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Preface

Aurum, Gold, Oro, Zloto, Or, 4% are names in various languages for a metal which
has fascinated, inspired and accompanied humankind for thousands of years. Its
golden shine and glitter, its resistance to corrosion and its rarity made gold a very
precious and highly sought after material. Gold jewellery, ornaments and decora-
tions adorned royalty, clergy and the wealthy in civilizations all around the world.
The desire for more and more gold was the driving force for the exploration of
hitherto unknown corners of the globe as exemplified by the Spanish exploration of
the New World in search of the “el dorado” and also by gold rushes in California,
Alaska, South Africa and Australia. In medicine too, gold containing formulations
have been prescribed to patients with various ailments for thousands of years. The
chemistry of gold, however, is the newest chapter in the thousand year old history of
this element. Only in the last few centuries, chemists have discovered the unique
properties and reactivity of this metal and have found applications in a variety of
fields including medicine and the materials sciences. Several books covering the
chemistry of gold have previously been published: The first monograph by Richard
Puddephatt appeared in 1978, which was followed in 1999 by a comprehensive
treatise on gold chemistry, biochemistry and technology by Hubert Schmidbaur.
Since then, the field of gold chemistry has continued to advance and head into
completely new directions. The purpose of this book is to present these new
directions and to update and highlight important applications of gold complexes.
The book is divided into two parts: the first part outlining new chemistry of gold
which includes chapters by Maria Cinellu and John Fackler Jr. focusing on the
chemistry of gold(I) and gold(IIl) with nitrogen ligands, respectively. The first part
also contains a chapter by Mariano Laguna dedicated to the rich and sometimes
unusual chemistry of gold complexes containing the C¢Fs group. Last, but by no
means least, the chapter by Peter Schwerdtfeger showcases the advances that
theoretical chemistry of gold has made in the last few years and how such computa-
tional work has helped to solve many puzzling questions in gold chemistry. The
second part of this book deals with current and future applications of gold complexes
and includes chapters on the photophysics of gold complexes by Chi-Ming Che,
nanotechnology by Michael Cortie, the use of gold compounds in medicine by

XI



Xl

Preface

Edward Tiekink and gold complexes in liquid crystals by Pablo Espinet. Homoge-
nous catalysis by gold complexes is not included here since a book dedicated
especially to this topic edited by Stephen Hashmi will also appear in 2009 from
this publishing house.

Firstly, I wish to thank the team at Wiley-VCH, in particular Manfred K6hl, Rainer
Miinz and Martin Graf for their enthusiasm and support they have given me from
the very beginning of this project. I also sincerely wish to thank all the authors for
their excellent contributions, for sticking to the stylistic guidelines and for keeping
(more or less) within the deadlines. I am indebted to members of my research group
at the University of Wuppertal for their support with proof reading and with helping
me keep my sanity during the final stages of this project.

Wuppertal, December 2008 Soli Deo Gloria!
Fabian Mohr



Foreword

For few elements the chemistry has recently undergone such an explosive growth as
for gold. This is the more surprising since the chemistry of this element had been
dormant during most of the 19" and 20" century when the chemistry of most other
elements developed rapidly or at least with a steady pace. In the last three decades,
however, the number of reports on significant advances in gold chemistry is
increasing at such a rate that scientists interested in this field are already in a
need of periodical reviews which critically summarize and highlight the most
important contributions. Several publishers have reacted to this situation and a
series of overviews dedicated to special subjects, and even special issues of period-
icals and books with a more general scope have appeared at shorter and shorter
intervals.

Meanwhile a growing share of these reviews is dedicated to specific applications of
the many new findings in gold chemistry, which naturally have been the most
powerful incentives for the worldwide research activities. At least in number, these
application-oriented investigations have overruled already the curiosity-driven fun-
damental scientific studies. The symbiotic and synergistic nature of “pure and
applied gold chemistry” turned out to be extremely fruitful and successful. The
discovery of the unexpected activity of particulate gold in heterogeneous catalysis —
observed e. g. in important reactions like the low-temperature oxidation of carbon
monoxide or in the activation of olefins — was soon followed by work which provided
clear evidence for a similar efficacy of gold salts in homogeneous catalysis. There is
now a plethora of new protocols in organic synthesis with key steps based on a wide
range of highly active and selective gold catalysts, which still keeps growing rapidly.

Another research area where gold and its compounds have widened the scope very
considerably is the chemistry of complexes with specific photophysical properties.
From early observations it had been known that various mono- and polynuclear gold
complexes, aggregates and clusters are often strongly luminescent. Physicochemical
scrutiny has since provided a much better understanding of the underlying effects
and thus this chemistry could be developed into a promising source of components
for LEDs, OLEDs and other devices. Even the transition from photonic towards
electrogenerated chemiluminescence has also recently been accomplished. In

X
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Foreword

addition, this work has been closely related to research activities dedicated to the
development on gold chemistry-based meso-phases (liquid crystals) and NLO mate-
rials, where this metal can offer many advantages over established systems.

Simple gold flakes and more sophisticated gold preparations have played a role in
pharmacy and medicine for millennia, and some well-defined complexes have much
later indeed been established as potent drugs for the treatment of rheumatoid and
arthritic deceases. Following the observations in platinum chemistry, in more recent
years there have been positive results also regarding the usage of gold complexes for
the treatment of cancer and other deseases, and pertinent investigations are conse-
quently still or again an area of active research.

The most rapid growth of gold chemistry is currently observed in nanoparticle
technology. Gold nanoparticles in all shapes and sizes are employed in many areas,
as diverse as electrochemistry and electronics, photophysics, biochemistry, biology,
and medicine. Moreover, self-assembly of monolayers of gold compounds on
surfaces has provided surface scientists with an ideal playground for all sorts of
investigations at interfaces.

The present volume reflects most of these active areas of research in articles
written by some of the leading scientist who themselves have been pioneers in, or
contributed to their particular fields of interest. It is very fortunate that articles have
also been included which give status reports on the underlying fields of current
fundamental research. From these it can be easily extracted that theoretical chem-
istry has meanwhile contributed enormously to a better understanding of the special
effects that are characteristic of gold chemistry. It is also becoming obvious that in
coordination chemistry the interest has slowly shifted from standard phosphorus
and sulfur ligands to components with carbon and nitrogen donor centers, viz.
carbenes, arenes and N-heterocycles, respectively. After a long period during which
gold(I) complexes were in the focus of research, renewed attention has also recently
been paid to compounds of gold in its higher oxidation states, mainly owing to
advantages in catalytic activity and to novel photophysical effects.

This collection will therefore be a very valuable source of information and
inspiration for all those who proudly call themselves gold chemists already, but
also will attract others to this still adolescent division of chemistry.

Hubert Schmidbaur
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1
Gold(l) Nitrogen Chemistry
Hanan E. Abdou, Ahmed A. Mohamed, and John P. Fackler Jr

1.1
Introduction

Nitrogen ligands have rarely been used with gold(I) and hardly any chemistry has
been described using anionic, bridging nitrogen ligands. Dinuclear gold(I) com-
plexes containing either one or two bridging ligands, such as ylides and thiolates, and
their oxidative-addition products have been attracting considerable attention for
many years [1, 2]. Gold(I) complexes with N-donor ligands are much less common
than those with P-donor ligands. However, the affinity of gold for nitrogen can be
increased if a phosphine ligand is attached to gold, because of the efficient n-acceptor
nature of the phosphine [2]. Therefore the majority of gold(I) complexes with anionic
N-donor ligands (L) are complexes of the type R;PAuL, such as Ph;PAu(bis
(trimethylsilyl)amide) and Ph;PAu(4-nitro-anilide). Other complexes with L™ corre-
sponding to substituted pyrazoles, imidazoles and benzylimidazoles are also
known [2]. The gold(I) amidinate complexes reviewed here are symmetrical with
the Au atom bonded to two N atoms. Some work with gold(I) carbeniates (N,C) and
benzylimidazolates (N,C) and pyrazolates (N,N) is also included in this review.
Gold(III) complexes with nitrogen ligands are covered in Chapter 2 of this book.

Gold(I) with its [Xe]4f'*5d'° electronic configuration is often described as a soft
metal ion [3] and therefore might be expected to have a preference for soft donor
ligands such as sulfur and carbon over hard donor ligands such as those bonding
through nitrogen or oxygen [4]. For example, when bifunctional ligands with two
different donor atoms are used, the gold atom will bind to these ligands through the
atom with the higher donor strength according to the sequence [2]: Si~P >C > S >
Cl>N>O>F.

The bifunctional ligands, for example 2-pyridylphophines, thicamides and the
1,1-dicyanoethylene-2,2-dithiolate, are coordinated to gold through the P and S atoms
but not N, since P and S atoms are better “soft” donor atoms than N [5]. Therefore, it
was generally assumed that gold(I) will not effectively coordinate to a donor nitrogen
atom [2]. However, the interesting chemistry of the anionic bridging ligands,
amidines, ArNHC(H)NAr, to be described here, does not bear this out.
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1 Gold(l) Nitrogen Chemistry

Cotton’s group was able to exploit the amidine ligands for the synthesis of a variety
of complexes spanning the transition elements [6]. Previous trials by his group to
use the anionic bridging ligand amidines with gold(I) indicated that in the case of
[M,(ArNC(H)NAr),] compounds, Ar=-C¢H4-4-Me and M=Ag, Cu, Au, the stability
series [7] must be Cu ~ Ag > Au, since they were unable to isolate a gold compound.
The gold amidinate complexes reported here are synthesized in open air at room
temperature and are stable at room temperature for several months.

Theoretical studies by Pyykko in 1998 for [M,(NHCHNH),] systems, M=Cu, Ag,
and Au, predicted the M—M distances at the MP2 level [8]. Experimentally, systems
containing amidinate ligands were known with Cu and Ag but unknown with Au.
The results for the models containing silver and copper are close to the X-ray
structures of [M,(ArNC(H)NAr),], Ar=CsH4-4-Me and M=Ag, Cu. The Ag-Ag
distance is 2.705 and 2.712 A and the Cu—Cu distance is 2.497 and 2.528 A at the
experimental and theoretical level, Table 1.1. The hypothetical dinuclear gold(I)
amidinate compound was calculated to have an Au-Au distance at the MP2 level of
2.728 A [8]. The dinuclear gold(I) amidinate complex now known proves the pre-
dicted Au-Au distance to be rather good.

Only very few examples of gold(II) nitrogen compounds are known. There is only
one gold(II) nitrite complex, Au,(ylide),(NO,),, reported in the book, Gold Progress
in Chemistry, Biochemistry, and Technology, which was synthesized by Fackler and
co-workers [2]. The great majority of compounds with gold nitrogen bonds occur with
gold in the oxidation states +1 and + III with the electronic configuration [Xe]
4f*5d'°65%p° and [Xe]4f*5d%6s%6p° respectively [3]. There is a strong tendency for
disproportionation from Au(II) to Au(I) and Au(IIl) in mononuclear complexes [9]
because the odd electron in d° metal complexes is in the antibonding dx>y G orbital,
strongly overlapping with the ligand orbitals (octahedral, tetragonally distorted
or square planar). Surprisingly, several gold(Il) amidinate complexes have been
produced. However, they are dinuclear species. The Au(II) amidinate complexes also
have halides or pseudo-halides coordinated to the Au(Il) and are stable at room
temperature.

Table 1.1 Optimized geometries at MP2 level and selected
experimental structural parameters for [M,(NHCHNH),] [8].

System M-M (A) M-N (A)
[Auy(NHCHNH),] 2.728 2.005
[Ag,(NHCHNH),] 2.712 2.043
[Cuy(NHCHNH),] 2.528 1.834

Experimental structural parameters for [M,(NHCHNH),], M=Ag and Cu

[Cuy(ArNC(H)NAr),], 2.497 1.886
Ar = CgH4-4-Me
[Aga(ArNC(H)NAr),], 2.705 2.116

Ar = CgH4-4-Me




1.2 Tetra-, Tri-, and Dinuclear Gold(l) Amidinate Complexes |3
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Figure 1.1 Some of the nitrogen ligands discussed in this review.

The anionic amidinate ligands, Figure 1.1, are known for their remarkable ability
to bridge between the metal ions, facilitating the formation of short metal-metal
distances and for their flexible coordination modes, leading to various molecular
arrangements [10]. The use of these amidinate ligands in the coordination chemistry
of the transition metals has produced complexes with extraordinarily short M—M
distances [6]. These short distances are due, at least in part, to the ability of the
amidinate anion to delocalize the negative charge while strongly donating sigma
electron density to the metal atoms, supporting bond formation [11]. Previous studies
have shown that the amidinate ligands form dinuclear Ag(I) and Cu(I) complexes
[7, 12, 13]. Placing alkyl and aryl substituents on the amidinate NCN carbon atom
influences the formation of tetranuclear and trinuclear structural motifs with
Ag(I) [14]. Clearly the substituents play a role in determining the nuclearity and
molecular arrangement of the complexes.

The nitrogen ligand chemistry with pyrazolate ligands, Figure 1.1, has produced
mainly trinuclear complexes of group 11 with the structure, [M(u-3,5-Ph,Pz)Js,
M=Cu(I), Ag(I), Au(I). The hexanuclear gold complex [Au(u-3,5-Ph,Pz)]¢ has also
been obtained, although in low yield [15]. Tetranuclear gold(I) pyrazolates were
isolated only with a 3,5-di-isobutyl substituted pyrazolate [16]. The guanidinate-type
anion ligand hpp (1,3,4,6,7,8-hexahydro-H-pyrimido[1,2-a]pyrimidine), Figure 1.1,
forms complexes with extra short M—M bonding distances and stabilizes metals
in high oxidation states [6]. Gold(I) and gold(II) complexes were isolated with the hpp
ligand [17, 18].

1.2
Tetra-, Tri-, and Dinuclear Gold(l) Amidinate Complexes

The structural arrangement of group 11 amidinate complexes is determined by the
substituents on the amidinate aryl groups as well as on the NCN carbon [14, 19]. The
electronic vs. steric effect of the substituents on the molecular arrangement of gold(I)
amidinate complexes have been studied in detail in the Fackler laboratory.

A series of symmetrical diaryl substituted amidinate ligands, ArNH(CH)NAr, has
been synthesized, Figure 1.2. The substituents on the NCN aryl group vary from
electron withdrawing groups such as -C¢Fs, 3-CF;-CqHy, 3,5-Cl-CgH; to donating
groups such as 4-OMe-C¢Hy, 4-Me-CgHy, -CioH;. Ligands with sterically bulky
groups in the ortho positions such as 2,6-Me,-C¢Hj3 as well as on the NCN carbon,
NC(Me)N and NC(Ph)N, have also been prepared. The amidine ligands are readily
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AN N%’HN Sy, N/“‘%[\r L
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R = 4-Me, 4-OMe, 3-CF3,
3,5-Cl, 2,3,4,5,6-pentafluoro

SUNe Q@J@

R= -CH3, -C(,Hs

Figure 1.2 Amidine ligands used in the synthesis of terta-, tri-, and dinuclear gold complexes.

synthesized using modified literature procedures [14, 20]. The aniline derivative and
triethylorthoformate (orthoester) are mixed and the reaction mixture heated to
140-160 °C to form the imido ester which later forms the amidine ligand, Figure 1.3.

Tetranuclear gold(I) amidinate complexes are synthesized by the reaction of
Au(THT)CI with the potassium or sodium salt of the amidinate ligand in THF,
Figure 1.4. Syntheses involving various substituted amidinates resulted in tetra-
nuclear gold(I) clusters, [Auy(ArNC(H)NAr),]. The C-functionalized substituted
amidine ligands, ArNC(Ph)NHAr and ArNC(Me)NHAr, Ar=-C¢Hs, were synthe-
sized and reacted with Au(THT)CI after deprotonation. Only tetranuclear clusters
were isolated.

