film on
a pyrolytic graphite electrode surface is capable of catalyzing the electrooxidation of methanol.386

A monooxoruthenium(V) complex containing a pentadentate N4O
� ligand, [RuV(O)(N4O)]-

(ClO4)2 (N4OH¼ bis(2-(2-pyridyl)ethyl)(2-hydroxy-2-(2-pyridyl)ethyl)amine) (Figure 14), has
been obtained by oxidation of [RuIII(N4O)(OH2)](ClO4)2 with CeIV.492 The complex has a
measured �eff of 2.2�B, higher than in trans-[RuV(O)2(14-TMC)]þ.240 The expected ground state
for [RuV(N4O)(O)]2þ is (dxy)

2(d�*)
1 (d�*¼ dxz, dyz). The measured higher �eff than the spin only

value for one unpaired electron suggests orbital contribution to the magnetic moment. The IR

N

N

N
N

HO

Figure 14 Structure of N4OH.
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spectrum of [RuV(O)(N4O)](ClO4)2 shows an intense Ru¼O stretch at 872 cm�1, which is higher
than the values of 790–840 cm�1 in monooxo ruthenium(IV) complexes (Table 4). The complex
exhibits reversible redox couples. At pH 1, a two-electron two-proton couple at 1.02V vs. SCE is
observed (Equation (56)):492

[RuV(O)(N4O)]2+ + 2H+ + 2e–          [RuIII(N4O)(OH2)]2+ ð56Þ

At 5.5> pH> 3.5 the wave for the RuV/III couple splits into two waves, a pH-independent one-
electron wave for the [RuV(O)(N4O)]2þ/[RuIV(O)(N4O)]þ couple (slope¼ 0mV/pH unit) and a
two-proton one-electron [RuIV(O)(N4O)]þ/[RuIII(N4O)(OH2)]

2þ couple (Figure 15).492

[RuV(O)(N4O)]2þ oxidizes a variety of organic substrates such as alcohols, alkenes, THF, and
saturated hydrocarbons.387 In all cases [RuV(O)(N4O)]2þ is reduced to [RuIII(N4O)(OH2)]

2þ. The
C�H deuterium isotope effects for the oxidation of cyclohexane, tetrahydrofuran, 2-propanol,
and benzyl alcohol are 5.3, 6.0, 5.3, and 5.9 respectively, indicating the importance of C�H
cleavage in the transitions state. For the oxidation of alcohols, a linear correlation is observed
between log(rate constant) and the ionization potential of the alcohols. [RuV(O)(N4O)]2þ is also
able to function as an electrocatalyst for the oxidation of alcohols.388 Using rotating disk voltam-
metry, the rate constant for the oxidation of benzyl alcohol by [RuV(O)(N4O)]2þ is found to be
1.7
 102 M�1 s�1. The RuV electrocatalyst remains active when immobilized inside Nafion films.

Reaction of [RuO4]
� with H4[PHAB] gives the paramagnetic monoxoruthenium(V) complex

(NPrn4)[Ru(O)PHAB] (109).389 It has a �(Ru¼O) stretch at 887 cm�1. X-ray diffraction
studies reveal that it has a distorted trigonal bipyramidal geometry, with a Ru¼O distance
of 1.702 Å.

Monooxoruthenium(V) complexes [Ru(O)(salophen)X]nþ [salophen¼N,N0-bis(salicylidene)-
o-phenylenediaminato; X¼Cl, Im(Imidazole), 2-Me-Im(2-methyl-imdazole)]390 and [Ru(O)(edta)]391

have also been claimed, but further characterization of these species is desirable.
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Figure 15 Pourbaix diagram for [RuV(O)(N4O)]2þ.
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Dioxoruthenium(V) and dioxoosmium(V) species containing polypyridyl ligands, cis- and trans-
[MV(O)2(bpy)2]

þ, are intermediates in the sequential electrochemical oxidation of the
corresponding MII diaquo species cis- and trans-[MII(bpy)2(OH2)2]

2þ; as well as in the sequential
electrochemical reduction of the corresponding MVI dioxo species cis- and trans-[MVI(O)2
(bpy)2]

2þ.237,254,392 These species are stable within the timescale of cyclic voltammetry; however,
no isolation of these complexes has been reported.

A series of trans-[RuV(O)2(L)]
þ complexes (L¼ 14-TMC, 15-TMC, 16-TMC, (TMEA)2,

CRMe3, pyen (see Figure 3 for structures of ligand) have been prepared by electrochemical
reduction of the corresponding trans-[RuVI(O)2(L)]

2þ species in acetonitrile under argon atmos-
phere. trans-[RuV(O)2(14-TMC)]ClO4 has a measured �eff value of 1.94�B, consistent with a
(dxy)

2(d�*)
1 ground state electronic configuration (d�*¼ dxz, dyz).240,393 The UV–vis spectral

data for trans-[RuV(O)2(L)]
þ in acetonitrile are collected in Table 5. The low-energy vibronic

structured absorption band at 420–450 nm is assigned as the ligand field dxy! d�* transition240

(Table 5; see also Section 5.6.4.4.2(iii)(c)). The complex trans-[RuV(O)2(N2O2)]ClO4 has also been
isolated and is stable in aqueous solution at pH � 7.394

trans-[RuV(O)2(L)]
þ is unstable with respect to disproportionation in acidic solutions

(Equation (57)).256

2trans-[RuV(O)2(L)]+ + 2H+           trans-[RuVI(O)2(L)]2+ + trans-[RuIV(O)(OH2)(L)]2+ ð57Þ

For trans-[RuV(O)2(14-TMC)]þ, E� for the disproportionation is 0.86V at 25 �C. The kinetics
of the disproportionation have been studied.256 The rate law is: rate¼ kdisp[RuV]2, where
kdisp¼ 2keKp[H

þ]/(1þKp[H
þ])2. This is consistent with the mechanism shown in Equations (58)

and (59). At 299K and 0.1M ionic strength, Kp and ke are 615M�1 and 2.72
 106 M�1 s�1,
respectively. The self-exchange rate constant of the trans-[RuV(O)(OH)(14-TMC)]2þ/trans-[RuIV-
(O)(OH)(14-TMC)]þ couple has also been estimated to be 5
 103M�1 s�1 at 298K and 0.1M
ionic strength from the kinetics data.

trans-[RuV(O)2(14-TMC)]+ + H+              trans-[RuV(O)(OH)(14-TMC)]2+
Kp ð58Þ

trans-[RuV(O)(OH)(14-TMC)]2+ + trans-[RuV(O)2(14-TMC)]+

                             trans-[RuIV(O)(OH)(14-TMC)]+  +trans-[RuVI(O)2(14-TMC)]2+

ke
ð59Þ

A cis-dioxoruthenium(V) complex, cis-[RuV(O)2(Tet-Me6)]ClO4, has also been isolated by
electrochemical or chemical reduction of cis-[RuVI(O)2(Tet-Me6)]

2þ (95) in MeCN. Its structure
has been characterized by X-ray crystallography. The O�Ru�O angle is 115.1� and the two
Ru¼O distances are the same (1.751 Å). It has a measured �eff of 1.9�B at 25 �C. Only one
�(Ru¼O) band has been located at 850 cm�1; the other one probably overlapswith the ligand peaks.260

A series of trans-dioxoosmium(V) complexes analogous to that of ruthenium, trans-
[OsV(O)2(L)]ClO4 (L¼ 14-TMC, 15-TMC, 16-TMC, CRMe3), have been prepared by
electrochemical reduction of the corresponding trans-dioxoosmium(VI) complexes in MeCN.251

trans-[Os(O)2(14-TMC)]ClO4 has a �eff value of 1.89�B. The IR spectrum shows two
intense absorption bands at 879 and 873 cm�1, tentatively assigned as the �asym(OsO2) stretch.
The UV–vis absorption spectra of trans-[OsV(O)2(L)]

þ in MeCN exhibit two vibronic structured
bands, centered at 335 nm and 410 nm (Figure 16, Table 5). These bands are also red shifted from
that of the corresponding OsVI complexes. This is attributed to the splitting of the doubly
degenerate d�* orbitals of d3 OsV and lowering of their energy level by occupancy of an electron
in the d�* orbitals. Similar red shifts have been observed for the corresponding RuVI and RuV

systems.240 In thepresence of acids, trans-[OsV(O)2(L)]
þ disproportionates according toEquation (60):251

3trans-[OsV(O)2(L)]+ + 3H+            2trans-[OsVI(O)2(L)]2+ + trans-[OsIII(L)(OH)(OH2)]2+ ð60Þ
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(iii) Oxygen ligands

Reaction of (NPrn4)[RuO4] in acetone with 2-hydroxy-2-ethylbutyric acid gives the brown RuV¼O
species (NPrn4)[Ru(O)(O2COCEt2)2] (113), the structure of which has been established by X-ray
crystallography.395 There are two crystallographically independent molecules with Ru¼O dis-
tances of 1.697 Å and 1.676 Å. The complex is paramagnetic (�eff¼ 1.70�B at 25 �C). In CH2Cl2/
MeOH glass at 100K it gives an anisotropic EPR spectrum typical of a S¼ 1=2 system with
gx¼ 2.076, gy¼ 1.977, gz¼ 1.911. This indicates that the complex has a single unpaired electron in
the ground state, consistent with a penta-coordinate Ru(V) configuration.395,396 The IR spectrum
shows a strong band at 900 cm�1 assigned to the Ru¼O stretch. The complex functions as a mild
oxidant in MeCN, capable of slowly oxidizing alcohols to aldehydes or ketones and PPh3 to OPPh3.
These reactions can be made catalytic using NMO as the terminal oxidant.395

Ru
O

O

O

O

Et
Et

O

OO

Et
Et

-

(113)

RuO O
O

O

O
O Ru O

O

O
O

O OO = LOEt

(114)

A series of related ruthenium(V) oxo complexes with �-hydroxycarboxylate ligands,
(NPrn4)[Ru(O)(O2COCR1R2)2] (R1R2¼Me2, EtMe, PhMe), and �-amino carboxylate ligands,
(NPrn4)[Ru(O)(O2C(NH)CHEt)2], have also been prepared by the same method.396 An osmium
analog, (PPh4)[Os(O)(O2COCEt2)2], is similarly prepared from (PPh4)[OsO4] and 2-hydroxy-
2-ethylbutyric acid in acetone. It has a �(Os¼O) stretch at 958 cm�l.396 A RuV¼O species has
been generated by electrochemical oxidation of the polyoxometalate RuIII�OH2 species
[(P)W11(O)39RuIII(H2O)]4�. This species is able to oxidize DMSO to the sulfone.397

5.6.5.4.2 Oxo-bridged species

The oxo-bridged ruthenium(V) dimer [(bpy)2(O)RuV(�-O)RuV(O)(bpy)2]
4þ has been suggested as

the active intermediate in the catalytic oxidation of H2O to O2 by [(bpy)2(H2O)RuIII
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Figure 16 UV–vis spectrum of trans-[Os(O)2(14-TMC)]þ in acetonitrile.

Ruthenium and Osmium: High Oxidation States 807



(�-O)RuIII(OH2)(bpy)2]
4þ.398–404 This species can be generated in solution from

[(bpy)2(H2O)RuIII(�-O)RuIII(OH2)(bpy)2]
4þ either electrochemically or by oxidation with CeIV

or Co3þ. It oxidizes water with a rate constant >1 s�1.400 It is characterized by resonance Raman
bands at 357 cm�1 (�sym(Ru�O�Ru)) and 816 cm�1 (�(Ru¼O)). The perchlorate salt of this
species has also been isolated as an unstable black solid.400 The RuV�O�RuV species is a strong
oxidant. The redox potential as a function of pH for this species and its lower oxidation states are
summarized in the Pourbaix diagram for [(bpy)2(H2O)RuIII(�-O)RuIII(OH2)(bpy)2]

4þ (Figure 17).
A RuV�O�RuV active intermediate is also proposed for the catalytic water oxidation by
[(L)2(H2O)RuIII�O�RuIII(OH2)(L)2] (L¼ 5,50-(COOH)2-bpy)

405 and [(tpy)(H2O)2RuIII(�-O)-
RuIII (H2O)2(tpy)]

4þ.406 The RuIV�O�RuV dimer seems to be the active catalyst in the
chemical or electrochemical oxidation of water by [(L)2(H2O)RuIII(�-O)RuIII(OH2)(L)2]

4þ

(L¼ 4,40-Cl2bpy or 5,50-Cl2bpy).
407 This difference may be due to the fact that the chloro-

substituted dimers have more positive redox potentials than the unsubstituted dimers.
The mixed-valence �-oxo ions [(bpy)2(O)RuIV(�-O)RuV(O)(bpy)2]

3þ 408 and [(bpy)2(py)RuIII-
(�-O)RuV(O)(bpy)2]

4þ 408,409 have been generated in solution by electrochemical or chemical oxida-
tion of [(bpy)2(HO)RuIII(�-O)RuIV(OH)(bpy)2]

3þ and [(bpy)2(py)RuIII(�-O)RuIV (OH)(bpy)2]
4þ,

respectively. Both complexes are facile oxidants toward a variety of organic functional groups.
The rate constants for the oxidation of 2-propanol are 2.5M�1 s�1 and 6.9M�1 s�1, respectively,
at 25 �C and pH¼ 5.8,408,409 which are substantially higher than the value of 8.7
 10�3 M�1 s�1

for oxidation by [RuIV(O)(bpy)2(py)]
2þ (see Section 5.6.6.6.1).410,411 The complex [(bpy)2(O)RuIV

(�-O)RuV(O)(bpy)2]
3þ can also oxidize H2O to O2 by a pH-independent reaction that is first

order in the oxidant. The rate constant at 298K and 0.1M ionic strength is 3.0
 10�4 s�1.408

The species (PPh4)2[Ru2(O)(�-OCOEt)2Cl6] has been prepared by ozonolysis of a solution of
RuCl3 and PPh4Cl in propanoic acid.412 The ozonolysis method can also be used to prepare
[RuO4], [RuO4]

�, [Ru(O)3(OH)2]
2�, and [OsO4]. Reaction of [LOEt(HO)Ru (�-O)2Ru(OH)LOEt]

(see Section 5.6.6.6.2(ii)) with [RuO4] in CCl4 produces the RuV–RuV dioxo species [LOEt(O)Ru-
(�-O)2Ru(O)LOEt] (114).413 This complex, although diamagnetic, has a Ru�Ru separation of
2.912 Å, indicating a relatively weak metal–metal interaction. The Ru¼O and Ru�O(bridging)
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Figure 17 Pourbaix diagram for [(bpy)2(OH2)RuIII(�-O)RuIII(OH2)(bpy)2]
4þ.
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distances are 1.725 Å and 1.887 Å, respectively. The IR spectrum shows a strong peak at 848 cm�1,
which is assigned to the �(Ru¼O) stretch. This complex oxidizes primary and secondary alcohols
to the corresponding aldehydes and ketones.

5.6.5.5 Alkoxo Complexes

The osmium(V) porphyrin complexes [OsV(por)(OR)2]
þ (por¼OEP, TPP; R¼Et) have been

generated by electrochemical oxidation of the corresponding [OsIV(por)(OR)2] and were char-
acterized by UV–vis spectroscopy.414 [OsV(L)(OR)2]

þ (L¼ salen, bpb, bpc; R¼Me, Et, Pri) (see
Figure 12 for structures of ligands complexes) have also been prepared and characterized in a
similar manner.415

5.6.5.6 Sulfur Ligands

No MV complexes seem to have been reported.