In each tetranuclear Au(I) aryl amidinate complex studied, [Auy(ArNC(H)NAr),4],
the NC bond length in NCN is ~1.3 A, indicating delocalization across the amidinate
bridge. The four gold atoms are located at the corners of a rhomboid with the
amidinate ligands bridged above and below the near plane of the four gold(I) atoms,
Figures 1.5 and 1.6. The average Au - - - Au distance is ~3.0 A, typical of Au(I) - - - Au(I)

OFt
7
OFt
Triethy] Imido ester

orthoformamate

CeHs—N=—CH —OFt + C/H;NH,

H
@Nﬂ(':\ /© + EtOH
|
H

Imido ester Amidine

Figure 1.3 Synthesis of the amidine ligands.
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Ar )\ Ar THF
AN ¢ AWTHTIO —— =

]
Na
Sodium Fermamidinate

Tetranuclear gold(I} amidinate clusters

R =H, Ar = CgHy-4-Me, CHi-4-OMe, CgH3-3,5-Cl, CsH-3-CFi. -CipH5. -CoFs
R =-CHs. Ar=-CH;
R =-CHs, Ar=CyHs

Figure 1.4 Schematic representation of the reaction between amidinate ligands and Au(THT)CI.

aurophilic interactions. The four gold atoms are arranged in a near square (Au- - -
Au--- Au=87-92°) in the tetranuclear structure [Auy(ArNC(H)NAr),], Ar=-C¢Fs.
The packing diagram shows weak F - - F (~2.44 A), Au - - - F (~3.14 A intramolecu-
lar), and Au---F (~3.51A, intermolecular) interactions. Figures 1.7 and 1.8 are
thermal ellipsoid plots of [Auy(ArNC(Ph)NAr),] and [Auy(ArNC(CH3)NAr),], Ar=
-CgHs. The average Au - - - Au distance is 2.94 A, typical of Au(l) - - - Au(I) aurophilic
interactions. The gold atoms are arranged in a near square (Au - - - Au - - - Au = 88-91°)

Figure 1.5 Thermal ellipsoid plot of [Aus(ArNC(H)NAr)4], Ar=4-OMe-CgH,.
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Figure 1.6 Thermal ellipsoid plot of [Au,(ArNC(H)NAr),], Ar= CyoH5.

in [Auy(CcHsNC(CH;3)NCgHs)4] and a distorted square (Au--- Au- - - Au=82-97°)
in [Auy(CsHsNC(Ph)NCgHs),].

Table 1.2 gives the Au - - - Au distances, and Au - - - Au - - - Au and N-Au-N angles
for several homobridged tetranuclear Au(I) complexes and tetranuclear gold amidi-
nate complexes. Similar structural arrangements have been found in the tetrameric
1,3-diphenyltriazenidogold(I) complex, [Au(PhNNNPh)], (Au--- Au=2.85A) [21],

Figure 1.7 Thermal ellipsoid plot of [Au,(CeHsNC(Ph)NCeHs),].
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Figure 1.8 Thermal ellipsoid plot of [Au(CeHsNC(CH3)NCgHs)4].

[Au4(CH3CS,)4] (Au- - - Au=3.01A) [22] and the tetranuclear gold pyrazolate com-
plex[Au(3,5-t-Bu-pz)]4 (Au - - - Au = 3.11 A) [16]. The Au(I) atoms bridged by the more
flexible amidinate ligands show shorter Au - - - Au distances than those bridged by the
rigid pyrazolate ligands (i.e., 2.9 A versus 3.1A) [13].

Using sterically bulky groups in the ortho positions of the phenyl rings in
ArNC(H)NHAr, such as Ar=2,6-Me,-CgHj3, led to formation of dinuclear and
trinuclear complexes. This suggests that steric factors can prevent the formation

Table 1.2 Average Au - - - Au distances (A) and Au---Au---Au
angles (°) of tetranuclear gold(l) amidinate and related clusters.

Complex Au---Au Au(1)---Au(2) - Au(3) N-Au-N Ref
[Au(PhNNNPh)], 2.85 89.92 176 [21]
[Au(CH;CS,)]s 3.01 89.95 167 [22]
[Au(3,5-t-Bu-pz)ls 3.11 175 [16]

Amidinate clusters [Auy(ArNC(H)NAr),], Ar=

CeH,-4-OMe 2.94 70.87, 109.12 174 [19]
CeH3-3,5-Cl 291 88.30, 91.53 177 [19]
CeH,-4-Me 3.03 63.59, 116.4 172 [19]
CioH; 2.98 68.52, 110.88 170 [19]
CoFs 2.96 92.3, 87.5 169 [19]
CeH,-3-CFs 2.92 84.6,95.3 176 [19]

Amidinate clusters [Auy(PhNC(R)NPh),], R=

CeHs 2.94 82.86, 97.66 173 [19]
CH; 2.93 88.47,91.14 168 [19]
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Figure 1.9 Structure of the trinuclear and dinuclear gold amidinate complexes.

of tetranuclear gold(I) amidinates, Figure 1.9 [23]. Models show that formation of the
tetranuclear species is blocked by ligand-ligand interactions. Previous work indicated
the formation of a dinuclear product, Au - - - Au=2.646 A, when Me;Si was bonded
to the N atoms, {Au,[(Me;SiN),C(Ph)],} [4]. The formation of the dinuclear Au(II)
guanidinate complex [Au,(hpp),Cl,] also implicates the possible presence of a
dinuclear Au(I) species with this sterically uncrowded ligand [17, 18].

The trinuclear species [Aus(2,6-Me,-form),(THT)CI] and the dinuclear [Au,(2,6-
Me,Ph-form),] wereisolated by the reaction of the potassium salt of the corresponding
amidinate ligand with (THT)AuCl, Figure 1.10. The structure of the trinuclear gold
complexshowsashortAu - - - Audistance of ~3.01 Aand alonger Au - - - Audistance of
3.66 A, Figure 1.11. The Au - - - Au distance in the dinuclear complex [Au,(2,6-Me,Ph-
form),] is 2.711(3) A, and the N-Au-N angle is 170.2(3)°. To our knowledge, the only
other example of a symmetrically bridged dinuclear gold(I) nitrogen complex is
{Au,[(Me;SiN),C(Ph)],}, which has an Au---Au distance of 2.646A [24]. The
Au- - Au distance in [Au,(2,6-Me,Ph-form),] is 2.711 A, Figure 1.12, close to the
distance suggested by Pyykko [8] for the [Auy(NHCHNH),]. This is shorter than in
the xanthate [Au,("Bu-xanthate), (2.849 A) [25], the dithiophosphinate [AuS,PPh,],
(3.085 A) [26], ylide [Au(CH,),PPh,], (2.977 A) [27], and dithiophosphonate [AuS,PPh
(OEt)], (3.042 A) [28], but somewhat closer to the observed Au - - - Au distances in
the dithiolates [PPNI,[Au,(u*n*CSs),] (2.799 A) [29], [n-BuyN]J[Au(S,C=C(CN),],
(2.796 A) [30], and [Au(S,C—N(CsHyy),)] (2.769 A) [31].

CH, H,C LS AW(THT)CL  Trinuclear gold{[) amidinate

NN AWTHTICI
Dinuclear gold{I) amidinate
CH; CH;

2,6-dimethyl amidinate

Figure 1.10 Synthesis of dinuclear and trinuclear gold(l) amidinates.
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Figure 1.11 Thermal ellipsoid plot of [Aus(2,6-Me,Ph-form),(THT)CI].

Figure 1.12 Thermal ellipsoid plot of [Au,(2,6-Me,Ph-form),].

1.3
Oxidative-Addition Reactions to the Dinuclear Gold(l) Amidinate Complex

Oxidative-addition reactions have been widely studied with bridged dinuclear
metal complexes [1, 2, 5, 32]. Earlier work with the ylides and sulfur bonded ligands
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Figure 1.13 Synthesis of gold(ll) amidinate complexes by
oxidative-addition to the dmuclear gold(l) amidinate.

(videinfra) hasled to the formation of many Au(II)-Au(II) bonded complexes. No stable
organometallic alkyl halide addition products of dinuclear Au(I) complexes have been
characterized with ligands other than the ylides [32]. Oxidative-addition reactions
to the dinuclear gold(I) amidinate complex, [Au,(2,6-Me,Ph-form),], result in the
formation of Au(II) complexes. The Au(II) amidinate complexes are the first gold(II)
species isolated with nitrogen ligands [23]. The complexes are stable at room tempera-
ture. Various reagents such as Cl,, Br,, I, benzoyl peroxide and CH;I add to the
dinuclear gold(I) amidinate complex to form oxidative-addition gold(II) products,
[Au,XY(2,6-Me,Ph-form),], Figure 1.13 [23, 33, 34]. The methyl iodide addition
product is the only organometallic Au(II) species formed to date with amidinate
ligands [33].

The reaction of the dinuclear complex, [Au,(2,6-Me,Ph-form),], with the haloge-
nated solvents, CH,X,, XCH,CH,X, CX, (X=Cl, Br, I) also forms Au(II) products.
With the iodide derivatives the reaction occurs at the time of mixing. The analogous
reactions with chloride and bromide derivatives take approximately 2-3 days, and
7 days with CH,Cl, in order to oxidize all the Au(I) material. A crystalline product
in which there are equal amounts of oxidized and unoxidized complexes in the
same unit cell, [Au,(2,6-Me,Ph-form),X;][Au,(2,6-Me,Ph-form),], X=Cl and X=Br,
Figure 1.14, is isolated when the reaction is stopped after 3—4 h of stirring. In the
reaction of the haloalkyls CH,X,,,, the qualitative order of reactivity with the dinuclear

Figure 1.14 Thermal ellipsoid plot of [Au(2,6-Me,Ph-form),Cl,][Au;(2,6-Me,Ph-form),].
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Figure 1.15 Thermal ellipsoid plot of [Auy(2,6-Me,Ph-form),(PhCO),].

gold complex (I>Br>Cl) follows inversely the order of carbon-halogen bond
dissociation energy, C-Cl > C-Br > C-1.

The oxidative-addition of benzoyl peroxide, (PhCOO),, leads to the isolation of the
first stable dinuclear gold(II) nitrogen complex also possessing Au-O bonds,
[Au,(2,6-Me,Ph-form),(PhCO,),] [34]. An analogous ylide complex, [Au,((CH,),
PPh,),(PhCO,),] is known [33]. The benzoate amidinate product [Au,(2,6-Me,Ph-
form),(PhCO),] was obtained, Figure 1.15, by adding an equivalent amount of
benzoyl peroxide to a toluene solution of the dinuclear Au(I) amidinate. Infra-red
spectroscopic studies of the gold(II) benzoate complex show two intense bands at
1628 and 1578cm ' due to v(C=0) and at 1320-1295cm ' due to v(C—O)
frequencies. The separation between the two bands is ~300cm ', typical of uni-
dentate benzoate bonding, a “pseudo ester” character. The bonding of the benzoates
to the dinuclear gold(II) amidinate is similar to the unidentate bonding observed in
the ylide complexes, which adopt an anti geometry [2, 35].

The oxidative-addition of benzoyl peroxide to the dinuclear gold(I) ylide complex
formed a gold(IT) complex with the shortest Au - - - Au distance observed, 2.56-2.58 A
[2,35], for the dinuclear Au(II) ylide complexes, Table 1.3. Similarly, the Au- - Au
distance in the oxidized product [Au,(2,6-Me,Ph-form),(PhCO),], 2.48 A [34], is the
shortest Au - - - Au distance in the Au(II) amidinate complexes. The short Au - - - Au
distance in these complexes is due to the weak trans-directing and sigma covalent
bonding ability of the carboxylate ligands to gold(II) compared with the halides [34].

Afacilereplacementofthe benzoate groupsin[Au,(2,6-Me,Ph-form),(PhCOO),] by
chloride or bromide is achieved by adding equivalent amounts of PhICI, or [Bu4N]Br,
Figure1.16. Thereplacementofthe bromidein [Au,(2,6-Me,Ph-form),Br,] by chloride
is achieved by adding 1 mol of PhICI, to 1 mol in polar solvent such as CH3CN.

The X-ray crystallography of the gold(II) amidinate complexes shows a decrease
inthe Au - - - Audistance from 2.71 A in the starting dinuclear complexto 2.51-2.57 A
in the oxidized species. The Au-X distances are Au—-Cl=2.36 A, Figure 1.17,
Au-Br =2.47 A, and Au-1=2.68 A, Figure 1.18. The Au-N distances decreases from
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Table 1.3 Dinuclear Au(ll) ylide and amidinate complexes characterized by X-ray studies.

Complex dAu"---Ad")  d(Au-X) d(Au-R)  Ref
[ClAu(CH,PPh,CH,),AuCl] 2.600(1) 2.388(8) 9]
[BrAu(CH,PPh,CHS,),AuBr] 2.614(1) 2.516(1) 9]
[IAu(CH,PPh,CH,),Aul] 2.650 2.693(8) 9]
[(CH3)Au(CH,PPh,CH,),Aul] 2.695(4) 9]
[(CH3)Au(CH,PMe,CH,),Aul] 2.695(4) 2.894(5) 2.13(5)  [9]
[PhCO,Au(CH,PPh,CH,),Au0,CPh] 2.561(2) 2.117(13) 9]
[ClAu(2,6-Me,Ph-form),AuCl| 2.517(7) 2.356(2) [34]
[BrAu(2,6-Me,Ph-form),AuBr] 2.525(15) 2.470(2) [34]
[TAu(2,6-Me,Ph-form),Aul] 2.579(4) 2.682(4) [346]
[(CH3)Au,(2,6-Me,Ph-form),Aul] 2.529(11) 2.50 2.12 33, 34]
[PhCO,Au(2,6-Me,Ph-form),Au0,CPh]  2.489(10) 2.045(8) [34]

2.035(7) A in the dinuclear complex to 2.00-2.004 A in the oxidative-addition pro-
ducts. The Au atoms have a nearly square-planer coordination geometry.

The reaction of methyl iodide, CH;l, with [Auy(2,6-Me,Ph-form),] in ether
generates [CH3Au(2,6-Me,Ph-form),Aul] in quantitative yield under nitrogen at
0°C, in the absence of light [33, 34]. While the Au(II) atoms and the amidinate
ligand atoms refine well, unfortunately, the structure has a disorder in the CH; and
iodide positions since the spatial volume occupied by CHj and I is approximately
identical. As a result their positions remain uncertain with regard to their exact
distances from the Au(I1) atoms. The Au~CH3 and Au-T distances appear to be 2.12 A
and 2.50A, while in the dinuclear gold(I) ylide, [(CH3z)Au((CH,)2PMe,),Aul],
the Au-CH; and Au-I distances are 2.13(5) and 2.894(5)A, respectively, and
the Au(Il) —~Au(Il) distance is 2.695(4) A [9]. Surprisingly, the Au-I distance in the
Au(II) amidinate complex appears to be shorter than found in the ylide, [IAu((CH,),
PMe,),Aul].

[Auy{26-3ePh-form ) [ Auai 2,6-MePh-Torowy) . Cla]
in the same unit cell

(PRCO) ) . PRHIC],
[Auyt2,6-¥ePh-form);] —_— e [Au26-MePh-formi PhOCOO),] —=| Ausi2.6-¥e,Ph-form),Cli
b tolvense CHyCN

By, NBr
CH,CN

[An;(2.6-Me:Ph-form);Br.]

|Au26-Me; Ph-form), ]| Auy 2,6-¥e :Ph-form)-Br; |
in the same unit cell

Figure 1.16 Schematic representation of the replacement reactions of [Au,(2,6-Me,Ph-form),].
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Figure 1.18 Thermal ellipsoid plot of [Au,(2,6-Me,Ph-form),l,].

1.4
Mercury(ll) Cyanide Coordination Polymer

The reaction of the dinuclear gold(I) amidinate complex, [Au,(2,6-Me,Ph-form),],
with Hg(CN), (1:2 stoichiometry) in THF forms a 2D coordination polymer,
[Au,(2,6-Me,Ph-form),]-2Hg(CN),-2THF, not the expected oxidative-addition prod-
uct of the type formed with the ylides. White crystals and a yellow powder are formed.
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The white crystals change to yellow powder upon grinding, presumably with loss
of THF and possibly some AuCN formation. Thermal gravimetric analysis of
[Au,(2,6-Me,Ph-form),]-2Hg(CN),-2THF showed the release of THF gradually at
>120°C followed by decomposition at >200°C. The powder diffraction pattern of
the yellow residue after heating above 265 °C showed a pattern typical of AuCN
(IR 2236 cm™ ') as confirmed by comparison with the powder diffraction pattern of a
sample of AuCN obtained from the Aldrich Chemical Co.

The behavior of Hg(CN), toward the dinuclear gold(I) amidinate complexes
requires comment. In the case of the dinuclear gold(I) ylide, oxidation of the
Au(l) to Au(ll) resulted in the formation of a reduced mercury(0) product,
Figure 1.19(a) [36]. In the mercury(Il) cyanide reaction with the dinuclear gold(I)
dithiophosphinate, Figure 1.19(b), the stability of the gold(I)-carbon bond compared

. Ph
P/ \R/
Hg(CN),
L . Aw NC—Au Au—CN (a)
P )Y
Ph Ph e \Ph
Ph Ph Ph
\l’/ Ph \P/
[ 8 Ph
. L Hg(CNy, PR /S\Jlg Hg/ N )
nu-======"=" 11 3 P( . .
| | Ph/ \\‘S/l_ ’L\S/ \Ph
b\\P"/'b “\'"\‘P"/k
/
o \ph Ph \Ph
F A
Ar\\ PN /\r NC Ar\ AN/ '
CN
‘ Hg(CN He., we
g(CN), CN.._ C
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Figure 1.19 Schematic representation of the reactions between
Hg(CN), and the (a) dinuclear gold(l) ylide with loss of Hg(0),
(b) dinuclear gold(l) dithiophosphinate with los of AuCN, and

with (c) dinuclear Au(l) 2,6-Me,formamidinate complexes.
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with that of mercury(II)-carbon bond and the strength of the Hg(II)-S bonds
compared with the labile Au(I)-S bonds appear to lead to the metathesis products
observed. With the adduct to the amidinate ligand complex, Figure 1.19(c), the
cyanide IR stretching frequency shifts from 2192 cm ™" in Hg(CN), to ~2147 cm ™!,
a value very near to the CN stretching frequency found (2145 cm ') in the dinuclear
Au(Il) ylide dicyanide [37]. However, the oxidation of the dinuclear Au(I) amidinate by
the Hg(CN), is much more difficult than the oxidation of the dinuclear Au(I) ylide.
Cyclic voltammetric studies bear this out (vide infra) [38].

The differences observed in the chemistry of these dinuclear gold(I) amidinate
complexes compared with dinuclear gold(I) complexes with sulfur and carbon
ligands may be understood by examining their respective highest occupied molecular
orbital (HOMO)s and lowest unoccupied molecular orbital (LUMO)s of the species.
In the ylide complexes the HOMO is a metal-metal 6* antibonding orbital, and the
LUMO is a bonding ¢ orbital directed along the metal-metal axis. In the dinuclear
gold(I) amidinates the HOMO is 6* with regard to the 1 orbitals of the N ligands [39]
and the LUMO is also largely ligand based.

Gold(I) ylides are oxidized in 0.1 M [BuyN|BF,/THF atlow potentials of +0.11and
+0.23V vs. Ag/AgCl (quasi-reversible). The dinuclear amidinate oxidizes under
the same conditions at + 1.24 V vs. Ag/AgCl (reversible). These large differences in
chemical character of the dinuclear gold(I) complexes appear to explain the widely
different behavior of these compounds and especially toward the reaction with
mercury cyanide.

The adduct formation of Hg(CN), to the [Au,(2,6-Me,Ph-form),] increases the
Au---Au distance from 2.7 A in the dinuclear complex to 2.9A in the adduct,
Figure 1.20. The gold centers are coordinated by four nitrogen atoms with Au-N
distances in the range 2.09-2.51 A. The N-Au-N angles associated with the amidinate
ligands decreased from ~170° in the dinuclear starting material to ~161°. The
N-Au-N angles are in the range 95-100° (angles from the cyanide groups). The 2D
lattice contains two THF solvent molecules in the large cavities (~10.2 x 13.7 A),
Figure 1.20(b). The Hg—O distance is ~4.33 A indicating that the interaction between
the Hg centers and THF is not significant.

1.5
Formation of Mixed-Ligand Tetranuclear Gold(l) Nitrogen Clusters

Density functional theory (DFT) modeling calculations show that a dinuclear gold(I)
amidinate complex is less stable than the tetranuclear gold(I) amidinate cluster,
[Auy(HNC(H)NH),]. However, replacing C by Si in the backbone reduces ring strain
and makes the energies similar, Figures 1.21 and 1.22 [39].

Attempts to introduce less bulky anionic ligands to the dinuclear complex [Au,(2,6-
Me,Ph-form),] cause the dinuclear gold(I) amidinate complex to rearrange and form
tetranuclear gold(I) amidinate complexes [40]. The ligand exchange of the sterically
bulky ligand, 2,6-Me,Ph-form, in the dinuclear gold(I) amidinate complex with less
bulky anionic ligands such as [ArNC(H)NAr]| ", Ar=CcH,-4-Me, Ar=CgH4-4-OMe,

15



16| 1 Gold(l) Nitrogen Chemistry

(b)

Figure 1.20 (a) Thermal ellipsoid plot and bond distances and
angles of [Au,(2,6-Me,Ph-form),].2Hg(CN),-2THF. (b) 2D of
[Auz(2,6-Me,Ph-form),].2Hg(CN),-2THF showing the THF
solvent in the voids.

and 3,5-diphenylpyrazolate, to form mixed-ligand species provides a facile procedure
for the synthesis of mixed-ligand complexes along with the increased nuclearity,
Figure 1.23. Tetranuclear gold(I) complexes with amidinate and pyrazolate ligands
can be formed, such as [Auy(3,5-Ph,pz),(2,6-Me,Ph-form),] and [Auy(3,5-Ph,pz);
(2,6-Me,Ph-form)]. This result was extended to the synthesis of tetranuclear
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Figure 1.21 HOMO and LUMO of the dinuclear and tetranuclear gold amidinate species.

mixed-metal Au-Ag complexes with pyrazolate and amidinate ligands [Au,(3,5-
Ph,pz), Ag,(2,6-Me,Ph-form),] [40]. This complex is the only tetranuclear amidinate
complex observed with the two bulky amidinate ligands facing each other. Apparently,
the long Au - - - Ag distances, ~3.3 A, allow the bulky amidinate ligands to be in this
syn arrangement.

Reacting the amidinate salt, K[4-MePh-form], with the dinuclear gold(I) complex,
[Au,(2,6-Me,Ph-form),], in a 1:1 stoichiometry in THF forms the dinuclear-tetra-
nuclear complex [Au,(2,6-Me,Ph-form),][Au,(4-MePh-form),]-2THF, Figure 1.24,
with one tetranuclear and one dinuclear molecule in the same unit cell. Adjusting the
reaction ratio to 2:1 formed the tetranuclear complex [Au4(4-MePh-form),].

The reaction of the diphenylpyrazolate salt, Na[3,5-Ph,pz], with the dinuclear
gold(I) complex [Au,(2,6-Me,Ph-form),] in a 1: 1 stoichiometric ratio resulted in the
formation of two tetranuclear products, observed as blocks, [Aus(3,5-Ph,pz),
(2,6-Me,Ph-form),]-2THF, Figure 1.25, and as needles, [Auy(3,5-Ph,pz)3(2,6-Me,Ph-
form)]- THF, Figure 1.26. Adjusting the reaction ratio to 1.5:1 resulted in the

17
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Gaussian 98 B3LYP Au (Stuttgart) ADF - Amsterdam Density Functional
C.N (cc-pVDZ) H (D95) BP86 Au, Si, C, N, H (TZP)

4.5 kcal/mol

23.0 keal/mol 17.8 kcal/mol
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(2.04)

3.30
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0.0 kcal/mol

0.0 kcal/mol
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Figure 1.22 Density Functional Theory calculations of the
tetranuclear and dinuclear amidinate complexes at both the
Gaussian 98 and ADF levels.

isolation of the tetranuclear mixed-ligand complex [Auy(3,5-Ph,pz);(2,6-Me,Ph-
form)]- THF. [40] These exchange reactions of the bulky amidinate ligand, [(2,6-
Me,-form)]~, by the less steric ligands [(4-MePh-form)]™ and [(3,5-Ph,pz)], are
irreversible, Figure 1.23. These results validate the calculations which indicate that
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K[(4-MelPh-form)|
[Aux(2.6-MesPh-form)a]  —— [ Au,(2,6-Me,Ph-form), || Aud4-MePh-form),

+ K[(2,6-Me,Ph-torm))

K[(4-MePh-form))

L .

[Au(3,5-Phsp714(2,6-MesPh-form),| | Auy(4-MePh-form),|
[Auyf3,5-Phapz);( 2.6-McsPh-form)|
+ +

KL(2.6-MeoPh-torm)) KL(2.6-Mc,Ph-form)]

Figure 1.23 Schematic representation of the exchange reactions.

the tetranuclear structure is favored over the dinuclear arrangement with these
nitrogen ligands.

The structures of the mixed ligand, dinuclear-tetranuclear Au,Au, complexes
show similar bond distances and angles, Au - - - Au=~2.7 A, (dinuclear) and ~3.0 A
(tetranuclear), to their parent complexes [19, 23, 34]. In the complexes [Auy(3,5-
Ph,pz), (2,6-Me,-form),] and [Aus(3,5-Ph,pz)3(2,6-Me,-form)], the Au---Au dis-

Figure 1.24 Thermal ellipsoid plot of [Au;(2,6-Me,Ph-form),][Au,(4-Me-form),]-2THF.

19
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Nl
) e
Figure 1.25 Thermal ellipsoid plot of [Auy(3,5-Ph,pz),(2,6-Me,-form),].

tances range from 3.02-3.20 A. Each pyrazolate ring in [Auy(3,5-Ph,pz),(2,6-Me,Ph-
form),]-2THF is facing an amidinate ligand, that is, anti. This avoids the steric bulk of
the amidinate ligand, Figure 1.25. In the tetranuclear gold(I) pyrazolate complex,
[Auy(t-Bu-pz),), the Au - - - Au distance ranges from 3.11 to 3.18 A [16]. The Au - - - Au
distances linked by the pyrazolate ligands are slightly longer than those linked by the
amidinate ligands, as expected from the required orientation of the Au-N sigma
bonds of the different ligands.

Figure 1.26 Thermal ellipsoid plot of [Au4(3,5-Ph,pz)3(2,6-Me,-form)].
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1.6
Solvent Influences on Oxidation and Nuclearity of Gold Guanidinate Derivatives

Work with the Hhpp ligand was pioneered by Cotton and co-workers who showed
that the di-metal complexes with Cr(II), Mo(II), or W(II), ionize readily, the latter
more readily than cesium [41]. Recent work with the anionic hpp ligand has produced
the compound [Au,(hpp),Cl,] with a short Au-Au (2.47 A) distance [17, 18].

Although it is known that the direction of the lone pairs of electrons on nitrogen
ligands can influence the nuclearity of the complexes formed, as for example, with the
3,5-diphenylpyrazolate ligand which normally forms trinuclear complexes with Au(I)
or Ag(I), Figure 1.27, Raptis and coworkers [16] were able to obtain a tetranuclear
Au(I) pyrazolate complex by using bulky groups at the 3 and 5 positions of the ring.

While we have been unsuccessful with many attempts by direct synthesis or
reduction to isolate the gold(I) [Au,(hpp),], we have discovered that solvent conditions
determine whether oxidation to the dinuclear Au(II) species, [Au, (hpp),Cl,], occurs
or a tetranuclear Au(I) species, [Auy(hpp)s], forms. It appears that the nuclearity of the
gold(I) hpp compound depends on factors such as the disproportionation rate of
the Au(I) in a given solvent and the presence of oxidants. The short ligand N--- N
distance should promote tetranuclear product formation over dinuclear species but
in the presence of oxidizing solvents and solvents supporting rapid disproportion-
ation and in the presence of coordinating ligands like chloride, a gold(II) product is
isolated.

This solvent role regarding the formation of a dinuclear Au(Il) or a tetranuclear
Au(I) product is noted when Nalhpp] is reacted with (THT)AuCl. In THF the product
is the dinuclear Au(Il) species, [Au,(hpp),Cl,], along with gold metal. In oxidizing
solvents such as the chlorocarbon dichloromethane, [Au,(hpp),Cl,] is produced in
high yield without Au(0) formation, Figure 1.28. If ethanol is used as the solvent, the
product is the tetranuclear Au(I) species, [Auy(hpp)4]- A plausible rationalization of
the different behavior in the two solvents is that ethanol solvates both the [(THT)Au] *
and the Cl~, reducing the potential of the cation for oxidation and allowing solvation
of the sodium chloride. Several reducing agents were used in attempts to reduce
the Au(II) complex to form the Au(I) product, including reagents such as KCg and K,
but each produced gold metal. Using silver benzoate in a CH3;CN/THF solution to

SORES

1,3,4,6,7 8-hexahydro-2H- 15336(;”1&21&“0'0
pyramido| 1,2-a]-pyramidinate [3.3.0loct-4-ene

(hppl” [tho]
Figure 1.27 Structure of the anionic, bidentate nitrogen ligands [hpp]™ and [tbo] .
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Figure 1.28 Synthesis of [Au,(hpp),Cl,] and [Aus(hpp)4]-

remove the chlorides formed, a green hexanuclear product with mixed metals
and ligands was achieved. The gold(II)-silver(I) complex [(PhCOO)sAuy(hpp),Agy]
crystallized and was structurally characterized. It has a very short Au-Au distance,
2.4473(19) A, and normal Au-Ag, 3.344(3) A, and Ag-Ag, 2.771(6) A distances [18].

The X-ray crystal structure of [Au,(hpp),Cl,] revealed a Au(II)-Au(II) distance of
2.4752(9) A, Figure 1.29, which is shorter than the Au-Au distance observed in the
amidinate, [Au,(2,6-Me,Ph-form),Cl,] (2.617 A) [23, 24]. This decrease in distance is

Ci3A) Ci4Al

Cid) Ci3
Figure 1.29 Structure of [Auy(hpp)2Cly].
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dramatic, and results in a stable d°-d° system with the Au(II) atoms in a square planar
arrangement. The coordination angles range from 86.07-94.25° and sum to 359.42°.
The dihedral angle between the N(1)-Au(1)-N(3A) and N(1A)-Au(1A)-N(3) plane in
[Au,(hpp),Cly]is 13.3°. The structure is puckered with deviation from the mean plane
of 0.35A.

The molecular structures of Mo, (hpp), and W,(hpp)s studied by Cotton show
M-M distances of 2.067(1) and 2.162(1) A, respectively [41]. These two complexes
contain the shortest Mo,* ™ or W,** quadruple bonds known. The ready oxidation
of these complexes with the electron-rich bicyclic guanidinate ligand, hpp™, and of
the dinuclear gold species, clearly shows that ligands which favor short metal-metal
distances promote reduction of the electron density between the metal atoms by
electron loss.

The gold-gold distances in the [Auy(hpp)4] complex, range from 2.8975(5)-2.9392
(6) A, and are similar to those found in the tetranuclear gold amidinate complexes,
Figure 1.30. The hpp ligand apparently shows a different behavior with different
group 11 elements, forming a tetranuclear complex with gold and silver but to date
only a dinuclear complex of copper(I) has been reported [42]. With the related smaller
ring guanidinate [Auy(tbo) ] the average Au - - - Au distanceis 3.16 A, Figure 1.31. The
angles at Au---Au- - - Au in this complex are acute 66.03(3)-66.12(3)° and obtuse
111.92.64(3)-115.82(3)°.

Density functional theory and MP2 calculations on [Au,(hpp),Cl,] show that the
HOMO is predominately hpp and chlorine-based with some Au-Au 8" character and
that the LUMO has metal-to-ligand (M-L) and metal-to-metal (M-M) ¢* character
(approximately 50% hpp/chlorine, and 50% gold). DFT calculations on [Aus(hpp)4]

Figure 1.30 Thermal ellipsoid plot of [Auy(hpp)a].
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ci3!
Figure 1.31 Thermal ellipsoid plot of [Au,(tbo),].

show that the HOMO and HOMO-1 are a mixture of metal-metal antibonding
character and metal-ligand antibonding character and that the LUMO is predomi-
nately metal based s character (85% Au and 15% hpp).

The calculated thermodynamics for the reduction of [Au,(hpp),Cl,] to [Au,(hpp),]
and Cl,(g) suggest the reaction is endothermic with a AH® of 50.0, 48.6, 45.8, and
69.5 kcal mol ' and a AG® 0f 38.3, 37.5, 35.3,and 57.8 kcal mol ' depending upon the
level of theory used [18]. The fact that the reaction is thermodynamically unfavorable
is consistent with the difficulty in obtaining the Au(I) compound [Au,(hpp),].

1.7
Cyclic Trinuclear Gold(l) Nitrogen Compounds

Trinuclear 9-membered rings can be formed by the reaction of gold(I) ions with
exobidentate C,N or N,N monoanionic ligands. They are generally slightly irregular
and puckered unless the metallocycle is imposed by intramolecular crystallographic
symmetry. Gold-gold intramolecular interactions are always present and the com-
plexes exhibit a roughly Cs}, or with symmetrical ligands a Ds;, symmetry. Crystal
structures of these trinuclear complexes demonstrate formation of individual com-
plexes, dimers, supramolecular columnar species or more complex supramolecular
aggregates, Table 1.4 [43]. Dimers and supramolecular structures are held together
by aurophilic intermolecular gold-gold interactions. Bulky substituents on the
ligands can prevent intermolecular metal-metal interactions and the formation of
supramolecular architectures.
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a

Table 1.4 Trimeric cyclic gold(l) compounds”.