5.6.5.7 Halide Ligands

The only binary ruthenium(V) halides are those containing fluoride, which are of some interest to
the nuclear industry. The species [RuF5], [RuF5]4, [RuF6]

� (with a wide range of cations), and
(X)[Ru2F11] (X¼XeF, KrF) have been described in CCC (1987). The salt (ClO2)[RuF6] is also
known. The Ru�F distance of 1.845(2) Å in K[RuF6] has been determined by EXAFS.355 The
molecular structure of gaseous RuF5 and OsF5 have been studied by electron diffraction. For
both compounds the main constituents are trimeric molecules together with smaller amounts of
dimeric species. The tetrameric structure of [RuF5]4 has been determined by X-ray crystallo-
graphic studies: (Ru�F(bridge)¼ 1.995–2.007 Å, Ru�F�Ru¼ 136.8� and 140.8�).416 The diffuse
reflectance UV–vis spectra of [RuF5] and [OsF5] have been recorded and assigned from the
strong-field model and optical electronegativity approach.417

[OsF5]4 and salts of [OsF6]
� have been described in CCC (1987). The Os�F distance of

K[OsF6] has been determined by EXAFS: d(Os�F)¼ 1.882 Å.357

5.6.6 RUTHENIUM(IV) AND OSMIUM(IV)

5.6.6.1 Amido Complexes

5.6.6.1.1 Nitrogen donor ligands

A number of ruthenium(IV) and osmium(IV) complexes containing deprotonated ethylenedi-
amine ligands are known. Reaction of (NBun4)[Ru(N)(Cl)4] with tmen produces [RuIV(tmen-
H)2(tmen)]2þ (115a).418 The two Ru�N(amide) bonds are cis to each other with rather short
bond distances of 1.835 Å and 1.850 Å. Cyclic voltammetry shows reversible [RuIII(tmen)3]

3þ/
[RuII(tmen)3]

2þ and [RuIV(tmen-H)2(tmen)]2þ/[RuIII(tmen)3]
3þ couples at 0.09V and 0.29V vs.

SCE (pH¼ 1.0), respectively. At pH� 3.0 these two couples merge to the [RuIV(tmen-
H)2(tmen)]2þ/[RuII(tmen)3]

2þ couple. Oxidation of [RuII(bpy)(tmen)2]
2þ with Br2 gives [RuIV(bpy)

(tmen-H)2]
2þ (115c), with Ru�N(amide) bond distances of 1.856 Å.418 Cyclic voltammetry shows

reversible [RuIII(bpy)(tmen)2]
3þ/[RuII(bpy)(tmen)2]

2þ and [RuIV(bpy)(tmen-H)2]
2þ/[RuIII(bpy)-

(tmen)2]
3þ couples at 0.38V and 0.46V vs. SCE, respectively. These two couples merge to

form a [RuIV(bpy)(tmen-H)2]
2þ/[RuII(bpy)(tmen)2]

2þ couple at pH� 2.0.
Reaction of (NH4)2[OsBr6] with an excess of tmen also gives [OsIV(tmen-H)2(tmen)]2þ (115b).419

This species is more stable than [OsIV(en-H)2(en)]
2þ, which undergoes oxidative dehydro-

genation.420 The Os�NH distances are 1.896 Å, which are 0.3 Å shorter than the average
Os�NH2 distance, indicative of substantial �-bonding. Cyclic voltammetry of (115b) shows a
pH-dependent irreversible wave. However, a reversible pH-dependent OsIV/III couple is observed
for trans-[OsIII(tmen)2(Cl)2]

þ.421
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It has been proposed that RuIV plays an important role in the oxidation of amines coordinated
to ruthenium. A ruthenium(IV) amido species, [Ru(sar-H)]3þ, characterized by UV–vis spectros-
copy, has been generated by two-electron oxidation of [Ru(sar)]2þ (sar¼ 3,6,10,13,16,19-hexa-
azabicyclo[6.6.6]eicosane).422 This species is short lived and is rapidly transformed into a Ru(II)
imine species.

Reaction of the ruthenium(II) amido complex [RuII(NHPh)(Tp)(CO)(PPh3)] with two equiva-
lents of AgOTf in the presence of excess NEt3 or lutidine generates [RuIV(NHPh)(Tp)(CO)-
(PPh3)](OTf)2 (115d). The BAr04

� (Ar0 ¼C6H3(CF3)2-3,5) salt was also prepared.609

Treatment of [OsVI(N)(Tp)(Cl)2] with PhMgBr followed by H2O produces
[OsIV(Tp)(NHPh)(Cl)2] (Os�N(amide)¼ 1.919 Å, Os�N�C¼ 133.8�).166,167 A similar reaction
occurs with tolylmagnesium bromide or p-toluidine to give [OsTp(NHTol)(Cl)2].

167

[OsIV(Tp)(NHPh)(Cl)2] exhibits low acidity and low basicity; it is less acidic and less basic than
aniline.423 It was suggested that this is a result of both Os�N(amide) � bonding and the inductive
effect of the oxidizing Os(IV) center. Reaction of [OsIV(Tp)(NHPh)(Cl)2] with MeOTf at 80 �C for
6d produces [OsIV(Tp)(NHPh)(OTf)2] and CH3Cl. The X-ray structure of [OsIV(Tp)(NH-
Ph)(OTf)2] shows a distorted octahedral structure: Os�N(amido)¼ 1.939 Å and
Os�N�C¼ 134.8�. Interestingly, the anilido ligand is activated towards nucleophilic attack by
secondary amines. Reaction of [OsIV(Tp)(NHPh)(Cl)2] with piperidine (Equation (61)) and
pyrrolidine gives [OsIV(Tp){NH-p-C6H4N(c-C5H10)}(Cl)2] (Os�N(amide)¼ 1.945 Å) and
[OsIV(Tp){NH-p-C6H4N(c-C4H8)}(Cl)2] (Os�N(amide)¼ 1.922 Å), respectively.424TheOs�N(amide)
N(amide) bond lengths are much shorter than the Os(III)–amine distance of 2.129 Å in the related
[Os(Tp)(NHEt2)(Cl)2] complex, indicating some multiple bond character.
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Reaction of [OsVI(N)(Tp)(Cl)2] with the organoboranes ArBXY (Equation (62)) yields the
borylamido complexes [Os(Tp){N(Ar)(B)(X)(Y)}(Cl)2] (Ar¼X¼Y¼Ph; Ar¼X¼Ph,
Y¼OBPh2; Ar¼X¼Y¼C6F5).

167 The Os�N(amide) distances for these complexes are
1.880 Å, 1.937 Å, and 2.057 Å, respectively, indicating the presence of Os�N �-bonding. The
B�N bond lengths are in the range of single bonds and vary in the reverse order 1.602 Å,
1.509 Å, and 1.408 Å.
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The alkyl boranes BEt3 and BEt2(OMe) also add to [OsVI(N)(Tp)(Cl)2] to form [Os(Tp){N(Et)-
B(Et)X}(Cl)2] (X¼Et, OMe).167

[4þ 1] cycloaddition reactions are found to occur between [OsVI(N)(L)(Cl)2] (L¼Tp, tpm, tpy)
and 1,3-cyclohexadienes at elevated temperature to produce the bicyclic osmium amido complexes
[OsIV(L)(NC6H8)(Cl)2]

425 (Scheme 8).
The Os�N(amido) bond (1.859 Å) is significantly shorter than the corresponding distance in

the anilido complex [OsIV(NHPh)(Tp)(Cl)2] (1.919 Å), suggesting that the bicyclic amide is a
stronger �-donor than the anilide.166,425

5.6.6.1.2 Oxygen donor ligands

The amidoruthenium(IV) complexes [RuIV{NH(c-C6H11){OCEt(R)CO2}2}]
� (R¼Me or Et) have

been synthesized by the interaction of [RuV(O){OCEt(R)CO2}2]
� with excess cyclohexyl isocyan-

ate in toluene or THF.369 X-ray crystallography of [RuIV{NH(c-C6H11)}{OCEt2CO2}2]
� (116)

reveals a trigonal bipyramidal structure. The Ru�N distance is 1.818 Å, indicative of strong d�–p�
interaction. The Ru�N�C angle is 132.1�, consistent with an amido ligand.

5.6.6.1.3 Mixed donor atom ligands

A paramagnetic RuIV species with a tetraanionic bis(amido) ligand, [RuIV(CHBA-Et)(PPh3)(py)]
(�eff¼ 3.08�B at 25 �C), has been obtained as a bluish green solid by the reaction of
[Ru(PPh3)3C12] with H4CHBA-Et in the presence of air.426 The X-ray crystal structure has
been determined (RuIV�N(amide)¼ 1.987–2.044 Å). Analogous OsIV complexes [Os(CHBA-Et)
(py)2] and [Os(CHBA-DCB)(bpy)] are also known (Figure 12).314

5.6.6.1.4 Porphyrin and related ligands

Reaction of [RuVI(por)(NTs)2] (por¼TPP, OEP) with styrene or ethylbenzene in the presence of
pyrazole produces the tosylamidoruthenium(IV) complex [RuIV(por)(NHTs)(pz)] (Scheme 5).146,147 It
has a Ru�N(amido) distance of 2.025 Å and Ru�N�S angle of 136.4�.147 In contrast to bis(amido)-
ruthenium(IV) porphyrins, these complexes are paramagnetic with two unpaired electrons.

A number of bis(arylamido)- and bis(diarylamido)ruthenium(IV) porphyrin complexes have
been reported. In general, these complexes can be prepared by the reduction of [Ru(O)2(por)] with
corresponding aromatic amines or by the oxidative deprotonation of [RuII(por)(ArNH2)2], as
shown in Scheme 18.135,427

The X-ray structure of [RuIV(TPP)(4-Cl-C6H4NH)2] (116a) reveals a C2 rotation axis where the
ruthenium(IV) ion is located at the center of the porphyrinato ring and has a distorted octahedral
environment.135TheRu�N(imido) bond lengths are both 1.956 Å, and theRu�N�Cangles are 135.8�.

The osmium analog, [OsIV(por)(NHAr)2] (por¼OEP, TPP, 3,4,5-MeO-TPP; Ar¼Ph, 4-F-Ph),
can be obtained by the reaction of [OsII(por)(N2)(THF)] with arylamines under aerobic conditions.134

These bis(amido)ruthenium(IV) and bis(amido)osmium(IV) porphyrin complexes show well-
resolved 1H NMR spectra with the signals of the porphyrinato ligands appearing at normal fields,
indicating that they are all diamagnetic.
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Ru

HN

NH
N N

N N

Ar

Ar

Ar = C6H4Cl-4, N4 = TPP

(116a)

5.6.6.2 Imido Complexes

Treatment of trans-[Ru(Cl)2(PMe3)4] with Li(ArNH) in THF followed by O2 oxidation
produces the blue-green diamagnetic ruthenium(IV) imido species trans-[RuIV(NAr)2(PMe3)2]
(117) (Ar¼C6H3Pr

i-2,6).428 The molecule has a square planar coordination geometry with
a N�Ru�p angle of 90.1�. The Ru�N�C angle is 178.7�.428 The Ru�N (1.785 Å) and
Ru�P (2.372 Å) lengths are very similar to those of the osmium analog, trans-[Os(NAr)2-
(PMe2Ph)2].

151

trans-[OsIV(NAr)2(PMe2Ph)2] (6) (Ar¼C6H3Pr
i
2-2,6) is prepared by the interaction of

[Os(NAr)3] (5) with PMe2Ph.
17,151 It is a square planar complex in which there is a crystal-

lographic inversion center. The Os�N and Os�P distances are 1.790 Å and 2.374 Å, respectively.

ArNH2

Ru

NN

N N

ArNH2

O2

ArNH

Ru

N N

N N

Ru

NPh2

NPh2

N N

N N

HNPh2

Ru

O

O

N N

N N
ButNH2

ButNH2

ButNH2

N N

N N

Ru

ButNH2

ArNH

Br2

H2O

Ru

NBut

O

NN

N N

      ArNH2

(Ar = p-C6H4Cl)

      ArNH2

(Ar = p-C6H4NO2)

N4 = por

Scheme 18
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The imido ligands are virtually linear (Os�N�C¼ 177.9�).151 The same method has been used to
prepare [Os(NAr)2(L)2] (L¼PMe3, PMe2Ph, P(OMe)3).

17,151 Reduction of [Os(O)2(NAr)2] with a
few equivalents of L (L¼PMe3, PMe2Ph, PMePh2, PPh3) also gives [Os(NAr)2(L)2].

18 The
reactivity of [Os(NAr)2(L)2] are summarized in Scheme 4. [Os(NAr)2(PhC�CPh)] is isolated
when [Os(NAr)2(PPh3)2] is treated with PhC�CPh in the presence of CuCl.18

An osmium(IV) imido species, [Os(NH)(tpy)(bpy)]2þ, has been proposed to be the active
intermediate in the formation of nitrosamines from the oxidation of coordinated ammonia in
the presence of secondary amines.429 Deprotonation of [RuIV(NHPh)(Tp)(CO)(PPh3)]

2þ gives the
unstable imido complex [RuIV(NPh)(Tp)(CO)(PPh3)]

þ.609

A number of arylimido complexes of ruthenium(IV) porphyrins are known. Reactions of
[RuIV(por)(Cl)2] (por¼ 4-But-TPP, TTP) with ArNH2 give the paramagnetic [RuIV(por)-
(NAr)] (�eff¼ 2.8�B, �(Ru¼NR)¼ 1,200–1,210 cm�1) (Equation (62a)).371The cyclic voltammogram
of [RuIV(4-But-TPP)(NAr)] exhibits reversible RuV/IV and RuIV/III couples. [Ru(4-But-TPP)(NAr)]
undergoes imido group transfer with tertiary phosphines to give ArN¼PR3 and [Ru(4-But-
TPP)(PR3)2]. The reduction of [RuIV(4-But-TPP)(NAr)] by PMe2Ph shows saturation kinetics, in
which the rate is first order in [RuIV]. The proposed mechanism involves reversible binding of
phosphine to RuIV and rate-limiting intramolecular imido group transfer.

Ru

Cl

Cl

NN

N N
Ru

NAr
NN

N N
Ru

NAr
NN

N N

NH2Ar Ag+

+

por = 4-But-TPP, Ar = p-XC6H4 (X = Me, H, Cl or I); por = TTP, Ar = p-MeC6H4

ð62aÞ

5.6.6.3 Nitrido Complexes

5.6.6.3.1 Mononuclear complexes

No mononuclear nitrido complexes of Ru(IV) and Os(IV) have been reported.

5.6.6.3.2 Binuclear and trinuclear nitrido-bridged complexes

There are quite a number of �-nitrido ruthenium(IV) and osmium(IV) complexes, including
[Ru2(N)(X)8(H2O)2]

3� (X¼Cl, Br, NCS), [Ru2(N)(X)8(CO)2]
3�, [Ru2(N)(CN)10]

5�, [Ru2(N)(X)2-
(NH3)8]

3þ (X¼Cl, Br, NO3), [Ru2(N)(X)3(NH3)6(OH2)]
2þ (X¼Cl, NCS, N3), [Os2(N)(NH3)8(X)2]

3þ

Ru

PMe3

Me3P

ArN NAr

(117)

Ru
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Cl N
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Cl
Cl N
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Cl

N N

-

= bpy

(118a) (118b)
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(X¼Cl, Br, I, NCS, N3, NO3), [Os2(N)(Cl)8(H2O)2], [Os2(N)(Cl)10]
5�, and [Os2(N)(S2CNR2)5]

(R¼Me, Et), that have been discussed in CCC (1987).
Prolonged treatment of [Ru2(N)(Cl)8(OH2)2]

3þ with en produces [Ru2(�-N)(en)5]
5þ, the X-ray

structure of which shows a bridging en ligand with Ru�N(nitride)¼ 1.742 Å and
Ru�N�Ru¼ 175.6�.430 Treatment of [Ru(bpy)(CO)2(Cl)2] with HCl/HNO3 at 240 �C for 12 h
produces a small amount of the red �-nitrido species [Ru2(�-N)(bpy)2(Cl)5(H2O)] (118a)
(Ru�N¼ 1.744 and 1.728 Å, �(Ru�N�Ru)¼ 1,071 cm�1). Under the same conditions but with
a mixture of [Ru(bpy)(CO)2(Cl)2] and fac- and mer-[Ru(bpy)(Cl)3(NO)], a few dark red crystals of
(H5O2)[Ru2(�-N)(bpy)2(Cl)6] (118b) were obtained. The X-ray structure of (118b) shows sym-
metric Ru¼N¼Ru bridges (Ru�N¼ 1.734 Å).431

[{Ru(PCy3)(‘‘S4’’)}2(�-N)](PF6) (119) (‘‘S4’’
2�¼ 1,2-bis(2-mercaptophenylthio)ethane(2-); Cy¼

cyclohexyl) is formed by the reaction of [Ru(N3)(PCy3)(‘‘S4’’)] with HBF4.432 IR monitoring of the
reaction shows an unstable intermediate exhibiting an IR band at 2,070 cm�1, proposed to be a
N2 complex [Ru(N2)(PCy3)(‘‘S4’’)]. The two Ru centers are strongly bent, probably due to steric
crowding. The Ru�N distances are 1.762 Å and 1.804 Å.