Complex Ref
[1-N*,C*-pyAuls [44, 45]
[1-C(OMe)=N (CeH 1) Aujs [46]
[1-C(OMe)=N(Me)Auls [47, 48]
[1-C(OEt)=N(CsH,p-Me)Au]s [49, 50]
[u-N*,C%-bzimAu]; [51]
[1-N,N-3,5-Ph,pzAul; [52]
[1-N,N-3,5(CF;)pzAuls [53, 54]
[1-N,N-3,5(4-MeOPh),pzAul; [55, 56]
[N N-pzAu]; [57]
[1-N,N-4-MepzAu]; [57]

“py = pyridinate; bzim = 1-benzylimidazolate; pz = pyrazolate.

The first cyclic trinuclear compound of gold(I) was reported by Vaughan in
1970 [44]. The complex [u-N',C%pyAu]; was obtained in a very good yield by adding
triphenylarsine gold(I) chloride to a THF solution of 2-pyridyllithium at —40°C,
Figure 1.32.

Some other cyclic trinuclear gold(I) pyridine complexes, CTCs, were obtained by
the same procedure using various substituted pyridines [44]. All the complexes except
[u-N',C2-pyAu]; have a very low solubility in common organic solvents. In 1972, the
synthesis of another CTC gold(I) complex [u-C(OCH;)=N(CsH1;)Aul; was reported.
The complex was obtained by the reaction of chloro(triphenylphosphine)gold(I) with
cyclohexyl isocyanide in a methanolic potassium hydroxide solution, Figure 1.33 [46].
Using the same or similar synthetic approaches, many other analogous carbeniate
cyclic gold(I) complexes have been described [47, 49]. They have the general formula
[u-C,N-carbAu]; (carbis C(OR)=NR’) where R’ is an aliphatic, alicyclic, alkyl aromatic
or aromatic group, Figure 1.33.

Another family of gold(I) CTCs, having a C-Au-N environment, was described in
which the bridging ligand between gold atoms is an alkyl-2-imidazolate anion (alkyl
group = CH; or CH,Ph) [51]. A typical reaction is carried out at —40 °C in THF using
Vaughan’s method, Figure 1.34, but in this case the crude brown solid is extracted

S N
THF /
3 +3PASAUCl —— - e M

/ -40°C
N Li — N—

Figure 1.32 Synthesis of [u-N",C%pyAuls.
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r.t. Au Au
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\C—Au——N
/
H,CO CeHyy
Figure 1.33 Synthesis of [u-C(OCH3)=N(CsH11)Auls.
Pth(.a
[ %
\ THF \
3 N)\[ : + 3Ph;PAuCl 20°C; L,
| N / N/CHzPh
CH;Ph
E Pl
N =
\
CH,Ph

Figure 1.34 Synthesis of [u-N,C*-bzimAuls.

overnight at room temperature with hexane. The reaction can be carried out using
(CHs3),SAuCl as a starting material instead of Ph;PAuCL In this way the CTCs
[U-C(OEH)=N(C¢H,-p-Me)Auls and [u-N',C>-bzimAu]; are immediately formed in a
goodyield, butthereactionis delicate and slowand often colloidal gold(0) is formed. The
methyl analog of [u-N',C*-bzimAuls is quite soluble in the common organic solvents.

Gold(I) CTCs having a N-Au-N environment are also known and have the general
formula [u-N,N-pzAu]; (pz~ = pyrazolate or various ring substituted pyrazolates)
[15b,52,53,55]. In these compounds the bidentate anion ligands bridging the gold
atoms are obtained by deprotonation of a pyrazole ring with a base such as KOH or
NaH, Figure 1.35 [15b]. It is noteworthy that when Na[3,5-Ph,pz] and AgO,CPh are
added to a THF solution of Ph;PAuCl a hexanuclear gold cycle having a 18-atom ring
is formed [15D].

Ph Ph N_N\
© AT
f/  + (THDAuCI ——— Au Au

N— r.t. Pl / AN
1] ____.JN N Ph
A} _ _ I l
s N TANTNG
T'h Ph

Figure 1.35 Synthesis of [u-N,N-3,5-Ph,pzAuls.
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The cyclic trimeric nature of the carbeniate Au(I) complexes was realized when
the structure of [u-C(OEt)=N(CsH,-p-Me)Au]; was reported [50]. This structure is a
9-membered ring formed by three carbeniate ligands bridging the gold(I) atoms
through the N and C atoms. The deviation of the C-Au-N angles from the linearity
as well as the puckering of the rings are due to the presence of intramolecular
(average Au - - - Au=3.272(1) A) and intermolecular gold-gold interactions. Only two
short Au - - - Au contacts of 3.244(1) A are found between two CTCs, and the dimer is
arranged in the crystal structure to give a characteristic Aug chair. The packing
diagram of [U-C(OEt)=N(CgH4-p-Me)Au]; shows additional weak Au(l)---Au(l)
interactions at 3.824 A.

The Au-Au distance in [u-C(OMe)=N(Me)Aul; of 3.308(2) A suggests an intramo-
lecular interaction between the metal atoms [48]. The most important and unique
feature of the complex [U-C(OEt)=N(CsH4-p-Me)Auls is the ability of the CTCs to
aggregate in the solid state along the ¢ axis to form ordered and disordered columnar
stacks. In each unit cell, the two types of stacks occur in a 2: 1 ratio. In the ordered
stacks the intermolecular Au - - - Au distance is 3.346(1) A and the gold centers are
arranged to form an infinite trigonal prismatic array. In the disordered stacks there
are two sets of positions for each gold triangle. The ability of the complex [u-C(OEt)=
N(CeHy-p-Me)Au]; to aggregate through gold-gold intermolecular interactions form-
ing these supramolecular arrays confers to its extraordinary luminescent properties
which have been described by Balch as solvoluminescence [48].

The complex [u-N',C%-pyAu]; shows an interesting and unusual crystal structure.
Itislocated on a crystallographic mirror plane thatlies perpendicular to the molecular
plane. Each CTC is planar with gold-gold intramolecular interactions of 3.309(2) and
3.346(3) A. The intermolecular Au - - - Au contacts are shorter than the intramolecular
Au---Au contacts and fall in the range 3.105(2)-3.143(3) A. Both CTC complexes
[u-N',C2-pyAu]; and [u-C(OMe)=N(CeH11)Au]; form dimers with a chair conforma-
tion of the gold atoms, but complex [u-N*,C-pyAu]s is further assembled by the apical
gold atoms of the chairs to form extended stepwise chains.

Recently, gold pyrazolate CTCs have been described which produce room-tem-
perature columnar mesophases [55]. These complexes have long chain substituents
in the 3 and 5 positions of the pyrazolate ring. X-ray powder diffraction measure-
ments have demonstrated that the supramolecular columnar arrangement is present
in the crystalline solids as well as in the mesomorphic phase. The X-ray crystal
structure of complex [U- N,N-3,5(4'-MeOPh),pzAu]; which has an anisole unit on
the pyrazolates, yields a unit cell which contains two independent CTCs. They
are slightly different in the twist about the central metallocycle core and more
markedly in the relative conformations of the phenyl substituents [56]. In the
complex [U-N,N-3,5(4'-MeOPh),pzAu]; the intramolecular Au---Au average dis-
tance is 3.3380(7) A. The intermolecular Au - - - Au distance is greater than 4.252 A
with a mean stacking separation between two consecutive trimers of 4.54 A. The
packing mode observed appears to be controlled by van der Waals forces (i.e., no
Au- - - Au interactions).

A more complex supramolecular architecture has been discovered for the com-
plexes [U-N,N-pzAul;, Figure 1.36, and [u-N,N-4-MepzAu]; [57]. Intramolecular
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Figure 1.36 Two dimensional structure of [u-N,N-pzAul;.

aurophilic gold-gold interactions are present with Au- - - Au distances of 3.372(1)-
3.401(1) A. Complex [u-N,N-pzAu]; forms a two-dimensional network by self-assem-
bly of the CTCs through intermolecular aurophilic interactions. Each [u-N,N-pzAu];
forms a dimer such as those found in other CTCs, with two gold-gold interactions of
3.313(1) A. Moreover, each dimer interacts with four other dimers through a single
Au--- Au contact 3.160(1) A to form a 2-dimensional net.

1.8
Oxidative-Addition Reactions to the Cyclic Trinuclear Gold(l)-Nitrogen Compounds

Gold CTCs undergo oxidative-addition reactions of halogens at the metal centers [58].
There is evidence that electronic factors influence the reactivity of the gold atoms in
these compounds. In fact, except for [u-C(OMe)=N(Me)Au]s, only one metal center
appears to be oxidized to give mixed-valence Au,'/Au"" metallocycles. Surprisingly,
aqua regia also fails to give complexes beyond the Au,'/Au'" oxidation state with the
unoxidized pyrazolates. Thus an unusual stability of the d'°d'°d® configuration for
these pyrazolate gold CTCs is observed. The electronic communication between the
gold atoms may be the origin of this effect. The oxidation of the first gold atom may
improve the m-acceptor ability of the two ligands coordinated to it so that they
remove sufficient electron density from the remaining two Au' atoms and prevent
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Figure1.37 Synthesis of the mixed-valence or completely oxidized
complexes [u-C(OMe)=N(Me)Au]sl, (n=2-6).

their oxidation. However this hypothesis is not corroborated by the crystallographic
data since change is not observed in the gold-ligand bond lengths. However the effect
may involve Au-N pi interactions with subsequently little atom movement. The
complex [u-C(OMe)=N(Me)Au]; seems to be unique in the family of the gold CTCs
and to date it is the only CTC of gold(I) that gives the stepwise addition of halogens,
resulting in the formation of either mixed-valent or completely oxidized trinuclear
gold complexes, Figure 1.37. The X-ray structures of these derivatives were recently
reported many years later after their synthesis [58].

Crystallographic studies of the iodine oxidized carbeniate [u-C(OMe)=N(Me)Au]s
confirms the structures originally proposed [58]. All the structures retain the frame
of the starting complex [u-C(OMe)=N(Me)Au];, Figure 1.38. The variation in the
intramolecular Au---Au separation is small. However, there is a trend toward
increased Au---Au distance as more iodine is added to the complex. The Au-I
distances fall in the range of 2.614(6)-2.633(7) A. As a consequence of the repulsive
intramolecular I - - I contacts, the I-Au-I angles deviate significantly from linearity.
They become smaller and smaller with increased number of iodide atoms bonded to
the gold centers. The structure of [u-C(OMe)=N(Me)Au];1s.CH,Cl, shows the
formation of columns with short intermolecular I-- -1 interactions ranging from
3.636(2) to 3.716(2) A. The interaction between terminal iodide ligands appears to
have a directional component.
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Figure 1.38 Top and side views of the completely oxidized complex [u-C(OMe)=N (Me)Au]sls.

Oxidative-addition of iodine also was investigated for the complex [u-N',
C%bzimAu];. This complex behaves like most of the CTCs since it adds iodine at
only one gold center to yield [u-N',C*bzimAujsI, [59]. The X-ray structure shows
that it consists of discrete trinuclear units with the three gold atoms bridged by
1-benzylimidazolates.

1.9
Supramolecular Entities of Trinuclear Gold(l) Complexes Sandwiching Small
Organic Acids

Extended linear chain inorganic compounds have special chemical and physical
properties [60, 61]. This hasled to new developments in fields such as supramolecular
chemistry, acid-base chemistry, luminescent materials, and various optoelectronic
applications. Among recent examples are the developments of a vapochromic light
emitting diode from linear chain Pt(II)/Pd(II) complexes [62], a luminescent switch
consisting of an Au(I) dithiocarbamate complex that possesses a luminescent linear
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Figure 1.39 Structural arrangements of the cyclic trinuclear
Au' compounds, CTCs, with various electrophilic adducts in ABBA
and ABA chains.

chain in the presence of vapors of organic solvents [31], mixed-metal (Ag/Au or
T1/Au) [63] compounds that exhibit different colors and emissions when different
organic solvents are introduced or removed, and the discovery of solvolumines-
cence [48] in a Au(I) CTC with an extended chain structure.

Recent results have demonstrated that the electron-rich trinuclear Au(I) complexes
can interact with neutral electron-acceptor entities such as C¢Fg, C10F14, TCNQ, or
Hgs(u-CoFa4)3, and cation species such as Ag(I) and TI(I) to produce infinite linear
chain complexes, Figure 1.39 [64-66]. Balch and co-workers also demonstrated
that trinuclear Au(I) compounds with alkyl-substituted carbeniate bridging ligands
can interact with the large organic acceptors nitro-9-fluorenones [67]. DFT calcula-
tions clearly show that the donor regions in the trinuclear Au(I) compounds are
located at the center of the 9-membered ring and that they extend to regions in space
above and below the ring plane [63].

The TCNQ molecule in [TR(bzim)],-TCNQ is sandwiched between two units of
[u-N',C2bzimAul; in a face-to-face manner so that it is best represented by the
formula (-[u-N',C*-bzimAu]s) (u-TCNQ) (-[u-N',C*-bzimAu]s). The cyanide groups
clearly are not coordinated to the gold atoms. The distance between the centroid of
TCNQ to the centroid of the Aus unit is 3.964 A. The packing of [TR(bzim)],-TCNQ
shows a stacked linear-chain structure with a repeat pattern of -(Aus)(Aus) (L-TCNQ)
(Aus)(Aus)(L-TCNQ)- an ABBABB repeat. The complex [TR(bzim)],-TCNQ contains
two very short intermolecular Au - - - Au distances of 3.152 A (identical for the two
aurophilic bonds). The intermolecular Au- - - Au distance is even shorter than the
intramolecular distances in the starting compound, which are 3.475, 3.471, and
3.534 A. The adjacent Aus units in [TR(bzim)],-TCNQ form a chair-type structure
rather than the face-to-face (nearly eclipsed) pattern reported in Balch’s studies of the
nitro-9-fluorenones adducts with the trinuclear Au(I) alkyl-substituted carbeniate
complexes.
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The shortened intermolecular Au-Au distances in [TR(bzim)],-TCNQ may be
associated with charge-transfer from the electron-rich Au center to the known
electron acceptor TCNQ. A partial oxidation of the Au(I) atoms leads to the observed
shortening of Au—Au distances. In the limit of complete oxidation to Au(II), a gold-
gold single bond forms with [TCNQ] ™. The presence of [TCNQ]~ impurity in the
crystals may be the origin of the dark color of this complex since [TR(bzim)], itself is
colorless while TCNQ is light orange. Thin crystals and films are dark green as are
solutions. It remains possible that charge transfer is the cause of the dark color, with
adduct formation remaining intact in solution.

The crystal structure of [TR(carb)]-C¢F¢ shows a columnar stack consisting of
alternating CgFg and [TR(carb)] molecules [65]. The C¢Fg molecule is sandwiched
between two units of [TR(carb)], in a face-to-face manner so that a molecule of
[TR(carb)]-CgFs is best represented by the formula (n-[TR(carb)])o.s(u-CsFe)(m-[TR
(carb)])o.s- The distance between the centroid of C¢F¢ to the centroid of the Aus unitis
3.565 A. The packing of [TR(carb)]-C¢F4 shows a stacked linear-chain structure with
a repeat pattern of -(Aus)(U-CeFe)(Aus)(U-CoFg)- an ABAB pattern. The crystal
structure of [TR(carb)] by itself shows a dimeric structure with intermolecular
Au-Au bonds. Therefore, the C¢F¢ Lewis acid disrupts the intermolecular aurophilic
bonding in [TR(carb)] chain with loss of visible luminescence [65]. These pi-acid, pi-
base results with gold CTCs are similar to but opposite from the interactions reported
by Gabbai and co-workers, between the Lewis acid Hgs(U-CgF4); and benzene, in
which benzene acts as a Lewis base coordinating in a u-6 manner to six Hg centers,
three from each side [68, 69]. The two Aus units interacting with C¢Fg in [TR(carb)]-
C¢Fg are eclipsed with respect to each other (nearly D3;,) whereas the two Hgs units in
Hg;(U-CoF4)3-benzene are nearly staggered (Dsg).