There are a number of �-nitrido ruthenium complexes containing macrocyclic ligands. The
RuIIIRuIV species [(Pc)Ru�N�Ru(Pc)] (Pc¼ phthalocyanine) has been prepared by heating
[Ru(Pc)] or [Ru(Pc)(py)2] with NaN3 (�(Ru�N�Ru)¼ 1,040 cm�1, �eff¼ 1.8�B).

433 A RuIVRuIV

dimer containing the tetraanionic macrocyclic ligand meso-octamethylporphyrinogen L,
[Ru2(N)(L)2]

3� (120a), is formed when [RuVI(N)(L)]� is treated with one equivalent of
[RuIIL]2�. (120a) undergoes a reversible one-electron reduction to [Ru2(N)(L)2]

4� (120b)
(Scheme 12), which contains an unpaired electron (�eff¼ 1.60�B at 293K). The two nitrido-
bridged complexes differ significantly in their bond distances. The Ru�N�Ru skeleton is linear
in both cases, but the Ru�Nav distance changes from 1.768 Å in RuIV�N�RuIV to 1.826 Å in
RuIV�N�RuIII.209

The nitrido-bridged complex [{Ru(Me3tacn)(o-C6H4(NH)2)}2(�-N)](PF6)2 (120c) is obtained by
heating solid [(Me3tacn)Ru(o-C6H4(NH)2)(N3)](PF6)�H2O in vacuum at 160 �C.434 Magnetic meas-
urement shows that the complex is a mixed-valence, paramagnetic species containing one unpaired
electron per dinuclear unit. X-ray crystallography reveals the o-C6H4(NH)2 ligand in the complex
has o-phenylenediamide character, which would render the complex formally a mixed-valence
RuIVRuV species. However, the Ru�N bond lengths of 1.802 Å and 1.767 Å are significantly longer
than in other RuIV¼N¼RuIV units (1.72–1.74 Å). Apparently the C6H4(NH)2 ligand is noninno-
cent and that formal oxidation state assignments to the ligands or metal centers are not possible.434

HN N

NH

N Ru

NH

N

N Ru

HN

N

N
N

Me

Me

Me

Me

Me

Me

(120c)

2-

The complex [Os2(N)(NH3)8(Cl)2]Cl3 has been prepared by heating Na2[OsCl6] with aqueous
ammonia under pressure435 Reaction of (NH4)2[OsCl6] with N2H4�H2O under refluxing condi-
tions gives the golden yellow [Os2(N)(NH3)10]Cl5, which shows a �(Os¼N¼Os) stretch at
1,100 cm�1.436 A �-nitrido complex, [(Tp)Os(Cl)2(�-N)Mo(S2CNEt2)3], where the osmium prob-
ably has an oxidation state between þ4 and þ5, is described in Section 5.6.4.2.2(ii).

A trinuclear nitrido-bridged osmium complex, [Os3(N)2(CN)10(OH2)4]
4�, has been reported.437

A series of OsV�N�OsIV�N�OsV complexes, [Os3(N)2(Cl)8(R-py)6] (R-py¼ 4-methylpyridine
(4-Mepy), 3-picoline, 4-ethylpyridine (4-Etpy) and 4-t-butylpyridine (4-Butpy)), have been pre-
pared by thermolysis of [Os(N)(Cl)3(R-py)2] in a noncoordinating solvent.156,158 X-ray structural
studies of [Os3(N)2(Cl)8(4-Etpy)6] (121a) and [Os3(N)2(Cl)8 (4-Bu

tpy)6] (121b) reveal a linear Os3(N)2
unit with multiple bonding significantly localized in the outer osmium–nitrogen bonds;
Osouter�Nnitrido¼ 1.702–1.719 Å, d(Osinner–Nnitrido)¼ 1.895–1.911 Å.158
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5.6.6.4 Miscellaneous Nitrogen Ligands

5.6.6.4.1 Cyanoimido complexes (NCN)

Osmium(IV) cyanoimido complexes can be prepared by the interaction of osmium(VI)
nitrido complexes with CN� (Equations (62b) and (62c); see also Scheme 6 and Section
5.6.4.2.2(ii)).

The X-ray crystal structure of (NEt4)[OsIV(bpy)(Cl)3(NCN)] shows an Os�N(CN) distance of
1.914 Å, consistent with an Os¼N bond. The Os�N�C angle of 131.0� appears to be the
smallest known for cyanoimido and substituted cyanoimido complexes.606 The reactions of
[OsIV(bpy)(Cl)3(NCN)]� with acids, alkylating agents, and acid anhydride are summarized in
Scheme 19.

[OsVI(N)(tpy)(Cl)2]+ + CN–           [OsIV(tpy)(Cl)2(NCN)] ð62bÞ

[OsVI(N)(bpy)(Cl)3] + CN–           [OsIV(bpy)(Cl)3(NCN)]- ð62cÞ

Os

L Cl

LCl

NCl Os

L Cl

LCl

N Os

L Cl

LCl

Cl
V VIV

(a) 4-Etpy

(b) 4-Butpy

(121)
C

Ru

N

N

C
Ph Ph

Ph Ph

NN

N N

(121c)

N4 = 3,4,5-MeO-TPP

i, H+; ii, H+; iii, 2Et3O+; iv, 2MeI; v, (CH3CO)2O

[OsIV(bpy)(Cl)3(N C NMe2)]+

2Et2O
+

CH3CO2
-

+

[OsIV(bpy)(Cl)3(N C NEt2)]+ [OsIV(bpy)(Cl)3(N C N(H)C(O)CH3)]+

N

H

C
N

[OsIV(bpy)(Cl)3(N C NH2)]+

[OsIV(bpy)(Cl)3(NCN)]-

(bpy)(Cl)3OsIV

(49)

+
2 I-

i

ii

iii

iv

v

Scheme 19
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5.6.6.4.2 Methyleneamido complexes (N¼CR2)

The chemical and electrochemical oxidation of [Ru(tpy)(bpy)(NH2CHRR0)]2þ (NH2CHRR0 ¼PriNH2,
cyclohexylamine, (�-methylbenzyl)amine) produces the ruthenium(IV) complexes [Ru(tpy)-
(bpy)(N¼CRR0)]2þ. The X-ray structure of [Ru(tpy)(bpy)(N¼CMe2)](ClO4)3�H2O shows a linear
Ru�N�C linkage with a Ru�N bond length of 1.831 Å, indicating multiple bonding.438

Reaction of [RuVI(O)2(3,4,5-MeO-TPP)] with Ph2C¼NH produces the ruthenium(IV) bis (methyl-
eneamido) complex [RuIV(3,4,5-MeO-TPP)(N¼CPh2)2] (121c).439 The structure of the complex
includes two linear, axial N¼CPh2 group (Ru�N�C¼ 175.9�) with a linear C¼N�Ru-N¼C back-
bone. The Ru�N(methyleneamido) distance of 1.896 Å again indicates multiple bonding character.

5.6.6.4.3 Azidoimido complexes (NN3)

Reaction of mer-[OsVI(N)(bpy)(Cl)3] with N3
� results in the formation of the stable diamagnetic

osmium(IV) azidoimido product [OsIV(bpy)(Cl)3(N4)]
�, which contains the first example of an

unbridged N4
2� ligand (Equation (62d)).440 This product is characterized by elemental analysis,

NMR, and IR (�sym(N3
�)¼ 2058 cm�1, �(Os�N)¼ 1,092 cm�1). The cyclic voltammogram of this

complex in CH3CN shows three reversible waves at E1/2¼þ1.40V,þ0.88V, and�0.82V (vs. SSCE)
for the OsVI/V, OsV/IV, and OsIV/III couples, respectively. Reaction of the cyanoimido complex with
ONMe3�3H2O in dry CH3CN produces an osmium(IV) azidohydroxoamido complex, [OsIV-
(bpy)(Cl)3{N(OH)N3}], which appears to contain the first example of the N(OH)N3

� ligand:440

mer-[OsVI(N)(bpy)(Cl)3] + N3
–             mer-[OsIV(N4)(bpy)(Cl)3]– ð62dÞ

Addition of OH� to [OsIV(N(OH)N3)(bpy)(Cl)3] results in the formation of
[OsII(N2O)(bpy)(Cl)3]

� (Equation (63)). This reaction may occur by deprotonation followed by
internal redox (Equation (64)):

mer-[Os{N(OH)N3}(bpy)(Cl)3] + OH–                  mer-[Os(N2O)(bpy)(Cl)3]– + N2 + H2O ð63Þ

mer-[OsIV{N(OH)N3}(bpy)(Cl)3] + OH–               H2O + mer-[OsIV{N(O)N3}(bpy)(Cl)3]–            
mer-[OsII{N(=O)N3}(bpy)(Cl)3]–             mer-[OsII(N2O)(bpy)(Cl)3]– + N2

ð64Þ

5.6.6.4.4 Hydrazido complexes (NNR2)

High oxidation state hydrazido complexes have been proposed as key intermediates in biological
and chemical nitrogen fixation.441–443

Reaction of dioxoruthenium(VI) porphyrins with 1,1-diphenylhydrazine in ethanol produces
bis(1,1-diphenylhydrazido)ruthenium(IV) porphyrins, [RuIV(por)(NHNPh2)2] (por¼TPP, TTP,
4-Cl-TPP, 4-MeO-TPP)444 (see Figure 1). The X-ray structure of [Ru(TPP)(NHNPh2)2] (122)
has been determined. The average Ru�N(N) distance and average Ru�N�N angle are 1.911 Å
and 141.1�, respectively.

There is an extensive chemistry involving hydrazido complexes of osmium(IV), -(V), and -(VI).
Electrochemical oxidation of [Os(tpy)(bpy)(NH3)](PF6)2 in aqueous solutions in the presence of a
secondary aliphatic amine produces the formally osmium(V) hydrazido(2-) complex
[OsV(NNR2)(tpy)(bpy)](PF6)3, which can be reduced electrochemically to [OsIV(NNR2)(tpy)
(bpy)](PF6)2.

377 The X-ray structures of [OsIV(NNR2)(tpy)(bpy)](PF6)2 for NR2¼ diethylamide
and morpholide have been determined; both complexes show bent hydrazido(2-) coordination
(Os�N�N¼ 137�). The Os�N(N) distances are 1.89 Å and 1.85 Å for the NNEt2 and the
NN(CH2)4O complex, respectively, indicating multiple bonding. Other osmium(IV) hydrazido
complexes such as cis-[OsIV{NN(CH2)4O}(tpy)(Cl)(CH3CN)]þ and cis-[OsIV{NN(CH2)4O}-
(tpy)(CH3CN)2]

2þ, as well as the corresponding osmium(V) and -(VI) hydrazido complexes [OsV(L)(Cl)2-
(NNR2)]

þ (L¼ tpy (2,20:60,200-terpyridine), tpm (tris-(1-pyrazolyl)methane); NNR2¼NN(CH2)4CH2,
NN(CH2)4O, NNEt2) and trans-[OsVI(NN(CH2)4O)(tpy)(Cl)2]

2þ have also been prepared and structu-
rally characterized.177,178,377 The Os�N(N) distance decreases from d4 OsIV to d3 OsV by 0.11 Å, and
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from d3 OsV to d2 OsVI by another 0.08 Å (Table 14). The Os�N�N angle increases from 130� for
OsIV to 148–157� for OsV to 170� for OsVI. These differences are rationalized by a bonding model in
which there is stepwise electron loss from a �* MO on going from OsIV to OsVI, thereby increasing
multiple bond character and decreasing bond length. The bending of Os�N�N in OsIV reduces
electron–electron repulsion caused by electrons in the �* orbital. Removal of electrons from the �*
orbital would increase the bond angle.

The species trans-[OsIV{NN(CH2)4O}(tpy)(Cl)2] can be protonated to give the hydrazido(1-)
species trans-[OsIV{N(H)N(CH2)4O}(tpy)(Cl)2]

þ. The protonated species undergoes rapid oxida-
tion by benzoquinone, Q, to give trans-[OsV{NN(CH2)4O}(tpy)(Cl)2]

þ and H2Q.378 This reaction
occurs with a remarkable N�H/N�D kinetic isotope effect of 41.4, consistent with a proton-
coupled electron transfer mechanism.

5.6.6.4.5 Sulfilimido and sulfoximido complexes

cis- and trans-[OsVI(N)(tpy)(Cl)2]
þ react rapidly with 3,5-Me2C6H3SH to give the osmium(IV) sulfi-

limido complexes cis- and trans-[OsIV{NS(H)C6H3Me2}(tpy)(Cl)2]
þ (see Scheme 6).445,446 The

N�S�C angles are 102.8� and 101.6�, respectively, for the cis and trans isomers, consistent with
pseudo sp3-hybridization and protonation at the S atom. The bond lengths Os�N¼ 1.947 Å (cis),
1.906 Å (trans) and N�S¼ 1.645 Å (cis), 1.706 Å (trans) and the angles Os�N�S¼ 125.6� (cis),
130.4� (trans) are consistent with an osmium(IV) complex with an Os¼N double bond and a N�S
single bond. A pKa of 1.31 has been determined for the acid–base equilibrium (Equation (64a)):445,447

trans-[OsIV{NS(H)C6H3Me2}(tpy)(Cl)2]+        trans-[OsIV{NSC6H3Me2}(tpy)(Cl)2] + H+ ð64aÞ

The structure of the deprotonated form has also been determined by X-ray crystallography. For
trans-[OsIV(NSC6H3Me2)(tpy)(Cl)2] the Os�N(S) and N�S bond lengths are 1.890 Å and 1.596 Å,
respectively, and the N�S�C and Os�N�S bond angles are 104.28� and 129.52�, respectively.446

trans-[OsIV{NS(H)C6H3Me2}(tpy)(Cl)2]
þ is readily oxidized by benzoquinone (Q) (Equation (65)).

This reaction has a remarkable S�H/S�D kinetic isotope effect of 31.1, consistent with a
proton-coupled electron transfer mechanism, which may have important implications for the
electron transfer reactivity of Fe�S proteins.448–454

Cyclic voltammetry in CH3CN in the presence of HPF6 shows reversible [OsV/IV(tpy)(Cl)2-
(NS(H)C6H3Me2)]

2þ/þ and [OsIV/III(tpy)(Cl)2(NS(H)C6H3Me2)]
þ/0 waves at E1/2¼þ1.17V and

�0.08V for the trans complex, and E1/2¼þ1.21V and �0.09V (vs. SSCE) for the cis complex:466

2trans-[OsIV(tpy)(Cl)2{NS(H)C6H3Me2}]+ + Q            2trans-[OsV(tpy)(Cl)2{NSC6H3Me2}]+ + H2Q

ð65Þ

N

NH
N

Ru

HN

NN

N N

(122)
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There is also a reversible oxygen atom transfer chemistry based on the sulfilimido ligand. cis-
and trans-[OsIV{NS(H)C6H3Me2}(tpy)(Cl)2]

þ react readily with Me3NO in CH3CN to give the
corresponding OsIV sulfoximido complex (�(S¼O)¼ 1,250 cm�1 (trans) and 1,275 cm�1 (cis))
(Equation (65a)). The same products are also formed rapidly when the deprotonated sulfilimido
complexes are exposed to O2 (Equation (66)). The sulfoximido complexes are able to transfer the
O atom to PPh3 and to trans-stilbene (Equation (67)):

[OsIV(NS(H)C6H3Me2)(tpy)(Cl)2]+ + ONMe3                 [OsIV(NS(O)C6H3Me2)(tpy)(Cl)2]  + HNMe3
+ ð65aÞ

[OsIV(NSC6H3Me2)(tpy)(Cl)2] + 1/2O2            [OsIV(N(O)SC6H3Me2)(tpy)(Cl)2] ð66Þ

[OsIV{N(O)SC6H3Me2}(tpy)(Cl)2] + PPh3          [OsIV(NSC6H3Me2)(tpy)(Cl)2] + OPPh3
ð67Þ

An irreversible O-atom transfer also occurs in DMSO; cis- and trans-[OsIV{NS(H)-
C6H3Me2}(tpy)(Cl)2]

þ are converted to the sulfoximido complexes [OsIV{NS(O)Me2}-
(tpy)(Cl)2]

þ. In the X-ray structure of trans-[OsIV(NS(O)Me2)(tpy)(Cl)2]
þ, the average angle of

109.035� at the S-atom is consistent with sp3-hybridization. The long Os�N(S) bond length of
2.119 Å is consistent with an Os�N(S) single bond.

A remarkable O2 evolution chemistry was observed with these complexes.447 When one equivalent
of HPF6 is added to CH3CN solutions of either cis- or trans-[OsIV(tpy)(Cl)2 {N(O)SC6H3Me2}],
O2 is produced in a very rapid reaction (Equation (68)). When a stoichiometric amount of bpy in
air-saturated CH3CN is added the osmium(IV) sulfoximido is regenerated (Equation (69)). This
O2 evolution can be made catalytic by adding large excess of HPF6 in the presence of Me3NO
(Equation (70)):

2cis-[OsIV(NS(O)C6H3Me2)(tpy)(Cl)2] + 2H+  

                                              2cis-[OsIV(NS(H)C6H3Me2)(tpy)(Cl)2]+ + O2
ð68Þ

cis-[OsIV(NS(H)C6H3Me2)(tpy)(Cl)2]+ + bpy + 1/2O2                
                                                           cis-[OsIV(NS(O)C6H3Me2)(tpy)(Cl)2] + Hbpy+

ð69Þ

 1/2 O2 + HNMe3
+

MeCN/HPF6

H+ + ONMe3

[Os{NS(O)C6H3Me2-3, 5}(tpy)(Cl)2]

ð70Þ

Novel two-electron group transfer reactions also occur with the osmium(IV) sulfilimido
complexes (Equations (71) and (72)):380

[OsIV(NS(H)C6H3Me2)(tpy)(Cl)2]+ + PPh3 + MeCN          [OsII(tpy)(Cl)2(MeCN)]+ +

Ph3P=N-SC6H3Me2 + H+
ð71Þ

[OsIV(NS(H)C6H3Me2)(tpy)(Cl)2]+ + p -MeOC6H4NH2 + MeCN  

[OsII(tpy)(Cl)2(MeCN)] + p -MeOC6H3Me2 + H+
ð72Þ

5.6.6.4.6 Phosphoraniminato (NPR3) and phosphineaminato (NHPR3) complexes

Ruthenium(IV) and osmium(IV) phosphoraniminato complexes are formed by nucleophilic
attack of phosphines on the nitrido ligand of ruthenium(VI) or osmium(VI). The first examples
of this type of complexes are [OsIV(NPR3)(PR3)2(Cl)3] and [RuIV(NPEt2Ph)(Cl)3(PEt2Ph)2], which
have been documented in CCC (1987). While there are quite a few osmium complexes of this
class, there appears to be only one structurally characterized ruthenium complex.

Rapid reactions occur between [OsVI(N)(tpy)(Cl)2]
þ and PR3 (R¼Ph3, Ph2Me, PhMe2,

Me3, Et3) to give [OsIV(NPR3)(tpy)(Cl)2]
þ (Scheme 20).379,455 The X-ray structures of

trans-[OsIV(NPPh3)(tpy)(Cl)2](PF6)�CH3CN and cis-[OsIV(NPPh2Me) (tpy)(Cl)2](PF6)�CH3CN
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show long Os�N(P) bond distances (2.093 Å and 2.061 Å), acute Os�N�P bond angles (132.5�

and 132.2�), and little structural trans effect. These properties indicate that the Os�N(P) bond is
essentially a single bond. A room temperature magnetic moment of 1.8�B was found for trans-
[OsIV(NPPh3)(tpy)(Cl)2](PF6), consistent with the d 4 OsIV formulation.379,455 The cyclic voltam-
mogram of trans-[OsIV(NPPh3)(tpy)(Cl)2](PF6) in CH3CN shows reversible OsIV/III and OsIII/II

couples at 0.92V and �0.27V vs. SSCE, respectively.
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i, PR3; ii, 1 e- reduction; iii, xs PR3; iv, HBF4; v, hydrolysis; vi, HCl; vii, 1 e- oxidation;

Scheme 20

Reaction of [OsVI(N)(Tp)(Cl)2] with HPEt2 generates [OsIV{NP(H)Et2}(Tp)(Cl)2], which reacts
rapidly with benzoquinone (Q) according to Equation (73):

2[OsIV{NP(H)Et2}(Tp)(Cl)2] + Q           2[OsV{NPEt2}(Tp)(Cl)2] + H2Q ð73Þ
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The observed rate law is consistent with competing pathways involving the oxidation of
OsIV–NP(H)Et2 and OsIV–NPEt2 by Q. A remarkable P�H/P�D kinetic isotope of 178 is
observed, consistent with a proton-coupled electron transfer mechanism.456

An osmium(IV) phosphoraniminato complex containing the anionic ligand LOEt is known. The
complex [OsLOEt(NPPh3)(Cl)2] has Os�N¼ 1.893 Å, Os�N�P¼ 137.5� and �eff¼ 2.0�B.

188

A series of osmium complexes containing the Schiff base ligand salophen have been reported,
[OsIV(NPPh3)(L)(Cl)] (L¼ 5,50-disubstituted salophen).205 These complexes exhibit reversible OsV/IV

and OsIV/III couples, the E1/2 values showing linear correlations with the Hammett constant �p of
the substituent on the Schiff base ligand. The X-ray structure of [OsIV(NPPh3)(salophen)(Cl)] also
shows a rather long Os�N(P) bond length (1.92 Å) and an acute Os�N�P bond angle (149.6�).

An OsIV phosphoraniminato complex has also been obtained via the reaction of an osmium(II)
thionitrosyl complex with PPh3 (Equation (74)):457

[OsII(NS)(tpm)(Cl)2]
+ + 2PPh3  [OsIV(NPPh3)(tpm)(Cl)2]+ + S=PPh3→ ð74Þ

Bond length, bond angle, and electrochemistry data for some osmium phosphoraminato com-
plexes are collected in Table 16.

5.6.6.4.7 Other nitrogen ligands

A number of [MIV(por)(X)2] (X¼Cl, Br, I) complexes are known. These are generally prepared
by the reduction of [OsVI(O)2(por)]

414,458,459 or by treatment of [Ru(por)]2 (por¼TPP) with HBr,
HCl, or I2. A more convenient, one-pot synthesis is by simply heating [Ru(por)(CO)] in
CX4.

460,461 The X-ray structure of [Ru(TPP)(Br)2] has been determined (Ru�Br¼ 2.425 Å).462

A chiral dichlororuthenium(IV) complex of a D4-symmetric porphyrin, [RuIV(D4-por*)(Cl)2],
has been prepared by heating [RuII(D4-por*)(CO)(MeOH)] in CCl4.

463 The complex is character-
ized by 1H NMR (paramagnetically shifted pyrrolic protons at 
H¼�52.3 ppm), FAB-MS, and
magnetic susceptibility measurement (�eff¼ 3.1�B). It is a very active catalyst for enantioselective
alkene epoxidations using 2,6-dichloropyridine N-oxide as the terminal oxidant, with a turnover
number of up to 2000; the ee of the epoxides is 50–80%. The complex can be incorporated into
sol–gel and turnovers of over 104 can be achieved.463

[OsIV(Tp)(OTf)(Cl)2] can abstract a nitrogen atom from MeCN upon heating to give the
osmium nitrido compound [OsVI(N)(Tp)(Cl)2] (Equation (75)).168 The suggested mechanism is
hydrolysis at OsIV followed by redox disproportionation to OsVI and OsIII:

3[OsIV(Tp)(OTf)(Cl)2] + MeCN + 2H2O →

[OsVI(N)(Tp)(Cl)2] + 2[OsIII (MeCN)(Tp)(Cl)2 HOAc + 3HOTf] + 
ð75Þ

Reaction of trans-[RuVI(O)2(por)] with alkenes in the presence of pyrazole (Hpz) produces
trans-[RuIV(por)(pz)2] (122c). These complexes are paramagnetic with two unpaired electrons. The

Table 16 Selected bond length, bond angle, and electrochemistry of osmium phosphoraminato complexes.

Vs. Cp2Fe
þ/0

Complex d(Os�N)(Å) ffOs�N�P(�) E1/2
V/IV(V) E1/2

IV/III(V) References

[Os(NPPh3)(salophen)Cl] 1.92(1) 149.6(10) 0.14 �0.21 205
trans-[Os(NPPh3)(tpy)
(Cl)2](PF6)

2.093(5) 132.5(3) 0.92a �0.27a 379,455

trans-[Os(NPPh2Me)
(tpy)(Cl)2](PF6)

2.061(6) 132.2(4) 455

cis-[Os(NPPh3)
(tpy)(Cl)2](PF6)

2.071(6) 138.4(4) 605

[Os(NPPh3)(LOEt)(Cl)2] 1.893(5) 137.5(3) �0.718 188

a Vs. SSCE.
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IR spectrum shows an oxidation marker band at 1,006 cm�1, consistent with a RuIV formation.
The structure of [RuIV(DPP)(pz)2] has been established by X-ray crystallography. The Ru�N(pz)
distances are 2.022 Å and 2.083 Å.321

5.6.6.5 Phosphine, Arsine, and Stibine Ligands

Phosphines and arsines occur as coligands in RuIV¼O complexes (Section 5.6.6.6.1(i)(b)).
Osmium(IV) complexes of the type trans-[Os(L)2(X)4], mer-[Os(L)3(X)3]

þ, trans-
[Os(L)4(X)2]

2þ, and trans-[Os(L-L)2(X)2]
2þ (L¼ various PR3, AsR3, SbPh3; L-L¼ diphosphine

sphine or diarsine; X¼Cl, Br, I) are known.277,464–468 These are generally prepared either by
reaction of [OsO4] with L and HX or by the oxidation of the corresponding OsIII or OsII

complex. Cyclic voltammetry shows that the OsIV/III couples are generally reversible.466 For
trans-[Os(L)2(X)4] the redox potentials of the OsIV/III couples correlate with the energies of
the lowest charge transfer transitions in the UV–vis spectra.468 The X-ray structures of
trans-[Os(AsPh3)2(Br)4]

469 (122a) (Os�As¼ 2.569 Å, Os�Br¼ 2.451–2.472 Å) and trans-
[Os(PPh3)2(MeO)(Br)3]

470 (122b) (Os�P¼ 2.413–2.424 Å, Os�Br¼ 2.471–2.494 Å) have been
determined.

Os
Br

Br Br

Br

AsPh3

AsPh3

(122a)

Os
Br

MeO Br

Br

PPh3

PPh3

(122b)

IV
Ru

N

N
N N

N N

N

N

N4 = DPP

(122c)

5.6.6.6 Oxo Complexes

5.6.6.6.1 Mononuclear complexes

(i) Synthesis

(a) Nitrogen ligands. Extensive work on terminal RuIV¼O complexes containing nonlabile
oxidation-resistant nitrogen donor ligands has been reported.23,24,471,472 In general, these com-
plexes are prepared either by oxidation of RuII�OH2 or RuIII�OH2 precursors,240,269,473–476 or
by reduction of trans-dioxoruthenium(VI) complexes.241–243,477 Selected examples are shown in
Equations (76)–(79):

[RuII(tpy)(diamine)(H2O)]2+ + 2CeIV → [RuIV(O)(tpy)(diamine)]2+ + 2CeIII + 2H+ ð76Þ

[RuIII(14-TMC)(OH)(OH2)]2+ + X– + H2O2 + H+ →

 + 3H2O (X = N3, n  = 1; X = H2O, n = 2)NCO, [RuIV(O)(14-TMC)(X)]n+

ð77Þ

[RuVI(O)2(14-TMC)]2+ + PPh3 + CH3CN → [RuIV(O)(14-TMC)(CH3CN)]2+ + O=PPh3
ð78Þ

[RuVI(O)2(TMP)] + PPh3  → [RuIV(O)(TMP)] + O=PPh3
ð79Þ

Six-coordinate RuIV¼O complexes are paramagnetic with measured �eff ranging from 2.7 to
2.95�B at room temperature. Their IR spectra exhibit a Ru¼O stretch ranging from 750 cm�1 to
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845 cm�1 (Table 4). The first complex of this type is cis-[Ru(O)(bpy)2(py)](ClO4)2, prepared by
CelV oxidation of cis-[Ru(bpy)2(py)(OH2)](ClO4)2.

473,474 The Ru¼O stretching vibration occurs
at 792 cm�1, this assignment being supported by l8O-labeling experiments.474 Its room tempera-
ture magnetic moment is 2.95�B. Detailed studies on the temperature variation of the magnetic
susceptibility revealed a singlet (d�1)

2(d�2)
1(d�3)

1 ground state with the triplet state
(d�1)

2(d�2)
2(d�3)

0 lying slightly higher, at 79 cm�1 in the solid state and 56 cm�1 in CD3CN.478

The complex is unstable toward self-reduction in basic solutions; the mechanism involves metal–
ligand redox reactions.479

Optically active forms of cis-[Ru(O)(bpy)2(py)](ClO4)2 have been resolved.480 Related RuIV¼O
complexes, such as [Ru(O)(tpy)(bpy)]2þ,481 and para-substituted derivatives,482 [Ru(O)(tpy)(6,60-
Cl2bpy)]

2þ269 and [Ru(O)(tpm)(bpy)]2þ,483 have also been prepared. [RuIV(O)(tpy)(6,60-Cl2bpy)]
2þ

is an active and robust catalyst for the oxidation of saturated hydrocarbons by TBHP.269 This
RuIV oxo complex has a high E�(RuIV/III) value of 1.13V vs. SCE at pH 1.0 and is capable of
oxidizing the tertiary C�H bond of adamantane to give adamantan-1-ol exclusively.

RuIV¼O complexes containing chiral ligands are also known. [Ru(O)(PPz*)(Y2-bpy)]
2þ

(PPz*¼ 2,6-bis[(4S,7R)-7,8,8-trimethyl-4,5,6,7-tetrahydro-4,7-methanoindazol-2-yl]pyridine, Y2¼H2,
6,60-Cl2) epoxidize alkenes with ee of up to 60%.515 [Ru(O)(tpy)(1R,2R-cxhn)]-
(ClO4)2(cxhn¼N,N,N0,N0-tetramethyl-1,2-diaminocyclohexane) and [Ru(O)(Me3tacn)(cbpy)]-
(ClO4)2(cbpy¼ (�)-3,30-[(4S-trans)-1,3-dioxolane-4,5-dimethyl]-2,20-bipyridine) have also been
reported.484 Stoichiometric oxidation of styrene and 4-chlorostyrene by [Ru(O)(tpy)(1R,2R-
cxhn)](ClO4)2 gave the corresponding epoxide with no enantiomeric excess. Using [Ru(O)(Me3-
tacn)(cbpy)]-(ClO4)2, a 9% ee of R-styrene and R-4-chlorostyrene oxide were found in the
oxidation of styrene and 4-chlorostyrene, respectively. RuIV¼O complexes containing chiral
bis(oxazoline) ligands, [Ru(O)(tpy)(L)](ClO4)2 (L¼ (S)- or (R)-bpop¼ 2,2-bis[2-[4(S)- or 4(R)-
phenyl-1,3-oxazolinyl]]propane), are also known.485 These chiral ruthenium oxo complexes oxidize
methyl p-tolyl sulfide to the corresponding sulfoxide with 12% ee, and racemic methyl p-tolyl
sulfoxide to the corresponding sulfone with 25% ee.