The Lewis acid Hgs(U-CeFy)3 also forms a pi-acid/pi-base interaction with
TR(carb). In addition to the crystal structure demonstrating the ABBABB pattern
observed in other stacked materials which retain the aurophilic Au—Au interactions
between four of the six basic Au(I) atoms of the BB moieties, studies have shown
that the oligomeric acid/base interection is retained in solution. Pulsed gradient
diffusion NMR studies [70] suggesting the oligomeric sizes and *C-°F coupling
between units demonstrate that the interactions are stronger than solvation of the
CDGCs.

The nucleophilic trinuclear Au(I) ring complex Aus(p-toIN=COEt)3, Figure 1.40,
forms sandwich adducts with the organic Lewis acid octafluoronaphthalene,
CioFg [66]. The Aus(p-toIN=COEt);-CyoFg adduct has a supramolecular structure
consisting of columnar interleaved 1:1 stacks in which the Auj(p-toIN=COEt);
n-base molecules alternate with the octafluoronaphthalene m-acid molecules with
a distance between the centroid of octafluoronaphthalene to the centroid of
Au;(p-tolN = COEt); of 3.458 and 3.509 A. The stacking with octafluoronaphthalene
completely quenches the blue photoluminescence of Aus(p-tolN=COEt);, which is
related to inter-ring Au—Au bonding, and leads to the appearance of a bright yellow
emission band observed at room temperature. The structured profile, the energy,
and the lifetime indicate that the yellow emission of the Au;(p-toIN=COEt)3-CyoFs
adduct is due to gold influenced phosphorescence of the octafluoronaphthalene.
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Figure 1.40 Thermal ellipsoid drawing of the stacked
octafluoronaphthalene with Aus (p-tolN = COEt);.

The 3.5ms lifetime of the yellow emission of Auj(p-toIN=COELt);-C;Fg is two
orders of magnitude shorter than the lifetime of the octafluoronaphthalene
phosphorescence which is observed at low temperature, thus indicating a gold
heavy-atom effect.

1.10
Gold(l) and Silver(l) Mixed-Metal Trinuclear Complexes

Attention has been given to the synthesis of bimetallic silver-gold clusters [71] due
to their effective catalytic properties, resistance to poisoning, and selectivity [72].
Recently molecular materials with gold and silver nanoclusters and nanowires have
been synthesized. These materials are considered to be good candidates for electronic
nanodevices and biosensors [73].

Based on the fact that pi-acids interact with the trinuclear gold(I) pi-bases, TR(carb)
and TR(bzim), the trinuclear 3,5-diphenylpyrazolate silver(I) complex was reacted
with each. Mixing [Aus(carb)s] or [Aus(bzim);] with [Ags(u-3,5-Ph,pz)s] in CH,Cl, in
stoichiometric ratios of 1:2 and 2:1 produced the mixed metal/mixed ligand
complexes in the same gold-silver ratios. The crystalline products were not the
expected acid-base adducts. Itis suspected that the lability of the M—N bond (M=Au,
Ag) in these complexes results in the subsequent cleavage of the cyclic complexes to
produce the products statistically expected from the stoichiometry of materials
used [74]. As a result of the lability of Au-N and Ag-N bonds, and the stability of
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Figure 1.41 ORTEP diagram of [Au(carb)Ag,(11-3,5-Ph,pz),].

Au-C bonds, mixed metal gold-silver dimers of planar, trinuclear complexes are
readily formed by mixing gold(I) carbeniates and gold(I) benzylimidazolates with
silver(I) pyrazolates in stoichiometric ratios. The complexes retain the ligands
associated with the metal atoms of the starting materials.

The two trinuclear moieties of the dimer of [Ags(u-3,5-Ph,pz)s] are rotated anti to
each other [75], but this arrangement is less apparent in [Au(carb)Ag,(1-3,5-Ph,pz),],
Figure 1.41. The shortest Ag - - - Ag interactions within the metallocycle rings of the
dimer of [Ags(u-3,5-Ph,pz);] are about 3.4 A, while between the trinuclear units the
Ag- - Ag distance is 2.9712(14) A. The Au - - - Ag distances between trinuclear units
in [Au(carb)Ag,(1-3,5-Ph,pz),] are 3.311(2) A and 3.082(2) A. The metallocycles in
[Au(carb)Ag,(u-3,5-Ph,pz),] are irregular and puckered similar to those in the dimer
of [Ags(u-3,5-Ph,pz);]. The structure of [Au,(carb),Ag(u-3,5-Ph,pz)], Figures 1.42
and 1.43, shows one intermolecular interaction between the trinuclear gold units,
with a Au - - - Au distance of 3.33 A. This is slightly longer than Au - - - Au distances,
3.224-3.299 A, in the irregular and puckered nine-membered ring of the dimer of
[Aus(carb)s). The Au - - - Ag distances in [Au,(carb),Ag(u-3,5-Ph,pz)] are 3.22-3.28 A.
The average distance of the two closest Au atoms between the trinuclear units of each
dimeris 3.2 A. Apacking diagram shows a Au - - - Auinteraction, 3.857 A, between the
dimer units, similar to the distance observed in [Aus(carb);], 3.824 A. The inter-
trinuclear Au- - - Ag interactions in [Au(bzim)Ag,(U-3,5-Ph,pz),] is 3.1423(8). The
intermolecular distances, Au - - - Ag, 3.53 and 3.38 A and Ag - - - Ag 3.35 A are longer
than those in the dimer of [Au(carb)Ag,(u-3,5-Ph,pz),).

A few additional structural comparisons between the homonuclear gold and silver
complexes and the mixed gold and silver complexes are of interest. In the dimer of the
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Figure 1.42 ORTEP diagram of [Au,(carb),Ag(u-3,5-Ph,pz)].

trinuclear silver(I) 3,5-diphenylpyrazolate, [Ags(1t-3,5-Ph,pz)s], the six silver atoms
are arranged as two triangles connected by only one short interaction. This drastically
changes when a gold atom is introduced into the trinuclear unit as in [Au(carb)
Ag,(u-3,5-Ph,pz),]. An irregular square is formed by two Ag and two Au atoms with
M-M distances in the range 3.08-3.40 A. The other two silver atoms are above and
below the plane of the square. A metallophilicity is observed in [Au(carb)Ag,(u-3,5-
Ph,pz),] in which each of the two gold atoms interact with three silver atoms. Three

Figure 1.43 Packing diagram of[Au,(carb),Ag(u-3,5-Ph,pz)],.
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Au atoms and one Ag atom form a nearly regular square with distances range
3.21-3.42A.

Ligand bridged metal-metal distances display longer M—M distances than in the
unbridged complexes. In the compounds studied, the non-bridged intermolecular
M-M distances follow the order: Ag-Ag < Au—Ag < Au—Au while the intra-metallo-
cycle M-M distances with bridging ligand bonding follow the order: Au-Au<
Au-Ag < Ag-Ag. The synthesis of these mixed gold-silver compounds represents a
new approach to cluster mixed metal synthesis with potential use in mixed-metal
catalysis.

1.1
CO Oxidation Over Au/TiO, Prepared from Gold Nitrogen Complexes

Metal-organic and organometallic complexes have been widely used in the synthesis
of catalysts, however, the use of metal-organic or organometallic gold complexes
as catalyst precursors has been limited [76]. Gates and coworkers have reported that
a supported mononuclear gold complex is active for ethylene hydrogenation at
353K [77].

A series of Au/TiO, catalysts have been prepared from precursors of various metal-
organic gold complexes (Au,, n=2-4) and their catalytic activity for CO oxidation
studied. The Au/TiO, catalyst synthesized from a tetranuclear gold complex shows
the best performance for CO oxidation with the TEM image of this catalyst indicating
an average gold particle size of 3.1 nm.

Several factors may contribute to the high activity of our Au/TiO, catalysts. First,
the use of metal-organic complexes as precursors can avoid the use of chloride.
HAuCl, is widely used as a gold precursor in catalytic studies, invariably leaving a
chloride residue in the catalyst after preparation. Recently, both experimental and
theoretical studies have shown that chloride can poison the catalytic performance of
gold catalysts for CO oxidation. Oh et al. have shown that chloride residue on a
catalyst can promote agglomeration of Au particles during heat treatment, and can
inhibit the catalytic activity by poisoning the active site [78]. Density functional
calculations show that chloride can act as a poison by weakening the adsorption of
O, and lowering the stability of the CO-O, intermediate complex [79]. Clearly metal-
organic precursors provide an attractive route for the preparation of chloride-free
gold catalysts. Another explanation for the high activity of our Au/TiO, catalysts also
relates to the use of metal-organic precursor complexes. Upon deposition onto the
oxide support, these complexes interact with the surface OH groups and become
less mobile compared with gold atoms deposited using HAuCl, The catalyst
particles appear to form at defect sites on the oxide as established by studies with
MgO as the oxide surface. The defect sites may serve as calcination sites for the
metal-organic catalyst precursors and perhaps inhibit agglomeration of gold par-
ticles during calcination. Factors preventing the sintering of gold lead to a narrow
particle size distribution compared to the deposition-precipitation method of
catalyst formation.
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1.12
Miscellaneous Observations

The nearly simultaneous observation by the Schmidbaur [80] and Fackler [81]
groups of the easy transmetallation of gold(I) with tetraphenylborate, which can be
done in water, has caused Gray to develop this chemistry [82] in a general way with
boronic acids. The considerable interest in the use of gold compounds as homo-
geneous catalysts [83] has prompted these studies. Recently Gray has described
boronic acid transammination procedures to synthesize 3-coordinate azadipyrro-
methene complexes of gold(I) in order to examine their low energy absorption and
emission properties. While the emission in the reported Au-N compound is
comparable to what had been observed with the free azadipyrromethene ligand,
the quantum yield is much lower. However, as Gray states [84], “The controlled
auration of aromatic molecules affords access to broad classes of triplet-state
luminophores and provides opportunities in materials design and organometallic
photochemistry.”
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2
Chemistry of Gold(lll) Complexes with Nitrogen and
Oxygen Ligands

Maria Agostina Cinellu

2.1
Introduction

The chemistry of gold has advanced considerably during the past decade. A large
variety of gold compounds have found applications in various fields including
catalysis [1], medicinal chemistry [2], photophysics and photochemistry [3] just to
mention some of the mostrecently emerging areas. A renewed interest in these fields
has prompted many researchers to synthesize new gold complexes with specific
properties. In particular, gold(III) complexes with nitrogen and oxygen donor ligands
occupy a predominant place. The versatility of nitrogen ligands [4], particularly
heterocycles, has been exploited to give rise, inter alia, to a flourishing class of
cycloaurated derivatives [5], most of which display promising antitumor activity.
Polydentate nitrogen ligands and their derivatives have also been prepared
for pharmacological and photophysical applications. Furthermore, several known
complexes have been re-evaluated in the light of their possible catalytic and/or
pharmacological activity and, in some cases, modifications (e.g., substitution of the
ancillary ligands) have been made to vary their properties.

In spite of the low affinity for binding to oxygen, gold(I1I) alkoxo, hydroxo and even
oxo complexes have been obtained [6, 7]. These are valuable models for Au-O(H)
species which are likely to be involved in oxidation reactions catalyzed by metal-oxide-
supported gold [8]. All these complexes have displayed interesting chemical reactivity
and, in some cases, remarkable catalytic activity.

2.2
Nitrogen Donor Ligands

2.2.1
Complexes with Neutral Monodentate Ligands

Au(N)Cl; adducts are readily obtained by reaction of Au,Cl; or [AuCly] ™~ with a variety of
substituted heterocyclic ligands including 2-phenylpyridine [9], 2-benzylpyridines [10],
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Scheme 2.1 Production of cyclometallated derivatives

[Au(N,C)Cl,] from 2-benzylpyridines by refluxing in MeCN/H,O.

2-anilinopyridine [11], 2-phenoxypyridines [11D, 12], 2-phenylsulfanylpyridine [11b],
2-benzoylpyridine [13], 2-thienylpyridyne [14], 2-phenylthiazole [15] and 1-ethyl-2-
phenylimidazole [16]. All these adducts undergo facile activation of an ortho C—H
bond of the aryl substituent to give cyclometallated derivatives [Au(N,C)Cl,], by
refluxing suspensions of the adducts in MeCN/H,0. As an example, this process
with 2-benzylpyridines is illustrated in Scheme 2.1.

Under comparable conditions, no ortho-metallated species are obtained from the
1-phenyl-pyrazole (1-Phpz) adduct, Au(N)Cls, formed by reaction of 1-Phpz with
Na[AuCl,] [17].

Coordination of only one pyridine, to give Au(N)Cl; adducts, is also observed in the
case of 6-substituted 2,2'-bipyridines such as 6-phenyl- (6-Phbipy) [18], 6-(2"-thienyl)-
(6-thbipy) [19], 6-alkyl- (6-Rbipy) (R = Me, CH,Me, CHMe,, CMe;, CH,CMe) [20]
and 6-benzyl-2,2’-bipyridines (6-Bnbipy) (Bn= CH,Ph, CHMePh, CMe,Ph) [20].
This behavior contrasts with that of the unsubstituted ligand which forms the
cationic adduct [Au(N,N)Cl,] © [21]. An analogous situation is found in the case of
2,9-dimethyl-1,10-phenanthroline (2,9-Me,phen) and 1,10-phenanthroline (phen)
which give neutral Au(N,N)X; (X = Cl, Br) [22] and cationic [Au(N,N)Cl,] * adducts,
respectively [23]. The X-ray structure of the 6-methylbenzyl-2,2-bipyridine adduct
(Figure 2.1) [20] shows that the gold atom is bound to the nitrogen atom of the
unsubstituted pyridine ring with an Au—N distance 0of 205 pm. The Au—N distance to
the other nitrogen atom is 276 pm, which, although longer than a typical Au—N single
bond, is well below the sum of the van der Waals radii of Au and N (220 + 150=
370 pm). The overall coordination of the gold atom is square-planar with only a very

Figure 2.1 Structure of Au(6-Bnbipy)Cl; (Bn =CHMePh) [20].
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Figure 2.2 Products arising from C-H bond activation of Au(N)Cl;
adducts (N = mono-ligated 6-substituted 2,2-bipyridine).

slight pyramidal distortion, while the 2,9-Me,phen derivative, with Au—N distances
of 209 and 258 pm, is best described as intermediate between trigonal and square
pyramidal [22].

As in the case of 2-substituted pyridine adducts, activation of an aromatic C—H
bond is observed when the adducts of 6-thbipy and of 6-Bnbipy are heated under
reflux in aqueous media. A cyclic dimer (1) with bridging N,C ligands is obtained in
the first case [24], while cyclometallated derivatives [Au(N,N,C)CI] * (2) are formed in
the latter [20] (Figure 2.2).

Under comparable reaction conditions, no C—H bond activation is observed for
adducts of 6-Phbipy and 6-Rbipy. Nevertheless, [Au(N,N,C)Cl]* derivatives can be
obtained with 6-Phbipy [18] and with 6-tBubipy (tBu= CMe;) [20]. The former is
obtained by a transmetallation reaction of the arylmercury(Il) derivative with
[AuCl,]”, while activation of a C(sp’)—H bond of the tert-butyl substituent is
accomplished by reaction of the Au(N)Cl; adduct 3 (N = 6-tBubipy) with AgBF, in
the presence of excess ligand (Scheme 2.2).

In the latter case, a dinuclear oxo bridged complex [Au,(N,N),(1-O),][BF.,]; is also
formed in small amounts. The same oxo complexes are obtained in high yields, as the

+2AgX, Me;CO

SAgCI
== +
w5
N b [Hal)* et
/" '
i

Scheme 2.2 Cyclometallation of [Au(6-tBubipy)Cls]. S=Me,CO or H,0; HL=6-tBubipy.
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PF~ salts, with all the 6-Rbipy ligands by reaction of the Au(6-Rbipy)Cl; adducts
3 (R=Me, Et, iPr or neoPn) with AcONa and excess KPFq in aqueous media [25]
(Equation 2.1).

R A

| i

cl MeCN/H,O N N
AU + 2ACONa + KPFg (excass) — "o 4 N\ /O\A/ OF .1
AN /AU W [PFslz

N T \O/ \N/ ‘
|
AN

R = Me, £t Pr, necPn

(2.1)

Nucleobases, including 9-methyl-, 9-ethyl-, 1,9-dimethyl-guanine and 2-amino-6-
methoxy-9-methylpurine, form complexes of the type Au(N)Cl; when reacted with
[AuCly]” in water at pH 3—4. Binding of a AuCl; unit to the N(7) position of the purine
ring was confirmed by X-ray crystallography [26].