NaOCl oxidation of trans-[RuIIX(NO2)(Y-py)4]
n (n¼ 0 for X¼Cl, n¼ 1þ for X¼H2O;

Y¼H, Me)486,487 produces trans-[Ru(O)X(Y-py)4]
þ (X¼Cl, NO2). Interestingly, trans-[RuCl-

(NO2)(py)4] is oxidized to trans-[Ru(O)Cl(py)4]
þ, while trans-[Ru(NO2)(H2O)(py)4]

þ is oxidized
to trans-[Ru(O)(ONO)(py)4]

þ with retention of the nitro nitrogen. trans-[RuIV(O)(py)4Cl]
ClO4 has a long Ru¼O distance of 1.862 Å,488 and yet it has a stretching frequency
(�(Ru¼O)¼ 805 cm�l) similar to that found for trans-[RuIV(O)(L)(X)]nþ (815–820 cm�l,
L¼ 14-TMC)240 and [RuIV(O)(tpy)(bpy)](ClO4)2 (792 cm�l).481

A number of ruthenium(IV) oxo complexes bearing tertiary phosphine or arsine ligands,
[Ru(O)(bpy)2(PnR3)]

2þ 489,490 and [Ru(O)(bpy)(biq)(PnR3)]
2þ (biq¼ 2,20-biquinoline, PnR3¼ tertiary

rtiary phosphine or arsine),475 have been synthesized through oxidation of the corresponding aqua-
ruthenium(II) species by CeIV or by electrochemical means. Although tertiary phosphine ligands are
susceptible to oxidation, these ligands are found to be stable within the coordination sphere of the
RuIV center. These complexes are powerful oxidants that oxidize a wide variety of organic substrates.

RuIV¼O complexes containing chelating tertiary amines such as [RuIV(O)(tpy)(TMEA)]2þ476

and [RuIV(O)(tpy)(tmcn)]2þ 491 (TMEA¼N,N,N0,N0-tetramethylethylenediamine; tmcn¼N,N,N0,
N0-tetramethyl-cyclohexanediamine) have been prepared by oxidation of their RuII�OH2 precur-
sors by CeIV.

A ruthenium(IV) oxo complex containing pyridyl-type ligands, [RuIV(O)(N4O)]þ(see Figure 14 for
structures of ligand), has been generated by electrochemical oxidation of [RuIII(N4O)(OH2)]

2þ in
aqueous solution (pH> 3.5). This species was found to disproportionate to RuIII and RuV in acidic
solution.492

(b) Phosphine ligands. Reaction of trans-[Os(	2-O2)(dcpe)2(Cl)]
þ (130) (dcpe¼ 1,2-bis(dicyclo-

hexylphosphino)ethane) with anhydrous HCl and a reductant (I� or PPh3) produces
trans-[OsIV(O)(dcpe)2(Cl)]

þ (123), the first stable and structurally characterized OsIV¼O
species.494

(123) has a �eff of 3.05�B at 300K, consistent with the (dxy)
2(dxz)

1(dyz)
1 configuration. The X-ray

structure shows a distorted octahedral coordination with a Os¼O distance of 1.834 Å similar to
that in OsIV�O�OsIV species (1.78–1.83 Å), but longer than that in the OsVI oxo complexes
[Os(O)(tmen-2H)(tmen-H)]ClO4 (1.72 Å)250 and [OsO(O2C2H4)2] (1.670 Å).493 This complex is
unreactive towards organic substrates. trans-[OsIV(O)(dcpe)2(Br)]

þ and trans-[OsIV(O)(depe)2(Cl)]
þ

(depe¼ 1,2-bis(diethylphosphino)ethane) have also been prepared in a similar way.494

(c) Oxygen ligands. A RuIV¼O active intermediate is proposed in the aerobic
hydroxylation of adamantane by the ruthenium-substituted ‘‘sandwich’’-type polyoxometalate
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[WZnRuIII2(XW9O34)2]
11�.495 Similarly, a RuIV¼O intermediate, formulated as [Ru(O)(Cl)2

(PPh3O)3], is proposed in the catalytic oxidation of N-Boc hydroxylamine to the corresponding
nitroso dienophile by [Ru(Cl)2(PPh3)4]/TBHP.496
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(d) Macrocyclic tertiary amine ligands. Apart from polypyridyl ligands, macrocyclic tertiary
amine ligands are also found to be oxidation resistant upon coordination and can stabilize high-
valent ruthenium oxo complexes. There is an extensive series of RuIV¼O complexes containing
macrocyclic tertiary amine ligands, trans-[RuIV(O)(L)(X)]nþ (L¼ 14-TMC, 15-TMC, 16-TMC,
(TMEA)2; n¼ 1, X¼Cl, N3, NCO; n¼ 2, X¼CH3CN) (see Figure 3 for structures of ligands).240

These complexes are prepared either by the reduction of the corresponding trans-dioxoruthen-
ium(VI) complex trans-[RuVI(O)2(L)]

2þ (see Section 5.6.4.4.2) with excess PPh3 or by the oxidation
of trans-[RuIII(L)(OH)(OH2)]

2þ with H2O2 in the presence of excess X� (NCO� or N3
�)

(Equations (80)–(83)). Interestingly, reduction of the perchlorate salt produces the chloro complex,
suggesting ClO4

� is involved in the redox reaction:

[RuIII(14-TMC)Cl2 ]+ [RuIII(14-TMC)(OH)(OH2)]2+
Ag+

H2O
ð80Þ

X-
[RuIII(14-TMC)(OH)(OH2)]2+

H2O2(aq)
[RuIV(O)(14-TMC)(X)]+

 (X = NCO-, N3
-)

ð81Þ

[RuVI (O)2(14-TMC)](PF6)2
(CH3)2CO/CH3CN

PPh3
[RuIV(O)(14-TMC)(CH3CN)](PF6)2     

ð82Þ

[RuVI(O)2(14-TMC)](ClO4)2
PPh3

(CH3)2CO
[RuIV(O)(14-TMC)Cl]ClO4 ð83Þ

The X-ray crystal structures of trans-[RuIV(O)(14-TMC)(X)]nþ (X¼Cl, NCO, N3, n¼ 1 and
X¼CH3CN, n¼ 2) have been determined. The Ru¼O bond distances for these complexes were
found to be 1.765 Å, being relatively insensitive to the nature of X (see Table 4 for bond
distances).240–243

trans-[RuIV(O)(16-TMC)(Cl)]þ can also be produced via disproportionation of a RuIII–NO2 inter-
mediate.497 Reaction of trans-[RuIII(16-TMC)(Cl)2]

þ with NO2
� in water at 60 �C leads to the

formation of trans-[RuIV(O)(16-TMC)(Cl)]þ and trans-[RuII(16-TMC)(OH)(NO)]2þ. The RuIV¼O
species has been characterized by X-ray crystallography, and the Ru¼O distance is 1.75 Å.497

A RuIV¼O complex with a N3py (N¼ tertiary amine) macrocyclic ligand, [RuIV(O)(CR-
Me3)(NCO)]C1O4, has been prepared by H2O2 oxidation of [RuIII(CRMe3)(OH)(OH2)]

2þ in the
presence of NaNCO. The X-ray structure revealed a Ru¼O distance of 1.777 Å.243

An oxoaquaruthenium(IV) complex of a macrocyclic N2O2 ligand, [RuIV(O)(H2O)(N2O2)]
2þ, has

been prepared by electrochemical oxidation of [RuIII(N2O2)-(OH)(OH2)]
2þ and characterized by X-ray

crystallography.247 This complex shows an exceptionally high Ru¼O stretching frequency of
845 cm�l.247 The stronger Ru¼O bond is also consistent with the measured Ru¼O distance of
1.739 Å,247 the shortest one ever reported for oxoruthenium(IV) complexes. The difference in the
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d(Ru¼O) values between trans-[RuIV(O)(H2O)(N2O2)]
2þ and [RuIV(O)(14-TMC)(X)]nþ has been dis-

cussed in terms of the weaker donor strength of N2O2 compared to 14-TMC, leading to enhanced
p�(O)�d�(Ru) bonding interactions.

A RuIV¼O species containing a tridentate macrocyclic ligand Me3tacn, [RuIV(O)-
(Me3tacn)(bpy)]

2þ (124), has been synthesized by oxidation of [RuII(Me3tacn)(bpy)(OH2)]
2þ

with CeIV.498 X-ray diffraction studies reveal that the complex has a distorted octahedral geom-
etry with the Me3tacn facially coordinated to Ru. The Ru¼O distance is 1.815 Å, which is
longer than the Ru�O(bridging) distances of 1.899–1.937 Å in [(Me3tacn)Ru(�-O)3-
Ru(Me3tacn)]

2þ (126) (see Section 5.6.6.6.2(i)). The Ru¼O stretch occurs at 780 cm�1.
E�(RuIV/III) for [RuIV(O)(Me3tacn)(bpy)]

2þ at pH¼ 7 is 0.54V, which is lower than the corres-
ponding value of 0.62V for [RuIV(O)(tpy)(bpy)]2þ. [RuIV(O)(Me3tacn)(bpy)]

2þ is an active
oxidant for alkenes and alkanes; the rate constants for the oxidation of styrene and norbornene
are 1.30
 10�3M�1 s�1 and 2.5
 10�4 M�1 s�1, respectively at 25.0 �C.
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trans-Dioxoosmium(IV) complexes of macrocyclic tertiary amine ligands have also been gen-
erated in the cyclic voltammetric scans of trans-[OsVI(O)2(L)]

2þ (L¼ 14-TMC, 15-TMC, 16-TMC,
CRMe3) in MeCN251 (see Section 5.6.4.4.2(ii)).
(e) Porphyrins and related complexes. Stoichiometric reduction of [RuVI(O)2(TMP)] with

PPh3
477 gives the oxoruthenium(IV) species [RuIV(O)(TMP)]. This species is characterized by

magnetic susceptibility measurement (�eff¼ 2.4�B) and
1H NMR spectroscopy, and it is unstable

towards disproportionation to RulI and RuVI. Monmeric ruthenium(IV) oxo species containing
nonsterically encumbered porphyrins, formulated as either [RuIV(O)(por)(ROH)] or [RuIV-
(por)(OH)2], are also known.318,319 The success of the synthesis of these monomeric species depends on
the solvent. Weakly coordinating solvents such as ethanol are thought to occupy the vacant coordin-
ation site of the [RuIV(O)(por)] intermediate, thus inhibiting the �-oxo dimerization process that leads to
the formation of [RuIV(por)(OH)]2(�-O).318,319 [Ru(O)(por)(ROH)] (or [Ru(por)(OH)2]) has ameasured
�eff¼ 3.1�B, consistent with the (dxy)

2 (dyz)
1(dxz)

1 electronic configuration. The cyclic voltammogram of
[Ru(O)(OEP)(EtOH)] in CH2Cl2/py displays a reversible reduction wave at �0.86V and an irreversible
oxidative wave at 0.6V vs. Cp2Fe

þ/0. The reduction wave has been assigned to the RuIV/III couple.499 A
summary of the d(Ru¼O) and �(Ru¼O) data is collected in Table 4.

(ii) Electrochemistry

The electrochemical behavior of ruthenium(IV) oxo complexes has been extensively studied. They
exhibit interesting electrochemical behavior, particularly in aqueous solutions, where proton-
coupled electron transfer processes occur. In general, two couples are observed in the cyclic
voltammetry of a RuIV¼O complex in aqueous solutions (Equations (84) and (85)):

RuIV=O + H+ + e–   RuIII– OH or RuIV=O + 2H+ + e–  RuIII– OH2 ð84Þ

RuIII
– OH + e–  + H+    RuII– OH2 ð85Þ
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In general, the RuIII–OH/RuII–OH2 couple is reversible, whereas the reversibility of the
RuIV¼O/RuIII–OH couple is strongly affected by the pretreatment of the electrode.500,501

Smaller currents are usually observed at gold, platinum, and untreated glassy carbon electro-
des, but improved reversibility can be achieved using oxidatively activated glassy carbon and
pyrolytic graphite electrodes.269,474,476,500 This is attributed to the presence of oxygen-contain-
ing functional groups, such as carbonyl, phenolic, or carboxylic, on the surface of the
electrodes which would facilitate the proton transfer step. The E� values of the RuIV¼O/
RuIII�OH2 and RuIV¼O/RuIII�OH couples shift cathodically with increase in pH in a
manner predicted by the Nernst equation for a two-proton one-electron and a one-proton
one-electron transfer couple, respectively. A Latimer diagram that summarizes the redox and
acid–base behavior of [RuIV(O)(bpy)2(py)]

2þ, a representative example of a RuIV¼O species, is
shown in Scheme 21.474

+ 0.78 V+ 0.99 V
[Ru(bpy)2(py)(OH2)]2+ [Ru(bpy)2(py)(OH2)]3+     [Ru(O)(bpy)2(py)]2+

[Ru(bpy)2(py)(OH)]2+     [Ru(bpy)2(py)(OH)]+

pKa = 0.85 pKa = 10.26

pH 7 ; 1 M LiClO4; vs SCE

+ 0.42 V+ 0.53 V [Ru(bpy)2(py)(OH2)] 2+[Ru(bpy)2(py)(OH)]2+     [RuIV(O)(bpy)2(py)]2+

+ 0.47 V

Scheme 21

The electrochemical behavior of [Ru(tpy)(bpy)(OH2)]
2þ in aqueous solution and when incorp-

orated in Nafion coatings has been studied in detail.500

The effect of ligand variations on the redox potentials of RuIV¼O systems is summarized in
Table 6. In general, RuIV¼O is stabilized by strong �-donor ligands, which is reflected in a
relatively low E�. For example, in [Ru(O)(tpy)(diamine)]2þ, the E� values are in the order of
diamine: TMEA< 4,40-(MeO)2bpy< bpy< 6,60-Cl2bpy, while the relative �-donor strengths of the
diamines are TMEA> 4,40-(MeO)2bpy> bpy> 6,60-Cl2bpy. A similar trend is observed in
[Ru(O)(bpy)(L)]2þ, where E� values for L: Me3tacn< tpy< tpm.

The electrochemical behavior of ruthenium(IV) oxo complexes of tertiary amines is similar to
that of polypyridyls. For the [RuIV(O)(L)(OH2)]

2þ/[RuIII(L)(OH)(OH2)]
2þ couples, the ring size

of the macrocycle L has little effect on E�. However, replacement of a tertiary amine nitrogen by a
pyridyl nitrogen leads to an increase in E�.

In nonaqueous solutions, oxoruthenium(IV) species undergo simple one-electron transfer
reactions. For trans-[RuIV(O)(L)(X)]þ (L¼ 14-TMC, 15-TMC, (TMEA)2; X¼Cl, NCO, N3), a
reversible oxidative couple is observed in the cyclic voltammogram in MeCN, which is due to the
trans-[RuV(O)(L)(X)]2þ/trans-[RuIV(O)(L)(X)]þ couple. The E�(RuV/IV) values for this series of
complexes range from 0.70 to 1.10V vs. Ag/AgNO3 (Table 6). The electrochemically generated
RuV species is an active oxidant for alcohols, as indicated by the catalytic oxidative current in the
presence of alcohols (see Section 5.6.5.4.1(ii) for Ru(V)).

Proton-coupled electron transfer reactions are also observed in the electrochemistry of osmium
oxo complexes. Cyclic voltammetry of [OsII(tpy)(bpy)(OH2)]

2þ in aqueous solution show pH-
dependent OsIV¼O/OsII�OH2 or OsIV¼O/OsIII�OH couples depending on the pH of the
solution.248 E� for the [OsIV(O)(tpy)(bpy)]2þ/[OsIII(O)(tpy)(bpy)]2þ couple is 0.41V at pH 7,
which is only 0.2V lower than the corresponding ruthenium couple.
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(iii) Reactivities

As shown by their redox potentials oxoruthenium(IV) species containing polypyridyl ligands are
strong oxidants and they oxidize a variety of substrates. The complex [Ru(O)(bpy)2(py)]

2þ has also
been used electrocatalytically for the oxidation of alcohols, aldehydes, alkenes, and aromatics.471,502

Electrocatalytic oxidation has also been performed on this complex that has been incorporated
into poly-4-vinylpyridine.503,504

The oxidation of triphenylphosphine by [Ru(O)(bpy)2(py)]
2þ has been studied in acetonitrile

solution. An 18O-labeling experiment shows that oxygen transfer from Ru(IV)¼O to PPh3 is
quantitative; k2¼ 1.75
 105 M�1 s�l at 298K.505

The oxidation of dimethyl sulfide to dimethyl sulfoxide and dimethyl sulfoxide to dimethyl
sulfone by [Ru(O)(bpy)2(py)]

2þ also occurs by O-atom transfer with respective rate constants of
17.1 M�1 s�1 and 0.13 M�1 s�1 in MeCN at 298K.506 The rate-determining step in the oxidation of
thioanisole by [Ru(O)(bpy)2(PR3)]

2þ appears to involve primarily single-electron transfer, whereas
the rate-determining step for the oxidation of methyl phenyl sulfoxide probably has an SN2
mechanism.507 The aerobic oxidation of methyl p-tolyl sulfide catalyzed by a remarkably labile
heteroscorpionate ruthenium(II) aqua complex, fac-[RuII(H2O)(dpp)(tpmm)]2þ (dpp¼ di(pyrazol-
1-yl)propane and tpmm¼ tris(pyrid-2-yl)methoxymethane), has been reported.508a The reaction
occurs without a peroxide intermediate. The active intermediate is the ruthenium(IV) oxo species
fac-[RuIV(O)(dpp)(tpmm)]2þ.

[Ru(O)(bpy)2(py)]
2þ oxidizes HCOO� to CO2 according to Equation (86). The pH dependence

of the reaction rates is consistent with paths involving oxidation of HCO2H, k¼ 0.01M�1 s�1,
and of HCO2

�, k¼ 4.2M�1 s�1 (25 �C, �¼ 0.1M). The path involving RuIV and HCO2
� is

proposed to occur by a two-electron hydride transfer from the �-carbon of the alcohol to the
oxo group of the ruthenium(IV), with a large kinetic isotope effect, k(HCO2

�)/
k(DCO2

�)¼ 19:508b

[Ru(O)(bpy)2(py)]2+ + HCO2
–  + H+ → [Ru(bpy)2(py)(H2O)]2+ + CO2   ð86Þ

The oxidation of alcohols by [Ru(O)(bpy)2(py)]
2þ and related complexes probably occurs by a

hydride transfer mechanism with large C�H kinetic isotope effects ranging from 9 (CD3OH) to
50 (C6H5CD2OH), but solvent isotope effects are negligible.410,411 The rate constants for the
oxidation of 2-propanol by the three ruthenium(IV) oxo complexes [Ru(O)(tpy)(6,60-Cl2bpy)]

2þ,
[Ru(O)(bpy)2(py)]

2þ, and [Ru(O)(tpy)(tmen)]2þ differ by a factor of only about two despite the
E�(RuIV/III) values ranging over 200mV.269 The oxidation of primary alcohols by
[Ru(O)(bpy)2(PPh3)]

2þ in aqueous solutions increases with the hydrophobicity of the alcohol.
The oxidation of allyl alcohol by [Ru(O)(bpy)2(PPh3)]

2þ is 250 times the rate of oxidation by
[Ru(O)(bpy)2(PEt3)]

2þ, again showing hydrophobic selectivity.509,510 A mechanism involving a
preassociation of target alcohol and coordinated phosphine ligand prior to hydride transfer is
proposed.509 In the oxidation of benzyl alcohols by oxoruthenium(IV) complexes containing para-
substituted triphenylphosphine ligands a mechanism that involves a partial hydrogen atom
abstraction from the benzylic carbon in the rate-determining step is proposed.511 A molecular
orbital analysis of the oxidation of methanol by [Ru(O)(N)5]

2þ suggests a pathway that involves
precoordination of the alcohol to the metal is competitive with one that involves C�H activation
by the oxo alone.512

Oxidation of alkenes by polypyridyl ruthenium(IV) oxo complexes is in general not select-
ive.269,476,490,513,514 In the oxidation of aromatic alkenes such as styrene both epoxide and
benzaldehyde, which arise from the oxidative cleavage of C¼C bonds, have been observed.
The epoxidation of cis-stilbene and cis-�-methylstyrene are not stereoretentive. In the oxidation
of cyclohexene, allylic oxidation occurs preferentially over epoxidation. The oxidation has been
investigated in acetonitrile and is found to obey second-order kinetics: rate¼ k2
[RuIV¼O][alkene]. In the oxidation of aromatic alkenes by [RuIV(O)(tpy)(6,60-Cl2bpy)](ClO4)2,
[RuIV(O)(tpy)(TMEA)](ClO4)2, and [RuIV(O)(Me3tacn)(bpy)](ClO4)2, the rates are rather insensi-
tive to changes in E�(RuIV/III) (see Section 5.6.4.4.2, Table 11), suggesting that an alkene-derived
cation radical or a carbocation intermediate is unlikely.514 There is a linear free energy relationship
between the rate constants for the oxidation of para-substituted styrene and the total substituent
effect (TE) parameter, which supports the rate-limiting formation of a benzylic radical intermedi-
ate. Oxidation of styrene and cis- and trans-�-methylstyrenes by the chiral oxoruthenium(IV)
complex [RuIV(O)(PPz*) (bpy)](ClO4)2 attains moderate enantioselectvities, in which the production
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of cis-epoxide is more enantioselective than the trans counterpart.514 This complex also catalyzes
the epoxidation of alkenes by PhIO, again with moderate enantioselectivity.515

[Ru(Cl)2(PPh3)3] catalyzes the oxidation of alkanes and alkylaromatics with t-butylhydroper-
oxides and peracetic acid, and an oxoruthenium(IV) active intermediate has been proposed.516

The kinetics of oxidation of phenol and alkylated phenols to the corresponding quinones by
[RuIV(O)(bpy)2(py)]

2þ have been investigated.517 The reactions are first order in both phenol and
RuIV¼O, and on the basis of the magnitude of OH/OD and CH/CD kinetic isotope effects and
18O-labeling experiments, the mechanism appears to be electrophilic attack of Ru¼O on the
aromatic ring. In the oxidation of hydroquinones (QH2) to the corresponding quinones by the
same oxidant, pathways involving the oxidation of QH3

þ, QH2, and QH� occur within the pH
range 1–8. The oxidation of QH2 proceeds with a proton-coupled electron transfer mechanism,
with a large H2O/D2O kinetic isotope effect of 30.518

Kinetic studies on the oxidations of cyclohexene, benzyl alcohol, phenol, and trans-stilbene by
[RuIV(O)(tpy)(bpy(PO3H2)2)]

2þ(bpy(PO3H2)2)¼ 2,20-bipyridine-4,40-diphosphonic acid adsorbed
to thin films of TiO2 nanoparticles on glass have been reported.519 There is evidence for initial
two-electron steps to give RuII intermediates in all four cases.

The kinetics and mechanisms of the oxidation of DNA, nucleic acid sugars, and nucleotides
by [Ru(O)(tpy)(bpy)]2þ and its derivatives have been reported.520–527 The RuIV¼O species is
an efficient DNA cleavage agent: it cleaves DNA by sugar oxidation at the 10 position, which
is indicated by the termini formed with and without piperidine treatment and by the produc-
tion of free bases and 5-methylene-2(5H)-furanone. Kinetic studies show that the 10-C�H
activation is rate determining and a hydride transfer mechanism is proposed. The RuIV¼O
species also oxidizes guanine bases via an oxo transfer mechanism to produce piperidine-labile
cleavages.

Kinetic studies on the reduction of RuIV¼O species by inorganic complexes have been
reported. Hydrogen peroxide is rapidly oxidized to O2 by [RuIV(O)(bpy)2(py)]

2þ. The rate law
over the pH range 2–10 shows parallel pathways involving the oxidation of H2O2 and
HO2

�.528,529 The oxidation of H2O2 has a kinetic isotope effect, kH2O/kD2O¼ 22.1 at 25.0 �C,
consisting of a H-atom transfer mechanism. The pathway involving the oxidation of HO2

� is
likely to be outer sphere, with kH2O/kD2O¼ 9.91, a considerable fraction of this effect being from
acid–base equilibrium for H2O2, Ka(H2O)/Ka(D2O)¼ 7.28.

The comproportionation reaction between [RuIV(O)(bpy)2(py)]
2þ and [RuII(bpy)2(py)(OH2)]

2þ

to form two equivalents of [RuIII(bpy)2(py)(OH)]2þ occurs via a H-atom transfer mechanism with
a solvent isotope effect (kH2O/kD2O) of 16.1 (Equation (86a)):

[RuIV(O)(bpy)2(py)]2+  + [ RuII(bpy)2(py)(OH2)] 2+ →  2 [RuIII(bpy)2(py)(OH)] 2+ ð86aÞ

The closely related comproportionation reaction of [RuIV(O)(tpy)(bpy)]2þ with [RuII(tpy)-
(bpy)(OH2)]

2þ to produce [RuIII(tpy)(bpy)(OH)]2þ shows a linear dependence of its rate constant
on the driving force when a series of complexes with substituents on the 40 position of the tpy ligand or
the 4 and 40 positions of the bpy ligand are studied. The slopes of 0.66 in H2O and 0.64 in D2O are in
reasonably good agreement with the value of 0.5 predicted by Marcus theory.530

The reduction of cis-[RuIV(O)(bpy)2(py)]
2þ by [OsII(bpy)3]

2þ occurs by an outer-sphere
mechanism and is uncoupled from proton transfer.531 Reduction of [RuIV(O)(OH2)(N2O2)]

2þ

(see Figure 3 for structure of ligand) to [RuIII(N2O2)(OH)(OH2)]
2þ by cis-[RulI(NH3)4(isn)2]

2þ

(isn¼ isonicotinamide) involves prior protonation with [RuIV(N2O2)(OH)(OH2)]
3þ as the reactive

intermediate.532 The self-exchange rate constant of the [Ru(N2O2)(OH)(OH2)]
3þ/2þ couple is

determined to be 3.1
 10�4 M�1 s�l.
The reactivities of [RuIV(O)(14-TMC)(X)]nþ and its related 15-TMC, 16-TMC, and CRMe3

complexes with organic substrates have also been examined.240,243 In contrast to polypyridyl
RuIV¼O species, these macrocyclic RuIV¼O complexes are weak oxidants. They oxidize benzyl
alcohol to benzaldehyde but do not react with alkenes at room temperature. The lower oxidizing
ability of these systems than the polypyridyl systems is due to their lower E� values.240 However,
[RuIV(O)(H2O)(N2O2)](ClO4)2, which has a higher E� value, is able to catalyze the oxidation of
norbornylene, styrene, and cyclooctene by PhIO.247

There are very few osmium(IV) oxo species. There is evidence that the OsIV¼O species is more
reactive than the corresponding OsVI(O)2 species. [OsVI(O)2(phenba)] (see Figure 12 for structure
of ligand) is able to oxidize benzyl alcohol in the presence of one equivalent of PPh3, the active
oxidant being probably a OsIV¼O species. No oxidation occurs in the absence of PPh3.

312 The
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complex [OsIV(O)(tpy)(bpy)]2þ has been generated by the electrochemical oxidation of
[OsII(tpy)(bpy)(OH2)]

2þ.481 As in the case of ruthenium, pH-dependent OsIV¼O/OsIII�OH2

and OsIV¼O/OsIII�OH couples were observed. Interestingly, E� of the [OsIV(O)(tpy)(bpy)]2þ/
[OsIlI(tpy)(bpy)(OH)]2þ couple, which is 0.41V vs. SSCE at pH 7, is only about 200mV smaller
than that for the related ruthenium system under similar conditions. Electrochemical oxidation of
cis-[OsII(bpy)2(OH2)2]

2þ via a series of sequential one-electron oxidations to [OsIV(O)-
(bpy)2(OH2)]

2þ has also been reported.237

5.6.6.6.2 Oxo-bridged dimers

(i) Nitrogen ligands

The species [(bpy)2(H2O)RuIII(�-O)RuIV(OH)(bpy)2]
4þ (125), which is a water oxidation catalyst

(see Section 5.6.4.4.2), has been prepared by the oxidation of [(bpy)2(H2O)RuIII

(�-O)RuIII(OH2)(bpy)2]
4þ with CeIV.398a,533 Its structure has been determined by X-ray crystal-

lography. Further oxidation of (125) produces [(bpy)2(O)RuIV(�-O)RuV(O)(bpy)2]
3þ (see Section

5.6.4.4.2).408 [(b)2(O)RuIV(�-O)RuV(O)(b)2]
3þ (b¼ 5,50-(COOH)2bpy) can also be generated in a

similar manner. This species is able to oxidize water to oxygen.534

A novel tri-oxo-bridged diruthenium(IV) complex with the ligand Me3tacn,
535

[(Me3tacn)RuIV(�-O)3RuIV(Me3tacn)]
2þ (126), has been prepared by aerial oxidation of

[(Me3tacn)RuIII(�-OH)3RuIII(Me3tacn)]
2þ in alkaline medium. This dark green species has a

temperature-dependent magnetic moment with �eff¼ 2.26�B per binuclear unit at 298K, which
corresponds to almost two unpaired electrons per binuclear unit. The X-ray structure reveals a
short Ru�Ru distance of 2.363 Å, consistent with a bond order of 2. The measured Ru�O
(bridge) distances range from 1.899 Å to 1.937 Å. This complex undergoes a reversible one-electron
oxidation (E� ¼ 1.05V vs. Cp2Fe

þ/0) in acetonitrile to give a bright green mixed-valence
RuIV�RuV species, [(Me3tacn)RuIV(�-O)3RuV(Me3tacn)]

3þ.
The bpy analog of ruthenium red, [(bpy)2(H2O)RuIIIORuIV(bpy)2ORuIII(OH2)(bpy)2]

6þ, has
been synthesized and characterized by XPS measurements.536 Electrochemical studies in aqueous
solutions reveal seven distinct valence states from [2, 2, 2] to [4, 5, 4]. Its optical spectrum in 0.1M
acid displays an intense peak at 653 nm ("max¼ 1.05
 105 M�1 cm�l).