A few gold(II1) complexes of monodentate N-ligands are sufficiently stable within a
physiological environment to display interesting pharmacological activity. Among
these, the trichorogold(III) derivatives of alkylimidazoles and dimethylbenzoxa-
zole [27] and streptonigrin [28], exhibit cytotoxic activity against selected tumor
cell lines. 1-[(2-chlorophenyl)diphenylmethyl]-1H-imidazole (CTZ) adduct [29] is
active against cultures of Trypanosoma cruzi, the causative agent of Chagas disease,
and the Au(N),Cl, adduct of chloroquine displays antimalarial activity [30].

The reaction of anhydrous gold(III) chloride [AuCls], with a variety of aromatic
hydrocarbons (ArH) and subsequent treatment with 2,6-lutidine (lut) affords the
stable arylgold(I1I) complexes trans-[(lut) AuArCl,] (4) [31]. These complexes undergo
stoichiometric coupling with terminal alkynes to give Sonogashira type products in
near quantitative yield (Scheme 2.3).

Gold(III) complexes with monodentate nitrogen ligands have also been prepared
starting from (pentafluorophenyl)gold(III) compounds. Reaction of 2-amino-4,5-
dihydrothiazole (2-amt) with [Au(C¢Fs)3(tht)] (tht = tetrahydrothiophene) affords the
complex [Au(C¢Fs);(2-amt)] (5) [32]. Crystal structure determination shows that 2-amt
is coordinated through the ring nitrogen atom with an Au—N distance of 2.07 A,
while the short amino C—N bond length indicates some electron delocalization.

oa MuCle NN 26dutidine e
2

LS
Y —_ - Au
[
{4)

Ph—=—Ar
Scheme 2.3 Production and reaction of trans-[(lut)AuArCl,] (4).
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Figure 2.3 Selected examples of (pentafluorophenyl)gold(lll)
complexes with monodentate N-ligands.

The bifunctional ligand 4,4'- bipyridine (4,4'-bipy) links gold(I) and gold(III) ions
in [Au'"(CcFs),{(4,4'-bipy)Au'PPhs)},](NOs); (6) [33]. Hetero polynuclear complexes
[Au(CgFs)3(FcPy)] (7), [Au(CgFs)z(FcPy),]ClO, (FcPy = 3-ferrocenylpyridine) [34]
and [{Au(CeFs)s3}2{Fc(Spy)2}] (8) [Fc(Spy), = 1,1'-bis(2-pyridylthio)ferrocene] [35] are
obtained from [Au(C¢Fs); (OEtz)] or [Au(CgFs),(OEt,),]ClO,. Selected examples are
shown in Figure 2.3.

Oxidative addition of PhICI, to gold(I) precursors has been used to prepare the
acetimine derivatives [Au(NH=CMe,)Cl;] and [Au(NH=CMe,),Cl,]ClO, [36].

2.2.2
Complexes with Anionic Monodentate Ligands

Highly sensitive ammonium and methylammonium tetraazidoaurates(III) have
been prepared according to different procedures depending on the ammonium
counter ion [37] (Equations 2.2 and 2.3).

i) excess NaN3 /ii) [Me4N|Br

H[AuCL] = o T (Mg N Au(Ns), (2.2)
[R,NH,][AuCL] _A_gl RNHLJAU(Ny)| (2.3)

The red-orange crystalline solids exhibit increasing sensitivity on decreasing
carbon content. [NH4]J[Au(N3)4] is a promising candidate for the deposition of gold
on surfaces, which can serve as a hydrogenation catalyst. The crystal structure of
[Me4N][Au(N;),] shows a “whirl-wind” configuration of the tetraazidogold(III) anion,
similar to that found in [Ph4As][Au(N3),] [38], except that in the former a polymeric
stacking of the anions with weak Au---Au interactions of 351 and 358 pm is
observed. This is one rare example of aurophilic interaction found in gold(III)
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Figure 2.4 Structure of [Au(dmh),] ™. Reprinted with permission
from [42]. Copyright (2005) American Chemical Society.

chemistry. The azido complexes M[Au(N3)4] (M = Li, Na), generated in situ from the
tetrachloride and excess MNj in water, react with CNR (R=1Bu, Cy) to give gold-
carbon bonded tetrazolato complexes [39].

A few stable gold(IIl) imidate complexes have been authenticated by X-ray
structure determinations. Most of the claimed gold(III) imidate complexes including
those containing succinimide, phthalimide, saccharin or N-methylidantoin deriva-
tives [40] were subsequently reformulated as gold(I) species [41].

The square planar tetrahydantoinate complex Na[Au(dmh),] (dmhH =5,5-di-
methyl hydantoin) (Figure 2.4) is inert and very stable in alkaline solutions because
of the favorable soft acid-base interactions [42]. Gold deposition from [Au(dmh),] ™ is
observed at potentials more negative than —0.2 V vs Ag/AgCl by cyclic voltammetry.
The saccharinate complexes [Au(sacc),(H,0),]Cl and [Au(sacc);(H,0)] [saccH = 1,2-
benzisothiazol-3(2 H)-one] are readily obtained by reaction of gold(III) chloride with
Na[sacc] in water [43]. Replacement of the chloride ions of the cyclometallated
complexes [Au(N,C)Cl,] [N,CH = 2-benzylpyridine (2-Bnpy) or Me,NCH,CsHs] with
deprotonated saccharine (sacc), phthalimide (phth) or isatin affords a series of gold
(ITI) bis(imidate) complexes [Au(N,C)(imidate),] [44]. The X-ray crystal structures
of [Au(2-Bnpy-H)(sacc),] and [Au(2-Bnpy-H)(phth),] show that the planar imidate
ligands are perpendicular to the gold coordination plane; Au—N bond distances are
201 and 212 pm for the N atom trans to N and to C, respectively. The complexes show
low to medium antitumor activity towards the P388 murine leukaemia cell line and
modest anti-microbial activity.

A series of amido complexes [45] of the type [Au(N,N,C)(NRR')](PFs) (N,N,CH
6-benzyl-2,2’-bipyridines), [Au(N,C)(AcO)(NHAr)] (N,CH = 2-benzyl-pyridine) and
[Au(N,N)(NHATr),](PFs) (N,N =2,2"-bipyridine) join the still small number of gold
(III) derivatives of deprotonated primary and secondary amines [46]. These are
obtained by c-ligand metathesis of the corresponding hydroxo, methoxo, or acetato
complexes [Au(N,N,C)(OR”)](PF¢) (R” =H or Me), [Au(N,C)(AcO),] and [Au(N,N)
(OH),](PFe), with both aryl- (R = H, R’ = Ar = C¢H,NO,-4, CsH,Me-4 or CgH;Me,-
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Figure 2.5 Structure of [Au(N,N,C) (NHCgH3Me,-2,6)] *
[N,N,CH =6(1,1-dimethylbenzyl)-2,2'-bipyridine] [45b].

2,6) and alkyl- (R=H, R’ = CH,CHMe, or CHMeEt; R = R’ = Et) amines. The Au—N
bond distance of the coordinated amide in [Au(N,N,C)(NHCsH3Me,-2,6)](PF¢) [N,N,
CH = 6-(1,1-dimethylbenzyl)-2,2"-bipyridine] (Figure 2.5) is 202 pm [45b]. The slight
elongation of the Au—N distance (206 pm) trans to the amide ligand, with respect to
that found in the corresponding chloro complex (201 pm) [20] indicates a stronger
trans influence of the amide ligand (Table 2.1).

223
Complexes with Multidentate Ligands

Gold(III) complexes with polydentate N-ligands are currently under investigation for
pharmaceutical applications because they show good stability under physiological
conditions. The enhanced stability toward reduction of various polyamine gold(III)
complexes is shown by their electrochemical behavior in aqueous solution [47, 48].
Cyclic voltammetry shows that the formal potential of Au"'/Au® becomes
more negative in the series [AuCl,]~, [Au(en)Cl,] ", [Au(dien)CI**, [Au(en),]* *,
[Au(cyclam)]®* (en = 1,2-ethylendiamine; dien=diethylentriamine; cyclam = 1,4,8,
11-tetraazacyclotetradecane) [47, 48]. Significant cytotoxic activities are found for
[Au(en),]Cl; and [Au(dien)Cl|Cl,, when tested against the human tumor cell
line (A2780), either sensitive (A2780/S) or resistant (A2780/R) to cisplatin. In
contrast, the encapsulated gold(III) derivative [Au(cyclam)](ClO,4),Cl is virtually
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Table 2.1 Bond distances (pm) in selected complexes with monodentate ligands.

Complex r(Au—N) x? r(Au-X) References

Neutral ligands

Au(6-Bnbipy)Cl,® 204.7(4) cl 226.4(1) [20]
275.8(4)
Au(1,9-Me,guanine)Cl; 202(3) cl 227(8) [26]
Au(CTZ)Cl5* 203.5(6) cl 223.1(2) [29]
trans-[Au(lut)(2,5-Me,CeHs3)Cl] 216.0(4) C 201.3(4) [31]
Au(2-amt)(CeFs)5° 206.6(2) C 201.6(2) [32]
Au(Fcpy)(CeFs)s 210.1(3) C 201.7(3) [34]
Anionic ligands
[NH4][Au(N3)4] 201.5(6) N 207.1(7) [37]
199.6(9) N 204(1)
Na[Au(dmh),]® 198(1) N 196(2) [42]
198(1) N 200(1)
[Au(2-Bnpy—H)(sacc)2]h 211.8(4) C 202.1(4) [44]
201.5(4) N-py 204.1(4)
[Au(6-Bnbipy-H)(NHCsH;Me,-2,6)] 201.5(2) N-py 205.6(2) [45D]
[AuMe,(NHMe)], 218.7(5) C 203.9(8) [46a]
214.0(5) C 203.9(9)
[AuMe,(NMe,)], 214.0(4) C 205.8(6) [46D]
214.0(5) C 205.4(6)

“X = atom in trans.

b6-Bnbipy = 6-(1-methylbenzyl)-2,2"-bipyridine.

“CTZ = 1-[(2-chlorophenyl)diphenylmethyl]-1 H-imidazole.

“lut = 2,6-dimethylpyridine.

“2-amt = 2-amino-4,5-dihydrothiazole.

fFepy = 3-ferrocenylpyridine.

8Hdmh =5,5-dimethylhydantoine.

"(2-Bnpy-H) = cyclometalated 2-benzylpyridine, saccH = saccharine.
{(6-Bnbipy-H) = cyclometalated 6-(1,1-dimethylbenzyl)-2,2'-bipyridine.

inactive [47, 49]. The relevant cell-killing properties of these compounds are unam-
biguously ascribed to the presence of a gold(III) center, while the higher cytotoxic
activities displayed by [Au(terpy)Cl]|Cl, and [Au(phen)Cl|Cl, [23], also tested against
the same tumor cell line, seems to be due to the even more cytotoxic ligands
(Table 2.2) [47].

The weak and reversible binding of these complexes to calf-thymus DNA (ct DNA)
suggests a dominant electrostatic mode of interaction; nevertheless, relevant con-
formational distortions of the double helix are caused [50]. A multinuclear NMR
study of the reactivity of [Au(en)Cl,]Cl and [Au(en),]Cl; with guanosine 5’-monopho-
sphate (5'-GMP) reveals that in an aqueous solution only [Au(en)Cl,]Cl binds very
weakly to 5-GMP via N(7) to give a 1:1 adduct [48].

The 4'-substituted terpy complex [Au(4-MeOPhterpy)Cl](ClOy), (4-MeOPhterpy
4'-(4-methoxyphenyl)-2,2’,6’,6” terpyridine) forms a strong adduct with ct DNA with
a binding constant of 2.1 x 10*dm?®mol ™" [51], manifesting a high degree of base
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Table 2.2 ICs values of selected gold(IIl) complexes against the
human ovarian carcinoma A2780 cell lines sensitive (S) or
resistant (R) to cisplatin. Adapted from Ref. [47].

ICso (M) (£SE)”

Complex A2780/S A2780/R R/S
[Au(en),]Cl5 8.36+0.77 17.0£4.24 2.03
[Au(dien)CIICl, 8.2+0.93 18.7+2.16 228
[Au(cyclam)]Cl; 99.0 >120.0

en, dien, cyclam >120.0 >120.0

[Aufterpy)Cl|CL, 0.2 0.37+0.032 1.23
[Au(phen)Cl,|Cl 38411 3.4940.91 0.92
terpy 0.125 0.36 2.88
phen 3.66+1.52 2.734+0.16 0.75
cisplatin 1.22+0.43 14.16 £2.72 11.6

“Expressed as mean + SE of at least three determinations or mean of two determinations.

Figure 2.6 Structure of [Au(DPQ)Cl,] ™ [52].

specificity at adenine-thymine sites. This complex also displays an intense emission
at 480 nm (lifetime = 0.25 us, quantum yield = 2.4 x 10~*) when measured in 6-7%
MeOH-tris buffer solution at room temperature. Important cytotoxic effects are also
displayed by the square-planar gold(I1I) complexes containing the polypyridyl ligands
dipyrido[3,2-f: 2’,3"-h]quinoxaline (DPQ), dipyrido[3,2-a:2’,3/-cJphenazine (DPPZ)
and dipyrido[3,2-a:2’,3/-c|(6,7,8,9-tetrahydro)phenazine (DPQC), with ICs, values
against A2780 being comparable to that of cisplatin [52]. Bond lengths and angles
of the structurally characterized complex [Au(DPQ)CL,](PF) (Figure 2.6) are very
similar to those of [Au(phen)Cl,]Cl [23] (see Table 2.3).



56

2 Chemistry of Gold(1ll) Complexes with Nitrogen and Oxygen Ligands

Table 2.3 Bond distances (pm) in selected complexes with multidentate ligands.

Complex r(Au—N) X? r(Au-X) References
Neutral Ligands
[Au(bipy)Cl,]* 203(1) al 225.2(4) [21]
204.6(8) ol 225.2(4)
[Auy(6-neoPnbipy),(1-0)> 201.1(4) o} 197.6(3) [25]
210.0(3) O 196.1(3)
[Au(bipy)(mes),] " ¢ 212.0(4) C 202.0(5) [55]
213.1(5) C 202.9(6)
[Au(4,4'-tBu,bipy) (tdt)] " * 208(1) S 226.4(3) [56]
206.8(9) S 226.9(3)
[Au(phen)Cl,]* 203.3(8) cl 226.3(3) (23]
205.6(8) al 226.6(3)
[Au(phen)(CH,SiMe;),] 212.8(6) C 203.1(9) [55]
216.9(6) C 203.9(9)
[Au(DPQ)Cly]* 202(1) al 223.9(4) [52]
206(1) a 225.8(4)
[Aufterpy)CIJ** 202.9(6) N 201.8(6) [54]
193.1(7) cl 226.9(2)
[Au(4-MeOPh-terpy)CIJ>*/ 202.0(7) N 204.7(7) [51]
192.4(6) cl 225.6(2)
[Au(4-MeS-terpy)CIJ> ¢ 202.5(8) N 201.8(8) 53]
194.5(7) al 225.9(3)
[Au(bimm)Cl,] " 201.4(5) cl 226.0(2) [59]
202.0(5) al 225.9(2)
[Au(en)Cl,]* 202.9(4) cl 228.4(1) 48]
203.0(3) al 228.1(1)
[Au(dien)CI>* 197(2) N 198(2) [68]
205(2) ol 227.3(8)
[Au(BPMA)CI** 200.6(8) N 200.6(8) [65]
200.8(7) el 226.5(3)
Anionic Ligands
[Au(HDMG),] "/ 196(1) N 202(1) [58]
201(1) N 200(1)
[Au(HBpz3)Cl,] 200.8(8) al 225.9(3) [61]
201.9(7) al 226.5(3)

“X = atom in trans.

b6-neoPnbipy = 6-neopentyl-2,2'-bipyridine.

‘mes = mesityl.
%tdt = 3 4-toluenedithiolate.

‘DPQ =dipyrido[3,2-f:2’,3"-h]quinoxaline.
f4-MeOPh-terpy = 4'-(4-methoxyphenyl)-2,2’,6'.2"-terpyridine.

84-MeS-terpy = 4'-(4-methylsulfanyl-2,2',6'.2" terpyridine.
"bimm = bis(1-methyl-2-imidazolyl)methoxymethane.
'BPMA = HN(CH,-2-CsH,N),.