The complex [(Cl)(NH3)4RuIII(�-O)RuIV(NH3)4(Cl)]
3þ constitutes a significant portion of the

‘‘ruthenium red’’ cytological stain,537 and the hydroxyl analog readily forms in water. The
formato derivative of this species, [(HCO2)(NH3)4RuIII(�-O)RuIV(NH3)4(HCO2)]

3þ, has been
structurally characterized; the Ru�O(bridge) distance is 1.8240 Å.538

Dimeric �-oxo-RuIV porphyrins, [{RuIV(por)(OH)}2(�-O)] (por¼OEP, TPP), are formed by the
oxidation of [RuII(por)(CO)] with TBHP, or by the oxidation of [Ru(por)]2 with O2 in the presence of
a trace amount of H2O, or by the reduction of [RuVI(O)2(por)] with alkenes in noncoordinating
solvents.318,539–541 [RuIV(OEP)(OH)]2(�-O) has a linear Ru�O�Ru backbone with
Ru�O(bridge)¼ 1.847 Å and a staggered conformation of the porphyrin rings.539 A range of related
dimeric RuIV species [Ru(por)(X)]2(�-O) (por¼OEP, TPP, TPrnP (meso-tetra-n-propylporphyrinato-
dianion); X¼Cl�, Br�, OAc�, CF3COO�, HSO4

�, MeO�, EtO�, 2-HO-C6H4O
�, 4-HO-C6H4O

�)
have also been prepared.541 The structures of [Ru(OEP)(Cl)]2(�-O) and [Ru(TP P)(OR)]2 (�-O)
(OR¼OC6H4Me-4) have also been established by X-ray crystallography ([Ru(OEP)Cl]2 (�-O):
Ru�O(bridge)¼ 1.793 Å; [RuIV(TPP)(OR)]2(�-O): Ru�O (bridge)¼ 1.789 Å).541
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The reduction of various dioxoruthenium(VI) porphyrin complexes [RuVI(O)2(por)] by MII

porphyrin and salicylaldimine complexes produces heterotrimetallic oxo-bridged complexes
[(L)MIII(�-O)RuIV(por)(�-O)MIII(L)] (M¼Fe, Cr, Mn; por¼TPP, TMP, OEP; L¼TMP, TPP,
OEP, salen, salmah (the dianion of N,N0-(4-methyl-4-azaheptane-1,7-diyl)bis(salicylaldimine))).
A detailed study of the temperature- and field-dependent magnetic properties of these complexes
show that the spin states of the metal centers are RuIV, SRu¼ 1; FeIII, SFe¼ 5/2; CrIII, SCr¼ 3/2;
MnIII, SMn¼ 4/2.542 Similar heterotrimetallic oxo-bridged species, [(L)(N4)Fe

III(�-O)RuIV-
(4-MeO-TPP)(�-O)FeIII(N4)(L)] (N4¼ ((DMG)BF2)2 (DMG)BF2¼ (diphenylboryl)dimethylglyoximate,
((DMG)BPh2)2 (DMG)BPh2¼ (difluoroboryl)dimethylglyoximate, ((DPG)BF2)2 (DPG)BF2¼
(difluoroboryl)diphenylglyoximate; L¼BunNH2, MeCN, py, 1-MeIm, (BuO)3P), have also been
reported. The X-ray structure of the complex for L¼BunNH2 and N4¼ ((DPG)BF2)2 (127) has
been determined.543

A number of �-oxoosmium(IV) complexes have been reported in CCC (1987). The mixed-valence
species [(H2O)(bpy)2OsIII(�-O)OsIV(bpy)2(OH)]4þ and [(tpy)(bpy)OsIII(�-O)OsIV(bpy)(tpy)]5þ

have been isolated.544 The osmium complex [(bpy)2(O)OsV(�-O)OsV(O)(bpy)2]
4þ has also been

generated in a manner similar to that of its ruthenium analog.544 Electrochemically, the redox
couples OsII�OsII, OsIII�OsIII, OsIII�OsIV, OsIV�OsIV, OsIV�OsV, and OsV�OsV are all access-
ible. The Pourbaix diagrams for [(bpy)2(H2O)RuIII(�-O)RuIII(OH2)(bpy)2]

4þ and [(bpy)2-
(H2O)OsIII(�-O)OsIV(OH)(bpy)2]

4þ have been studied and are shown in Figures 17 and 18.
Interaction of K2[Os(O)2(CHBA-Et)] with PPh3 affords the �-oxo dimer K2[Os2O(CHBA-

Et)2(OPPh3)2] (153), which has been structurally characterized.545 The equatorial ligands are
eclipsed, and the Os�O�Os bridge is not quite linear (Os�O�Os¼ 175�, Os�O(bridge)¼
1.795 Å). Reaction of trans-[Os(O)2(C1)2(PPh3)2] with acetic acid/acetic anhydride produces
[Os2(�-O)(�-OAc)2Cl4(PPh3)2] (154), which has a bent oxo-bridge (Os�O�Os¼ 140.2�, Os�O
(bridge)¼ 1.829 Å).546 The cyclic voltammogram shows a reversible one-electron reduction, and
the purple paramagnetic OsIII�OsIV anion [Os2(O)(OAc)2(C1)4(PPh3)2]

� has been isolated. Other
[Os2(O)(OCOR)2(Cl)4(PR

0
3)2] complexes (R¼Me, Et; X¼Cl, Br; PR03¼PPh3, PEt2Ph) have also

been prepared.546 A similar reaction of trans-[Os(O)2(Cl)2(py)2] with acetic acid/acetic anhydride,
however, produces a linear �-oxo complex [OsIV2(�-O)(Cl)5(OAc)(py)4] with the coordination of
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acetate trans to the oxide instead of the cis position necessary for bridge formation.547 The two Os
atoms have unsymmetrical ligand environment with Os�O distances of 1.826 Å and 1.790 Å.
Reduction of [OsIV2-(�-O)(Cl)5(OAc)(py)4] (155) with hydrazine hydrate generates the mixed-
valence OsIIIOsIV dimer [OsIIIOsIV(�-O)(Cl)5(OAc)(py)4]

�. The overall structure is similar to that
of the OsIV2 dimer; the Os�O�Os moiety remains linear but the Os�O distances (1.847 and
1.857 Å) become longer. E� for the OsIVOsIV/OsIVOsIII and the OsIVOsIII/OsIIIOsIII couples are
0.03V and �1.15V (vs. Ag/AgCl), respectively, by cyclic voltammetry. A linear �-oxo-diosmiu-
m(IV) molecule bridged by two dppm ligands, [Os2(�-O)(�-dppm)2(Cl)6] (156), has been prepared
by reacting OsCl3 with dppm.548 The Os�O bond distance is 1.792 Å. Interestingly, it undergoes
a reversible one-electron oxidation to give formally an OsIV�O�OsV complex, [Os2(�-O)-
(�-dppm)2(Cl)6]

þ (Figure 19).
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A number of �-oxo-osmium(IV) porphyrin complexes have been prepared by aerial oxida-
tion of [OsII(OEP)(CO)(MeOH)] in the presence 2,3-dimethylindole in CH2Cl2.

549 Cyclic
voltammetric studies show that [Os2(O)(OEP)2(OMe)2] can undergo reduction to give an
OsIV�O�OsIII dimer. The X-ray crystal structure of [Os(OEP)(OMe)]2(�-O) shows a
linear Os�O�Os backbone with Os�O and Os�OCH3 distances of 1.808 Å and 1.997 Å,
respectively.550

(ii) Oxygen ligands

The diamagnetic red-brown RuIV(aq) cation has been known since the 1950s. It has been
prepared by anodic oxidation of [Ru(H2O)6]

2þ or [Ru(H2O)6]
3þ, or by reduction of RuO4 with

H2O2.
551 Results of Ru K-edge EXAFS are consistent with the formulation [Ru4(�-O)6-

(H2O)12]
4þ (152) with an adamantine-like structure.552

Oxidation of [RuIII(edta)(OH2)]
� produces the RuIIIRuIV �-oxo ion [{Ru(edta)}2(�-O)]3�,553,554

which was characterized by Raman spectroscopy.554 Further one-electron oxidation with CeIV

(153)
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produces the RuIVRuIV ion [{Ru(edta)}2(�-O)]2�. This species decomposes in the presence of
excess oxidant to produce CO2, apparently due to ligand oxidation.554

The anionic cobalt(III)-based oxygen tripod ligand LOEt
�(¼ [(Cp)Co(OP(OEt)2)3]

�) is oxida-
tively robust and should stabilize high-valent metal centers.555a Reaction of Na(LOEt) in 1%
H2SO4 with [RuO4] in CCl4 produces the edge-sharing bioctahedral RuIV�RuIV complex
[(LOEt)(H2O)Ru(�-O)2Ru(OH2)(LOEt)]

2þ (128a), which is converted to [(LOEt)(HO)Ru(�-O)2
Ru(OH)(LOEt)] (128b) on treatment with Na2CO3.

413 Both complexes have been characterized
by X-ray crystallography. The Ru�Ru distances are 2.452 Å in (128b) and 2.505 Å in (128a),
indicating substantial metal–metal interactions.
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(iii) Halide ligands

MO calculations on the linear �-oxo ion [(Cl)5Ru(�-O)Ru(Cl)5]
4� have been performed.556

5.6.6.7 Miscellaneous Oxygen Ligands

5.6.6.7.1 Complexes containing alkoxo ligands

A series of dialkoxyosmium(IV) porphyrins [OsIV(por)(OR)2] (por¼ p-X-TPP, (MeO)12TPP, OEP,
MIX-DME; R¼Me, Et, Pri, Ph) have been prepared either by reduction of [OsVI(por)(O)2] with
PPh3, N2H4, or ascorbic acid in the presence of ROH; or by the treatment of [Os(por)(N2)(THF)]
with ROH in THF in the presence of air. These complexes are characterized by UV–vis, IR, and 1H
NMR. The ‘‘oxidation state marker’’ IR bands appear at 1,014–1,016 cm�1. Reversible/quasi-
reversible OsV/IV and OsIV/III waves are found in the cyclic voltammograms of these osmium(IV)

–1.0 0.0 1.0 2.0

20 µA

E(V) vs SCE
Figure 19 Cyclic voltammogram of Os2O(dppm)2Cl6 in dichloromethane (0.1M TBAP) at a platinum

electrode (scan rate, 40mV s�1; concentration, 1
 10�3 M) (after Chakravarty et al.548).
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complexes. The X-ray structures of [Os(TPP)(OEt)2] (129a), [Os(TPP)(OPri)2] (129b), and [Os(TPP)-
(OPh)2] (129c) have been determined. The RO�Os�OR axes are all linear; the Os�OR distances
range from 1.909 Å to 1.938 Å, indicating some d� (Os)–p� (O) interactions.555b

5.6.6.7.2 Complexes containing peroxo ligands

There are few well-characterized high-valent peroxo complexes of ruthenium and osmium, pre-
sumably because they decompose readily to give oxo complexes.

The five-coordinate complexes [Os(X)(dcpe)2](BPh4) (X¼H, Cl) react quantitatively with O2 at
room temperature and atmospheric pressure in a noncoordinating solvent to afford the diamagnetic
species [Os(O2)(X)(dcpe)2](BPh4).

557 The X-ray structure of [Os(O2)(H)(dcpe)2](BPh4) (130) has
been determined. The Os�O distances are identical (2.041 Å), and the Os�H distance is 1.83 Å.
The O�O distance of 1.45 Å is close to that of peroxide ion (1.49 Å). Thus this complex should be
formulated as an osmium(IV) peroxo species. The ruthenium analog [Ru(O2)(H)(dippe)2](BPh4)
(dippe¼ 1,2-bis(diisopropylphosphino)ethane) has a much longer O�O distance of 1.360 Å.557–559

This may be formulated either as a ruthenium(IV) peroxo or a ruthenium(II) dioxygen species.

5.6.6.7.3 Complexes containing dioxolene ligands

A series of novel ruthenium(IV) dioxolene complexes, formally [3þ 2] cycloadducts, have been
obtained via the reaction of cis-[RuVI(O)2(Me3tacn)(CF3CO2)]

þ with trimethylsilylacetylenes
(Scheme 14).270 These dark blue complexes display a characteristic UV–vis absorption band at
550–680 nm. They are also characterized by electrospray mass spectrometry. The X-ray structure
of the complex formed with bis(trimethylsilyl)acetylene has been determined; the two Ru�O
bonds of the metallocycle are of the same length (1.978 Å).270

5.6.6.8 Sulfur Ligands

5.6.6.8.1 Thioether complexes

The cationic ruthenium(IV) complex [Ru(	5-C5Me5)(SC4H8)2Br2]
þ has been reported.560

Species of the form [Os(L)(X)4] (L¼ S(CH2CH2CH2SMe)2, MeC(CH2SMe)3, X¼Cl, Br and
X¼Cl, L¼ S(CH2)2S(CH2)3S(CH2)3) and [Os(L)0(X)4] (X¼Cl, L¼RSCH¼CHR, RSH2CH2R,
o-C6H4(SR)2, R¼Me, Ph; X¼Br, L0 ¼MeSCH¼CHSMe, MeSCH2CH2SMe) have been docu-
mented in CCC (1987).

A few other osmium(IV) thioether complexes have been reported. A series of trans-
[OsIV(Br)4(SR2)2] (131) complexes have been synthesized by oxidative bromination of mer-[Os(Br)3-
(SR2)3].

561 These complexes have magnetic moments of about 1.7�B at 295K. The X-ray structures
of trans-[Os(Br)4(SR2)2] (SR2¼ (PhCH2)2S, (CH2)4S) reveals a centrosymmetric trans geometry
(Os�S¼ 2.420 Å and 2.401 Å, respectively).
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5.6.6.8.2 Thiolato complexes

The first osmium(IV) thiolato complex, [Os(salen)(SPh)2] (132), was prepared by the reduction of
[Os(O)2(salen)] with thiophenol in CH2Cl2.

310 The complex has a distorted octahedral structure,
and both phenyl groups tilt away from the methylene bridge of the salen ligand, which is in the
gauche confirmation. The mean Os�S distance is 2.32 Å, which is shorter than that (2.415 Å) in
[Os2(Et2dtc)6](PF6)2

562(Et2dtc¼N,N-diethyldithiocarbamate).
A series of bisthiolato osmium(IV) complexes, trans-[OsIV{(Ba)2en}(SR)2] (R¼C6H5,

CH2C6H5, Np, C6H4CH3, C6H4F, Et, Bu, C6H11), have also been prepared by treatment of
[OsVI(O)2{(Ba)2en}] with RSH.313 The X-ray crystallography of [OsIV{(Ba)2en}(SCH2C6H5)]�1/2H2O
(133) reveals two independent molecules (Os�S¼ 2.298–2.323 Å).

The diamagnetic bis(thiolato)osmium(IV) porphyrin complexes [Os(por)(SAr)2] (134)
(por¼TTP, OEP; Ar¼ p-tolyl, C6F4H, C6F5, 2,6-Me2C6H3) are prepared by a method similar
to that of [Os(salen)(SPh)2].

563 The X-ray structure of [Os(TTP)(SC6F4H)2] reveals a short Os�S
distance of 2.294 Å.

N N

Os

SAr

SAr

NN

(134)
(a) p-tolyl
(b) C6F4H
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(d) C6H3Me2-2,6

S

H

S

Me2
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S Ru
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(135)

The geometric features and electronic structures of dithiolato complexes of osmium(IV) por-
phyrins have been investigated by density functional calculations.563 The diamagnetic properties
are the result of a strong Os(d)–S(p) � interaction, causing a large splitting between two of the
three ‘‘t2g’’ orbitals when the two dithiolate ligands are coplanar.

Transition metal complexes of sterically hindered thiolate ligands have been reviewed.564 These
ligands give rise to unusual geometries and oxidation states, and low coordination numbers in
their complexes.