JH,DMG = dimethylglyoxime.
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The synthesis of a stable gold(I1I) complex with the bifunctional ligand 4'-methyl-
sulfanyl terpyridine (4'-MeSterpy) [53] paves the way for new radiotherapeutic agents
when the radioisotope *?Au is used in place of the inactive '’ Au nucleus. The 4’
pendant group is able to covalently bind to a biological target. The bond distances and
angles observed about the gold(IlI) atom in [Au(4'-MeSterpy)Cl|(OTf), are nearly
identical to those found in [Au(terpy)Cl](Cl)(ClOy) [54] (see Table 2.3).

The photophysical properties of the gold(IlI) diimine complexes [Au(N,N)Cl,] "
(N,N =2,2"-bipyridines or 1,10-phenanthrolines) can be modified by replacing
the chloride ligands with better o-donors, as in the case of [Au(N,N)R,](ClOy)
(N,N = bipy, phen or 4,7-Ph,phen; R = mesityl or CH,SiMe3) where the introduction
of organic functionalities significantly improves the relative luminescence quantum
yields [55]. In the case of [Au(4,4'-tBu,bipy)(tdt)](PFs) the chelating 3,4-toluenedi-
tiolate (tdt) ligand imparts mild solvatochromism to the diimine complex, while the
corresponding dichloro precursor luminesces in low-temperature glass matrix [56].
In the solid state, the [Au(4,4'-tBu,bipy)(tdt)] * cations are arranged in stacks with
alternating intermolecular Au~Au separations of 360 and 375 pm.

A general metathesis route to double-salt compounds has been successfully
applied to afford a series of bipy derivatives [Au(bipy)X,][AuX'y] (X=X'=Cl or
Br, n=4; X=Cl, X' =Br, n=4 or X' =CN, n=2) featuring aurophilic interactions
between cations and anions [57]. The geometry of the two square-planar metal centers
in [Au(bipy)X,][AuBr,] (X=Cl or Br) is staggered with an Au"---Au"' distance
of 352 pm (Figure 2.7).

with permission from [57]. Copyright (2006) American Chemical
Society.



58

2 Chemistry of Gold(1ll) Complexes with Nitrogen and Oxygen Ligands

Figure 2.8 Structure of [Au(HDMG),][AuCl;] [58].

In contrast, no Au"- .. Au' interactions are found in the dimethylglyoxime

(H,DMG) derivative [Au(HDMG),][AuCly] [58]. Here, one of the two square planar
cations found is nearly orthogonal to the [AuCl,] anion, and a short Au - - - Cl distance
of 332 pm is found between the gold atom of the cation and one of the four chlorine
atoms of the anion. In the second pair, the AuN, and AuCl, fragments form a dihedral
angle of 8.1° with a Au - - - Au distance of 389 pm. Under slightly different reaction
conditions, the same cationic complex is obtained as the [AuCl,]™ salt; here cation
and anion are associated by short aurophilic interactions to give a polymeric chain
with Au'™ .- Au' contacts of 325 pm [58] (Figure 2.8).

The imidazole-containing chelate ligands bis(1-methyl-2-imidazolyl)ketone (bik),
bis(1-methyl-2-imidazolyl)methoxymethane (bimm) and bis(1-methyl-2-imidazolyl)
hydroxymethane (bihm) react with [AuCl,]~ in methanol or THF to give the cationic
complexes [Au(N,N)CL]X (X =Cl, N,N = bik, bihm; X = AuCl,, N,N =bimm) [59].
In all three square planar complexes the six-membered chelate rings adopt a distorted
boat conformation; DFT calculations support this coordination mode of the ligands.
The LUMO of [Au(bik)Cl,]* is calculated as Au—Cl centered in agreement with
electrochemical and electron paramagnetic resonance (EPR) results. The known
tris(pyrazol-1-yl)borate complex [Au{k*N,N-BH(pz);}Cl,] [60] is best obtained by
reaction of Na[BH(pz);] with NaJAuCl,] in aqueous solution [61]; reaction of this
complex with Na[BH (pz);], in the presence of NaClOy, affords the bis-chelate species
[Au{k*-N,N-BH (pz)3},](ClOy). In these, as well as in the heteroleptic complexes
obtained by reaction of Na[B(pz),] with the cyclometallated derivatives [Au(N,C)Cl,]
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Scheme 2.4 Decomposition of the dicationic complex
[Au(N,N/,N)CICl, [N,N’,N = PhCH,N (CH,-2-CsH4N)5] (9).

{N,C=CsH,CH,;NMe,-2 [62] or C¢H3(N = NCsH Me-4)-2-Me-5 [63]}, the poly(pyr-
azolyl)borate ligands coordinate to gold in a bidentate mode forming six-membered
chelate rings [61]. Reaction of aminopyridines such as N-isopropyl-N-2-methyl- and
N-isopropyl-N-2-ethylpyridine with aqueous solutions of Na[AuCl,] affords cationic
complexes of the type [Au(N,N')CL][AuCly] (N = pyridine, N’ = amine nitrogen) [64].
The dicationic complex [Au(N,N’,N)CI|CL, [N,N’,N = PhCH,N(CH,-2-CsH4N),] (9) is
easily decomposed in aqueous solution by cleavage of a C—N bond or, in dilute
HCI solution, by protonation of the ligand to give [HN,N’',NH]CI[AuCl,] (10)
(Scheme 2.4) [65]; coordination to gold(III) is clearly involved in the ligand-cleavage
reaction.

Formation of a 2: 1 L-histidine:Au(III) complex is suggested on the basis of multi-
instrumental techniques; the N1 of the imidazole ring and the nitrogen of the o-
amino group are likely involved in the coordination [66].

2.2.4
Complexes with Multidentate Ligands Containing Anionic N-Donors

The pyridylamidogold(III) complexes [Au(N,N')Cl,] [N,N'H = 2-(3,5-diphenyl-1H-
pyrrol-2-yl)pyridine] (11) [64] and [Au(N,N,N)CIX] [N,N'H,N=HN(CH,-2-
CsH4N), (BPMA); X = BF,, PF¢, or AuCl,] [65] are readily obtained by spontaneous
deprotonation of the corresponding pyridylamines in neutral aqueous Na[AuCly]
solutions. Reaction of 11 with SnMe, affords the air-stable and thermally robust
dimethylgold(III) derivative [Au(N,N')Me,] (12) (Figure 2.9) [64].

Gold(III) - - - gold(III) (354 and 373 pm) and gold(III) - - - gold(I) (334 and 349 pm)
aurophilic interactions are observed in the salts [Au(BPMA-H)CI|(PF¢) (13-PFs) and
[Au(BPMA-H)CI](AuCl,) (13-AuCly), respectively [65]. Protonation of the amido
nitrogen atom with HOTfleads to the isolation of the corresponding amino complex
[Au(BPMA)CI|(OTf), [14-(OTf),] whose pK, is estimated at 3.5 (Equation 2.4).
Comparison of the structures of the two complexes indicates that there is little
pr-dr bonding in the amido—gold bond and that the amide exerts a stronger trans
influence than the amine group, as shown by the Au—Cl bond distances 234 and
227 pm, respectively (see Table 2.3 and Table 2.4). Analogous results were found for
the couple [Au(dien)Cl)* */[Au(dien-H)CI] © [67]; here the Au—Cl bond lengths are
227 and 233 pm, respectively [68].
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Figure 2.9 Structure of [Au(N,N’)Me,] (12) [64].

ca 2= = -
. g
N N
HN—-—Au =Ci N'-—-Au -Cll +H
b b pKa=3.5in 0.5 mol dm 3 {CIO,] [65] (2.4)
(14} {13)
2+
i oy

HN— Ay ~C] == N—-—?u—CI +H*
I
NH, NH, pK, = 4.0 in 0.5 mol dm? [CIO,]' [6€
(2.5)

Reaction of trietylenetetraamine (trien) with H{AuCl,] atlow pH leads to the water
soluble dinuclear complex [Au,(trien-H)Cl3]Cl,, which features a deprotonated
amino nitrogen bridging the two gold centers (Figure 2.10) [69].

A variety of gold(III) complexes of carboxamido substituted heterocyclic ligands
are obtained by reaction of [AuCl,]” with the appropriate ligands, these include [Au
(N,N')CL,] (HN,N' = picolinamide) (15) [70], [Au(N,N’,N")CI|Cl [N,N'H,N" = N-(8-
quinolyl)pyridine-2-carboxamide (16), N-(8-quinolyl)glycine-2-carboxamide (17) or
N-(8-quinolyl)-L-alanine-2-carboxamide (18)] [71] (Figure 2.11).

These complexes show considerable in vitro cytotoxic effects against various tumor
cell lines [70, 71]. Moreover, the cationic complexes [Au(N,N’,N”)Cl|CI are able to
intercalate into ¢t DNA [71]. Gold(III) amidate complexes of histidine containing
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Table 2.4 Bond distances (pm) in selected complexes with
multidentate ligands containing anionic N-donors.

Complex r(Au—N) X? r(Au-X) References

Bidentate Ligands

[Au{2-(Ph,pyr)py}Cl,]® 208(1) amido al 2280(8)  [64]
197(2) py al 226.1(8)
[Au{2-(Ph,pyr)py}Me,] 206.4(7) amido C 2135(6)  [64]
214.9(7) py C 205.1(9)
[Au(pla)CL,J° 196.9(5) amldate ol 2297(1)  [70a]
204.7(5) py al 226.1(2)
[Au(2-Bnpy-H)(1,2-amd,Ar)]* 208.9(3) amldate C 226.3(3) [75]
202.2(3) amidate Npy 205.8(3)
Terdentate Ligands
[Au(BPMA-H)CI|[BF,J° 199.4(5) amido ol 2341(2)  [65]
201.4(6) py Npy 202.3(6)
[Au(Quingly)Cl] " 195.3(6) amldate al 2772 [71]
202.7(6) quin Namine 202.4(6)
[Au(gly-L-his-H)Cl] 194(1) amidate Cl 227.3(3) [72a]
199.1(8) imidazole Namine 200.2(9)
[Au(amdEDTA-H)ClJ "¢ 200(2) amidate Namine 210509)  [74]
206(1)amine al 227.4(3)
[Au(dien-H)Cl]* 205(4) amine Namine 201(4) [68]
206(4) amido al 233(1)
Tetradentate and Macrocyclic Ligands
[Au(gly-gly-L-his-2H)]* 203.8(9) imidazole Namidate 194.1(9) [73]
201(1) amidate Namine 205(1)
[Au,(trien-H)Cls 202.4(9) amine al 227.53)  [69]
207.4(8) amido al 228.2(3)
201.7(9) amine cl 228.7(3)
204.5(9) amine
[Au(cyclam)]** 204" 771
[Au(Me,;CioNg) ™ 197.6(4), 198.0(5) [78¢]
[Au(TPP)]*/ 203.2(5), 203.3(5) [91a]

“X =atom in trans.

b)-(PhypyrH)py = 2-(3,5-diphenyl-1 H-pyrrol-2-yl)pyridine.

“plaH = picolinamide.

4(2-Bnpy-H) = cyclometalated 2-benzylpyridine, 1,2-amd,Ar = [1,2-{NC(O)Me},CsH,J*".
BPMA-H = [N(CH,-2-CsH,N),] .

JQuingly = N-(8-quinolyl)pyridine-2-carboxamidate.

famd,EDTA = 1,2-diaminoethane-N,N,N',N'-tetra-(N-methylacetamide).

"Average distance.

Me,C1oNs =5,7,1 2,14-tetramethyl-1,4,8,11-tetraazamacrocyclotetradeca-4,6,11,13-tetraenato.
JTPP = meso-tetraphenylporphyrin.

peptides, such as glycyl-L-histidine dipeptide (Hgly-L-his) [Au(gly-L-his)CI] * (19) [72]
and glycylglycyl-L-histidine tripeptide (Haglygly-L-his) [Au(glygly-L-his)] " (20) [73],
or of amides of EDTA, compound 21, and PDTA [74], are valuable model systems for
studying gold(III)-peptide/protein interactions (Figure 2.12). Complex 19 is highly
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Figure 2.11 Complexes of carboxamido substituted heterocyclic ligands.
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Figure 2.12 Amidate complexes of histidine containing peptides,
(19) and (20), and of amides of EDTA, (21).

cytotoxic towards A2780S and A2780R ovarian carcinoma human cell lines and is also
able to bind DNA [72b].

Several gold(I1I) complexes containing chelating bis(amidate) ligands are obtained
by reaction of the corresponding dichloride complexes [Au(N,C)Cl,] [N,CH = 2-
benzylpyridine, 2-anilinopyridine, 2-(p-tolyl)pyridine or dimethylbenzylamine] or
[Au(N,N')Cl,] (N,N'H = picolinamide) with 1,2-CsH4(NHCOMe), and silver(I) ox-
ide, or with C,H4(NHSO,Tol), (Tol = p-tolyl) or 1,2-CcH,(NHSO,Tol), and trimethy-
lamine [75] (examples are shown in Figure 2.13).

C.
770
X = CH,, NH

Figure 2.13 Selected examples of gold(lll) complexes containing chelating bis(amidate) ligands.
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Most of these compounds display medium to high antitumor activity against P388
murine leukaemia cells; the N,N'-bis(p-toluensulfonyl)ethylenediamide derivatives
being the most active with ICs values in the range of 0.33—4.35 uM. Some of the bis-
acetamido derivatives also show a broad spectrum activity against a range of bacteria
and fungi.

225
Complexes with Polyazamacrocyclic Ligands

Cyclam (1,4,8,11-tetraazacyclotetradecane), monooxocyclam and their phenol and
pyridyl substituted derivatives form various types of macrocyclic gold(III) polyamine
complexes [76] (Figure 2.14). The complexes are stable in acidic aqueous solutions,
but unstable in neutral to alkaline solutions. Dissociation of a proton from one of the
cyclam units occurs even at neutral pH with pK, values of 5.0-5.4 at 25°Cand I =0.1
(NaClO,4). The X-ray crystal structure of [Au(cyclam))®* shows a four-coordinate
square-planar N, geometry with the RRSS configuration of cyclam and an average
Au—N bond distance of 204 pm [77]. The reduction potential for Au(III) to Au(I) in
[Au(cyclam)]®* varies from —0.16V (vs SCE), at pH 1.0, to —0.55V at pH 9.0,
according to the degree of cyclam NH deprotonation [77].
Bis(ethylenediamine)gold(III) chloride reacts with a variety of B-diketonates in
aqueous base, via Schiff base condensation, to form 14-membered tetraaza 12m
macrocyclic species [78]. The parent member of the series [AuL']" being 22
(where H,L'=5,7,12,14-tetramethyl-1,4,8,11-tetraazacyclotetradeca-4,6,11,13-tetra-
ene) (Figure 2.15). The X-ray structure shows the cation to be nearly planar.
The observed pattern of C—C and C—N distances indicates delocalization of m-
electrons within the six-membered B-diiminate rings. Open-chain tetraaza ligand
complexes [AuL?}® ", in which condensation of only one B-diketonate has occurred,

=) 3+ =1 3+
"'.N/ \ H H / \NH H// N\ H
N N NN
A A A
N n NT N N~ ©
o

H\_/H O HWN_/H HA N

2+

R = H, 24(CH,OH), 2-py R = 2-(C,H,0H), 2-py

Figure 2.14 Complexes with cyclam derivatives.

/TN | /N
NS N N
Au Ay
N HN/ N

2
NS A4
(22) (23)

Figure 2.15 Complexes derived by from the reaction of [Au(en),]Cl with B-diketonates.
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can be isolated as intermediates in this reaction. These may be used for further
condensation with a different B-diketonate. Oxidation of this complex with trityl
tetrafluoroborate introduces a double bond in position C2-C3 [78b, 79]. The tetra-
azamacrocyclic complex [AuL'] ™ in aqueous solution undergoes two-stage proton-
ation to form singly and doubly protonated forms of the complex, [AuHL'** and
[AuH,L']> ", respectively [80]; protonation occurs at the central carbon atoms of the
six-membered rings. The open-chain tetraaza ligand derivative [AuL?]* " is likewise
protonated to give [AuHL?* * [81]. Other complexes with tetraaza macrocycles have
been prepared by reaction of [Au(en),]Cl;, ethanolamine, or nitroethane, and
formaldehyde, although with nitroethane an acyclic species is also obtained (23 in
Figure 2.15) [82]. A gold(III) complex with the hexaaza macrocycle 1,8-dimethyl-
1,3,6,8,10,13-hexaazacyclotetradecane (L3) has been obtained by transmetallation
reaction from the nickel compound [NiL*}>* by reaction with [AuCl,]~ [83].