The trigonal bipyramidal tetrathiolate ruthenium(IV) and osmium(IV) complexes [M(SAr)4(L)]
(M¼Ru, Os; SAr¼ SC6HMe4-2,3,5,6, SC6H2Pr

i
3-2,4,6; L¼MeCN, CO) have been described in

CCC (1987). [Ru(SC6H2Pr
i
3-2,4,6)4L] (L¼MeOH, DMSO, CH3CN) can be prepared by heating

[Ru(NO)(SC6H2Pr
i
3-2,4,6)4]

� in solvent L.565 Removal of the MeOH in [Ru(SC6H2Pr
i
3-

2,4,6)4(MeOH)] by heating produces [Ru(SC6H2Pr
i
3-2,4,6)4] (135). The X-ray structure reveals

the complex to be pentacoordinate; in addition to the four thiolates the ruthenium is also
coordinated to the methane C�H of an ortho isopropyl group. The reaction of
[M(SAr)4(CH3CN)] (M¼Ru, Os; SAr¼ SC6HMe4-2,3,5,6, SC6H2Pr

i
3-2,4,6)

566 with HBF4 or
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HPF6 in CH3CN produces [M(SAr)3(MeCN)2]
þ.567 The X-ray structure of [Ru(SC6HMe4-2,3,5,6)3-

(MeCN)2](PF6) (136) shows a trigonal bipyramidal geometry with d(Ru�S)¼ 2.195–2.208 Å. The
reaction of [M(SAr)4(CH3CN)] (M¼Ru, Os; SAr¼ SC6HMe4-2,3,5,6, SC6H2Pr

i
3-2,4,6) with HCl

in THF produces [M(SAr)3Cl(MeCN)].567

An alternative method for the preparation of [Ru(SR)4(MeCN)] and [Ru(SR)3(MeCN)(Cl)]
(R¼ 2,6-dimethylphenol) has been reported.568

Platinum group metals complexes, including RuIV and OsIV, containing pentafluorobenze-
nethiolato ligands have been reviewed.569 Reactions of [Os(SAr)3(PMe2Ph)2] (Ar¼C6F5 or
C6F4H) with HCl in acetone produce the diamagnetic osmium(IV) complexes [Os(Cl)(SAr)3-
(PMe2Ph)].

570 The X-ray crystallography of [Os(Cl)(SC6F5)3(PMe2Ph)] (137) (Os�S¼ 2.195–
2.201 Å) reveals a trigonal bipyramidal structure. The less sterically hindered thiolate ligands
occupy the equatorial positions and are all ‘‘down’’ towards and around the smaller chloride
ligand.570 [Os(SAr)4(PMe2Ph)] (Ar¼C6F5, C6F4H-4, C6H4F-4, Ph) can be prepared either by
reaction of [OsCl(SAr)3(PMe2Ph)] with Pb(SAr)2 or by interaction of [OsO4] with RSH and
PMe2Ph.

571 [Os(SAr)4(PPh3)] are also known.571 The trigonal bipyramidal structure with phenyl
group in the ‘‘down’’ configuration of [Os(SC6F4H-4)4(PPh3)] (138) is confirmed by X-ray crystal-

lography (Os�Saxial¼ 2.414 Å and Os�Sequatorial¼ 2.207 Å). Treatment of Pb(SC6H4X)2 (X¼F
or CF3) with [Os(Cl)(SC6F5)3(PMe2Ph)] gives [Os(Cl)(SC6F5)2(SC6H4X)(PMe2Ph)] (Os–
SC6F5¼ 2.206 Å and Os–SC6H4CF3¼ 2.187 Å).571 The electrochemistry of the OsIV complexes
[Os(X)(SR)3(PR13)] (X¼Cl, Br or SR; R¼C6F4H-4 or C6F5; PR13¼PMe2Ph, PPh3, P(C6H4Y-4)3
(Y¼F, OMe, CF3, Me or Cl)) has been studied.572

[RuIV(�-SPh)(S2CNMe2)(CO)(PPh3)]2(NO3)4 (139) is synthesized by oxidation of [RuII(�-SPh)
(S2CNMe2)(CO)(PPh3)]2 with nitric acid in MeCN at room temperature.573 This complex has a
planar Ru2S2 core and Ru���Ru distance of 2.876 Å, indicative of the presence of a metal–metal
bond. It shows an unusual four-electron reversible RuIV,IV/RuII,II couple at 0.496V vs. SCE
(�E¼ 28mV) in the cyclic voltammogram (MeCNþCH2Cl2).
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The diamagnetic [Ru(PCy3)(‘‘S2N2’’)] (140) complex (‘‘S2N2’’
4�¼ 1,2-ethanediamide-N,N0-bis

(2-benzenethiolate)(4-) (cy¼ cyclohexyl)) can be prepared by reacting either [Ru(Cl)2(DMSO)4]
or RuCl3�3H2O with PCy3, ‘‘S2N2H4’’ and LiOMe.574 The relatively short average Ru�S and
Ru�N distances (2.290 and 1.974 Å, respectively) indicate the presence of �-bonding in Ru�S
and Ru�N which stabilize the RuIV oxidation state.

5.6.6.8.3 Metallothioanions as ligands

The trinuclear complexes [LNaMIVNaL] (M¼Ru, Os; H3L¼ 1,4,7-tris(4-t-butyl-2-mercaptoben-
zyl)-1,4,7-triazacyclononane) were obtained by the reaction of methanolic Na3L with [Ru(DM-
SO)4(Cl)2] and K2[OsCl6], respectively.

575 The X-ray structure of [LNaRuIVNaL] (141) reveals an
octahedral RuIVS6 central core and two trigonal prismatic terminal LNa units with an N3S3 set
(average Ru�S distance¼ 2.414 Å). Both complexes exhibit reversible MV/IV and MIV/III couples
in their cyclic voltammograms.
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5.6.6.8.4 Sulfido complexes

The interaction of K[Ru(Hedta)(Cl)] with elemental sulfur in a water/ethanol mixture was
reported to give [RuIV(Hedta)]2(�-S2), which can be further converted to [RuIV(Hedta)]2(�-S) by
prolong refluxing in 1:1 water/ethanol.576 Both complexes are able to stoichiometrically and
catalytically transfer the sulfur atom to cyclohexene to yield cyclohexene sulfide. However, further
characterizations of these complexes are desirable.

Reaction of [{Ru(MeCN)3[P(OMe)3]2}2(�-S2)](PF6)3 with a mixture of acetylene and O2 gives a
RuIV dimer, [{RuIV(PFO3)[P(OMe)3]2}2(�-S)(�-PF2O2)2] (142) (Ru�S¼ 2.158 and 2.165 Å).577 The
newly formed bridging and terminal ligands PF2O2

� and PFO3
2� are probably produced from the

reaction of PF6
� with trace amounts of H2O in the solvent.

5.6.6.8.5 Miscellaneous sulfur ligands

(i) Dithiocarbamato (S2CNR2
�) complexes

The osmium(IV) complexes containing S2CNR2
� ligands, such as [Os(S2CNEt2)4],

[Os(S2CNEt2)3]
þ, [Os(S2CNEt2)3X] (X¼Cl, I), and [Os2N(S2CNEt2)5], have been documented

in CCC (1987).

(ii) Dithiolene complexes

A ruthenium(IV) complex with six sulfur donor atoms, [RuIV(mnt)3]
2� (143), is formed by

oxidation of [RuIII(mnt)3]
3� (mnt¼ 1,2-dicyanoethylene dithiolate) with I2, H2O2, or CeIV. The

complex is paramagnetic with a magnetic moment of 2.84�B.
579 The Ru�S distances range from

2.3349 Å to 2.3512 Å.
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5.6.6.9 Halide Ligands

Deep pink polycrystalline solid RuF4 has been prepared by treatment of AsF5 with [Ru(F)6]
2� in

anhydrous HF solution.416 A combination of X-ray synchrotron and neutron powder diffraction
data reveal that each Ru-atom has six F� ligands with an octahedral framework, four in the same
plane, each shared with another Ru-atom, to form a puckered-sheet array: (Ru�F (bridge)¼ 2.00 Å
and 2.00 Å, Ru�F�Ru 133�).416

The synthesis and properties K2[Ru(F)6] have been described in CCC (1987). A Ru�F distance
of 1.916 Å has been determined by EXAFS.355

New synthetic methods for [OsF4] have been described.580,581 The X-ray structure of trans-
[Os(F)4(Cl)2]

2� has been determined (Os�F¼ 1.924–1.944 Å).582 The stepwise replacement of
ligands in [OsCl6]

2� by oxidation with BrF3 generates the mixed complexes [Os(F)n(Cl)6–n]
2�

(n¼ 1–5); the species with n¼ 2–4 have cis configurations.583 They are characterized by vibra-
tional spectroscopy. The X-ray structure of cis-[(py)2CH2][OsIV(F)4(Cl)2] has been determined
(Os�F¼ 1.941–1.953 Å, Os�Cl¼ 2.329 Å).584

The low-temperature optical spectra of [Os(Cl)5(Br)]
2�, cis- and trans-[Os(Cl)4(Br)2]

2�,
[Os(Br)5(Cl)]

2�, cis-[Os(Br)4(Cl)2]
2�, trans-[Os(Cl)4(I)2]

2�, and fac- and mer-[Os(Cl)3(I)3]
2� have

been measured.585,586 The linkage isomers [Os(Cl)5(NCS)]2� and [Os(Cl)5(SCN)]2� have been
separated by ion exchange chromatography from the reaction of [Os(Cl)5(I)]

2� with (SCN)2.
587

The species [Os(Cl)5(H2O)]� has been prepared by the reduction of [OsO4] with Na2SO3 in the
presence of NaCl, followed by extraction with n-tributyl phosphate (IR: Os�Cl¼ 316 cm�1,
Os�O¼ 467 cm�1).588 This species can be readily converted to [Os(Cl)5(EtOH)]�, [Os(Cl)5(py)]

�,
and [(Cl)5Os(pyz)Os(Cl)5]

2�. The X-ray structures of (AsPh4)[Os(Cl)5(H2O)]�2EtOH and
(AsPh4)[Os(Cl)5(EtOH)] have been determined (Os�Cl¼ 2.305–2.352 Å).

The mixed-valence OsIIIOsIV species [Os2(Cl)8]
� has been electrogenerated from [Os2(Cl)8]

2� at
low temperatures in nonaqueous solvents and characterized by the 
2
*! 

*2 band at
4600 cm�1, with distinctive Os�Os vibrational progression of 220 cm�1.589

[OsBr4] has been obtained by reaction of OsCl4 with Br2 in a closed system at 330 �C and 120 bar
Br2 pressure. The compound crystallizes in a TcCl4-type structure.590

The species [Os2(Cl)10]
2� and [Os2(Br)10]

2� (144) are known.591,592 (NBun4)2 [Os2(Br)10] can be
prepared by refluxing (NBun4)[Os(Br)6] in trifluoroacetic acid (TFA) for several hours.593 The
X-ray structure shows that it contains edge-sharing bioctahedral [(Br)4Os(�-Br)2Os(Br)4]

2�

anions; Os�Os¼ 3.788 Å, av. Os�Br(bridge)¼ 2.544 Å, av. Os�Br (terminal)¼ 2.454 Å, and av.
Os�Br�Os¼ 96.3�. The magnetic moment at 296K is 0.26�B. Further reflux yields dark blue
(NBun4)2[Os2(Br)9] (145), which is characterized by IR, UV–vis, CV, and magnetic measurements.
A triply bridged structure (145) has been suggested.
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5.6.6.10 Hydride Ligands

There are a number of osmium(IV) phosphine hydrido species, some of which have been
described in CCC (1987). The six-coordinate diamagnetic osmium(IV) complexes
[Os(H)2(Cl)2(PR3)2] (PR3¼PPri3, PMeBut2) have been prepared from OsCl3�xH2O and PR3

in boiling 2-propanol.366 They are characterized by IR, NMR, and MS. The X-ray structure of
[Os(H)2(Cl)2(PPr

i
3)2] (146) has been determined (Os�H¼ 1.663 Å). 1H and 31P NMR data

reveal that [Os(H)2(X)2(PR3)2] (X¼ halide, PR3¼PPri3) exist in solution as two rapidly inter-
converting isomers, one having C2 symmetry (as in the solid-state structure) and one having
no symmetry. [Os(H)2(Cl)2(PPr

i
3)2] reacts with CH3CO2K and CH3CO2Ag to give

[Os(H)2(Cl)(�
2-O2CCH3)(PPr

i
3)2] and [OsH2(�

2-O2CCH3){�
1-OC(O)CH3}(PPr

i
3)2], respectively.

The X-ray structure of the latter species has been determined.594 Reaction of [Os(H)2(�
2-O2CCH3)-

{�1-OC(O)CH3}(PPr
i
3)2] with 1/2HBF4�OEt2 leads to the dimer [{Os(H)2(�

2-OCOCH3)-
(PPri3)2}2(�-OCOCH3)](BF4), while the reaction with HBF4�OH2 gives the aqua derivative
[Os(H)2(�

2-OCOCH3)(H2O)(PPri3)2](BF4).
595 The cationic dichlorohydridoosmium(IV) species

containing the bulky chelating phosphine 1,2-bis(diisopropylphosphino)ethane(dippe),
[Os(H)(Cl)2(dippe)2](BPh4), was prepared by treatment of [Os(Cl)(dippe)2](BPh4) with HCl in
CH2Cl2.

596 The trihydride [Os(H)3(dippe)2](BPh4) was prepared by the reaction of cis-[Os(Cl)2-
(dippe)2] with NaBH4/NaBPh4 in EtOH.596

Reaction of [Os(H)6{P(c-C5H9)3}2] with BH3�THF affords [Os(BH4)(H)3{P(c-C5H9)3}2] (147).
The X-ray structure has been determined (Os�H(bridged)¼ 1.90 Å, Os�H(terminal)¼ 1.57 Å).
The BH4

� ligand is bound to the osmium via two bridging H atoms, which, at 90 �C, it exchanges
rapidly only with the hydride ligands on osmium.364

The pentahydride [Os(H)5(PMe2Ph)3]
þ (as its BF4

� salt) is characterized by neutron diffraction
as a dodecahedral pentahydride. However, the H/H separations are as short as 1.49 Å.597

Pentahydrides with mixed phosphines are also known. Treatment of [Os(H)4(PHPh2)(PPr
i
3)2]

with HBF4 gives [Os(H)5(PHPh2)(PPr
i
3)2](BF4), which reacts with MeOH and H2O to give

[Os(H)5{P(OMe)Ph2}(PPr
i
3)2](BF4) and [Os(H)5{P(OH)Ph2}(PPr

i
3)2](BF4), respectively.

598 X-ray
diffraction, IR, and NMR are consistent with the structure of [Os(H)5(PHPh2)(PPr

i
3)2](BF4).

Monohydrido complexes of OsIV amines are also known. Oxidation of [Os(NH3)5(	
2-H2)]

2þ

and [Os(en)2(	
2-H2)]

2þ by [FeCp2]
þ produces the hydrido species [Os(H)(NH3)5(MeOH)]3þ and

[Os(H)(en)2(MeOH)]3þ, respectively.599 Both complexes are paramagnetic and give broad 1H
NMR signals in D2O. A series of mixed-valence species, [OsIV(H)(en)2{M

II(CN)6}(H2O)]�

(M¼Fe, Ru, Os), have been prepared by first mixing [Os(en)2(	
2-H2)(H2O)]2þ with [M(CN)6]

4�

to produce [Os(en)2(	
2-H2){M(CN)6}]

2�, followed by oxidation with [S2O8]
2� or [FeCp2]

þ; or by
direct reaction of [Os(H)(en)2(H2O)2]

3þ with [M(CN)6]
4�.600 These complexes have a blue color

arising from M(CN)6
4�!OsIV charge transfer absorption.
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681–686.
101. Griffith, W. P.; Ley, S. V. Aldrichim. Acta 1990, 23, 13–19.
102. Griffith, W. P.; Ley, S. V.; Whitcombe, G. P.; White, A. D. Chem. Commun. 1987, 1625–1627.
103. Bailey, A. J.; Griffith, W. P.; Mostafa, S. I.; Sherwood, P. A. Inorg. Chem. 1993, 32, 268–271.
104. Dengel, A. C.; Gibson, J. F.; Griffith, W. P. J. Chem. Soc., Dalton Trans. 1991, 2799–2800.
105. Dengel, A. C.; Griffith, W. P. Inorg. Chem. 1991, 30, 869–871.
106. Bloch, R.; Brillet, C. Synlett 1991, 829–830.
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