Avariety of gold(III) porphyrins have been synthesized and their unique chemical,
physical and biological properties studied (examples are shown in Figure 2.16).

A new method for the incorporation of gold(IIl) into porphyrins, based on the
disproportionation of [Au(THT),]BF, under mild conditions, was developed [84].
Most gold(III) porphyrin units are used as acceptors in porphyrin dyads [85] and
triads [85c¢, e, 86] because they can easily be reduced, either chemically or photo-
chemically. Recent electrochemical experiments on [Au(P)]PF¢ [H,P =5,10,15,20-
tetrakis(3,5-di-tert-butylphenyl)porphyrin] (24-PF¢) in a variety of non-aqueous
solvents have shown that gold(IIl) porphyrins are not electrochemically inert but
can be rapidly and reversibly converted to an Au(Il) form of the compound [87].
Nevertheless, substituents at one of the eight B-pyrrolic positions of the macrocycles
can drive the first electron transfer either to the gold center or to the porphyrin ring to
yield, in this case, an Au(III) porphyrin r-anion radical [88]. The complex tetrakis(1-
pyrenyl)porphyrinatogold(IIl) acetate (25-OAc) is prepared by metallation of the
atropisomeric mixture of the free-base porphyrin ligand with [AuCly]™ in glacial
acetic acid [89]. Optical studies have been carried out and have shown that this system
has the potential to serve as a novel type of catalytic photonucleobase for long-
wavelength sensitized cleavage of DNA and other guanine-containing nucleic
acids [90]. A series of tetraarylporphyrinatogold(III) complexes (26) is found to exert
much higher potency than cisplatin in killing a variety of human cancer cells,

R
+ 1Bu 1Bu
R R (24) (25}
Y
- Q
R ¥ = H, Me, CMe, Br, Ci
(26)
[Au{P)]" 24-26

Figure 2.16 Selected examples of gold(lll) porphyrins.
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including the drug-resistant variants; the gold-induced cytotoxicity occurs through an
apoptotic pathway [91]. The same complexes 26 inhibit the human immunodeficien-
cy virus type-1 (HIV-1) reverse transcriptase [92]. One-electron reduction of these
complexes occurs at negative potential (—0.96 to —1.02 V vs Cp,Fe " /°) indicating the
high stabilization of Au(III) by the dianionic porphyrin ligand [91a]. These features
make gold(III) porphyrins robust Lewis acid catalysts, as shown by the cycloisome-
rization of allenones to furans [93]: yields up to 98% and substrate conversion >99%
are obtained with [Au(TPP)]X [H,TPP = meso-tetraphenylporphyrin (26, Y=H) or
meso-tetrakis(pentafluorophenyl)porphyrin; X = Cl or OTf] as catalyst; the recyclable
catalytic system affords a total product turnover number of 8300. The same gold(III)-
porphyrin complex catalyzes efficiently the hydroamination and hydration of
phenylacetylene [93].

23
Oxygen Donor Ligands

2.3.1
Hydroxo Complexes

Gold(III) hydroxo complexes are generally obtained by reaction of the corresponding
precursors with a base in aqueous solution. Most of the reported species are
polynuclear complexes with bridging hydroxides: one of the best known examples
being dimethylgold(III) hydroxide [94] which has a dimeric structure in aqueous
solution but in the solid state or in benzene solution exists a tetramer [95]. It is
prepared by treatment of dimethylgold(III) iodide with silver salts and sodium
hydroxide and then precipitated by addition of nitric acid. The dimethylgold(ILI)
aquo ion 27 (stable in aqueous solution) is a weak acid and transfers one proton in
dilute solution over the pH range 5-7 to give the dimeric hydroxo complex 28
(Equation 2.6) [96].

2cis-[AuMe; (OH,),|" = [AuyMe4(u-OH),] +2H;0™" (2.6)

(27) (28)

The dimer 28 is the predominant soluble hydrolysis product: polymerization to
give the water-insoluble tetramer 29 (Figure 2.17) occurs either in neutral aqueous
solution of the hydroxide or in organic solvents. The hydroxide is also soluble in
alkaline solution where the hydroxoaurate species 30 is formed (Equation 2.7).

[Au;Me4 (U-OH),] +20H ™ = 2cis-[AuMe, (OH),| ™ (2.7)
(28) (30)

Adventitious water is responsible for the formation of the dimeric hydroxo
complex 31 obtained by reaction of AuCl; with 1,4-dilithiotetraphenylbutadiene in
ether solution [97]. The hydroxo-bridged complex [Au(CsH4NO,-2),(1-OH)], (32)
was obtained either by reaction of Na[Au(C¢H4NO,-2),(OPh),] with traces of water
in CH,Cl,/n-hexane solution or by treatment of the dichloroaurated complex
with NaOH [98]. The crystal structure of 32 2Et,0 shows that it is a centrosymmetric
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Figure 2.17 Hydroxo bridged gold(l1l) complexes.

dimer, as for complex 31 [97b], and that the central Au,0, ring is thus exactly planar
with Au—O distances 207 and 208 pm and an Au—O—Au angle of 98.8(2)°; the
transannular Au- - - Au distance is 315 pm.

Monomeric gold(III) hydroxo complexes have been described quite recently; all of
them feature a polypyridine as co-ligand (Figure 2.18). The terpy derivative [Au(terpy)
(OH)|[ClO4], (33) (terpy =2,2":6',2"-terpyridine) was isolated in the course of equi-
librium and kinetic studies of gold(III) complexes with terpy carried out in aqueous
solution [99]. The highly charged aquo complex 34, formed according to Equation 2.8,
behaves as a strong acid (K, > 0.8 moldm ) and dissociates completely into the
corresponding hydroxo species 33, which can be isolated in the solid state as its
perchlorate. The crystal structure of 33 consists of square planar [Au(terpy)(OH)]*
cations having Au—N distances of 201, 201 and 195 pm and an Au—OH distance
of 200 pm. The square planar geometry is expanded to distorted tetragonal bipyra-
midal by linking the two perchlorate anions with Au—O distances of 302 and 307 pm,
which are intermediate between bonding and van der Waals interactions (Table 2.5).

[Au(terpy)ClJ* "+ H,0 = [Au(terpy)(OH,)* " + CI (2.8)
(34)

R =H, 36a
R = Me, 36b
(35)

Figure 2.18 Complexes with terminal hydroxo ligands.
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Table 2.5 Bond distances (pm) in selected complexes with O-donor ligands.

Complex r(Au—0) x? r(Au-X) References
Hydroxo Complexes
[AusMeg(1-OH).] 215° C 205° [95]
[Au(Ph,Cy),(1-OH), ¢ 223(2) C 209(2) [97b]
226(2) ¢ 213(3)
215(2) C 189(3)
222(2) c 211(3)
[Au,(CH,NO,-2)(1-OH),] 207.3(4) C 199.2(5) 98]
207.5(4) C 199.5(5)
[Au(terpy)(OH)]** 200.0(4) N 194.9(4) [99]
Oxo Complexes
[Aus (bipy)2(1-0)]** 197.1(5) N 200.0(4) [109]
195.7(6) N 201.5(4)
[Aus(6,6'-Me;bipy), (1-0))> 195.5(5) N 206.5(6) [109]
[At,(6-Bnbipy-H), (1-0)]* 197.1(5) N 202.9(5) [102]
195.6(5) N 204.0(5)
[Au(O)(OH,)P,W150¢s]'7~ 176(2) Oy 229(4) 7]
[Au(O)(OH)P,W20070(OHL), 177(4) 0. 232(6) U
Alkoxo Complexes
cis-[AuMe,(OPh)(PPhs)] 209(1) C 203(3) [118]
[Au(bipy)(OMe),]* 197.1(4) N 203.9(5) [104]
196.0(6) N 203.2(5)
Complexes with other O-anions
Zn[Au(AcO),), 198 [1292]
St[Au(AcO).] 198"
ClO,[Au(ClO4)4] 187, 206° [130]
[Au,Me, (1-OAc),] 212.2(4) C 203.2(6) [132a]
212.3(4) c 201.6(6)
213.9(4) C 202.2(7)
211.7(5) C 202.3(7)
“X = atom in trans.
bAverage values.
“Ph,C, = tetraphenyl-ciclopentadienyl.
%6,6'-Me,bipy = 6,6'-dimethyl-2,2'-bipyridine.
6-Bnbipy-H = cyclometalated 6-(1,1-dimethylbenzyl)-2,2’-bipyridine.
[Au(terpy)(OH,)]* " = [Au(terpy)(OH)]*" + H* (2.9)

(34) (33)

The closely related dinuclear complex [Au,(tppz)(OH),]CL (35) [tppz =2,3,5,6-
tetrakis(2-pyridinyl)pyrazine] is easily obtained by reaction of the ligand with
K[AuCly]-2H,0 in refluxing methanol [100]. In cyclic voltammetry complex 35
undergoes two main irreversible reduction processes: the first one, a four-electron
process, leads to the formation of a gold(I) species in solution, the second is a two
electron process giving metallic gold.
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Treatment of the cyclometallated complexes [Au(N,N,C)Cl|[PF¢] [N,N,CH = 6-
methylbenzyl- (a) or 6-(1,1-dimethylbenzyl)-2,2"-bipyridine (b)] [20] with KOH or
Ag,0 in aqueous media affords the hydroxo complexes [Au(N,N,C)(OH)][PF] (36) in
fairly good yields [45b,101]: these are air-stable white solids, quite soluble in water and
in many organic solvents. When refluxed in anhydrous THF they condense to give
the oxo-bridged complexes [Au,(N,N,C),(1-O)]> ™ (37) (Equation 2.10 in Scheme 2.5)
which, in turn, can be obtained by a different route [102] (see Section 3.2); the reaction
can be reversed by refluxing the oxo complex in water.

Complexes 36 undergo a proton exchange reaction with protic reagents; for
example, a series of monomeric amido complexes are easily prepared using this
route [45] (Equation 2.11 in Scheme 2.5).

The water-soluble compound 36b, very stable within a physiological buffer at 37 °C,
exhibits cytotoxic effects on ovarian A2780 human cancer cells and promotes
apoptosis to a greater extent than platinum drugs [103].

Other isolated monomeric hydroxo complexes are the two bipyridyl derivatives
[Au(N,N)(OH)CI][PF] (39) and [Au(N,N)(OH),][PF] (40) (N,N=2,2-bipyridine
(bipy) [104] or 4,4'-di-tert-butyl-2,2-bipyridine (4,4'-tBu,bipy) [105]) which have
been obtained by hydrolysis of the corresponding dichlorides in aqueous solution.
Partial hydrolysis to give complexes 39 takes place in AcONa solution while complete
hydrolysis to 40 requires the presence of Ag,0. Complexes 39 and 40 (N,N=Dbipy)
undergo proton exchange in ROH (R=Me, Et, or i-Pr) solution to give the
corresponding alkoxides 41 and 42 [104] (Equations 2.10 and 2.11).

[Au(blpy)(OH)Cl]+ + ROH== [Au(bipy)(OR)Cl]* +H,0 (2.12)
39) (41)

[Au(bipy)(OH),]" + 2ROH==[Au(bipy)(OR),]" +2H,0 (2.13)
(40) (42)

R = Me, Et, i-Pr

The bis amido complex [Au(bipy)(NHCsH4NO,-4),][PF¢] (43) has been similarly
obtained by reaction of 40 with p-nitroaniline in acetone solution (Equation 2.14 in
Scheme 2.6) [45b]. Complex 40 promotes the stoichiometric oxidation of various
amines different from p-nitroaniline. Azotoluene is the main organic product of the
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Scheme 2.6 Reactions of complex 40. N,N = bipy.

reaction with p-toluidine, other products being metallic gold and the protonated
ligand [bipyH][PF¢] (Equation 2.15 in Scheme 2.6) [45Db].

As observed for complex 36, condensation of complexes 40 also occurs in refluxing
THEF to give the oxo-bridged complexes [Au,(N,N),(1-O),][PFg], (44) (N,N = bipy [104]
or 4,4'-tBu,bipy [105] (Equation 2.16 in Scheme 2.6). Complexes 44, which can be
most conveniently obtained by a different route (see Section 3.2), are rehydrated in
boiling water to give the hydroxo complexes 40. The electrochemical behavior of the
hydroxo complexes 39 and 40 (N,N =bipy) in cyclic voltammetry and controlled-
potential electrolysis in MeCN is compared with that of the dichloro precursor
[Au(bipy)CL][PF¢] [106]. Both hydroxo complexes undergo an easy, irreversible
one-electron reduction process. Notably, substitution of ClI~ with OH™ ligands
renders the electroreduction more difficult (Ep ¢ pearca = —0.01V, —0.54V, —0.88V
vs Cp,Fe '/ for dichloro, monohydroxo, and dihydroxo complexes, respectively).
Complex 40, although less stable in biological media and less active than the
cyclometallated complex 36, also shows important cell-killing effects with ICs, values
in the micromolar range [103a].

232
Oxo Complexes

Gold oxo species are likely to be involved in oxidation processes catalyzed by metal-
oxide-supported gold [8]. The first gold(I1I) oxo-bridged complexes [25, 102] have been
reported about 20 years after the first gold(I) oxo complex [(AuPPhs);(u-0)] * [107].
All of them are stabilized by chelating nitrogen ligands. The cyclometallated derivative
[Auy(N,N,C),(1-0)][X], (37) [N,N,CH = 6-methylbenzyl- (a) or 6-(1,1-dimethylbenzyl)-
2,2/ -bipyridine (b); X = PF or BF4) [102]is a rare example of metal oxo complex with an
unsupported M-O-M bridge (M =late transition metal) [108]. Complex 37 can be
prepared as the BF,~ salt by reaction of [Au(C,N,N)Cl|[BF,] with AgBF, in acetone,
while the PF¢ ™ salt is prepared by condensation of the hydroxo complex 36-PF; in



70| 2 Chemistry of Gold(l1l) Complexes with Nitrogen and Oxygen Ligands

C@3) (2

o)
b Sce
Ceay R @Y e
BING) Ve
C2siz c(17) N D (5
p—30e0  ealo\cne e KO
c2n C(38)\ (P ) (}0(7}
fCeee) N 2_;(35) 5 ‘\ BC(15) X cem
{} )
‘\’ () C(14) S0 Z

CE9 CRNPKOLAR |cn8) rRCU)
C(33)C3m 0(3?(}:(19) C(13)

CI2) & C(38) C(12)

Figure 2.19 Structure of 37b [102].

boiling THF. The crystal structure of 37b-(BF,), has been determined by X-ray
diffraction (Figure 2.19) [102]. The cation displays an idealized C2 symmetry, with
the twofold axis passing through the oxygen atom and the midpoint of the Au(1) - - - Au
(2) vector; the Au—O—Au angle is 121.3(2)° and the average Au—O distance is 196 pm.
The distance Au(1) - - - Au(2) is 342 pm, too long to be considered bonding although
slightly shorter than the sum of the estimated van der Waals radii.

The oxo complexes [Auy(N,N),(1-O),][PFe], [44-(PFs)z] [N,N=Dhipy (a) or 4,4’
tBu,bipy (b)] can also be prepared by reaction of [Au(N,N)CL][PF¢] with an
aqueous solution of KOH in acetonitrile [104, 105]. Analogous complexes with a
variety of 6-substituted 2,2"-bipyridines (6-Rbipy) [R = Me (c) Et (d), i-Pr (e), +-Bu (f),
CH,CMe; (neo-Pn) (g) or CsH3zMe,-2,6 (0-Xyl) (h)] and 6,6'-dimethyl-2,2'-bipyridine
(6,6'-Me,bipy) (i) are obtained either as BF, "~ salts, by reaction of the adducts [Au(N)
Cl3] 3 (N = monodentate 6-Rbipy) with AgBF, in acetone, or as PFy " salts, by reaction
of the adducts with AcONa and excess KPFg in MeCN/H,O (see Equation 2.1), the
latter method being by far the most convenient [25]. The structure in the solid state of
compounds 44 (for N,N = bipy, 6-Mebipy, 6-neo-Pnbipy, 6-0-Xylbipy and 6,6'-Me,.
bipy) has been determined by X-ray diffraction (Figure 2.20) [25, 109]. All compounds
contain a common structural motif consisting of an Au,0, “diamond core” linked to
two bipyridyl ligands in a roughly planar arrangement. The average Au—O bond
length (197 pm) is similar to that found for the monooxobridged complex 37b and can
be compared with the 193 pm Au—O distance observed in polymeric gold(III) oxide
involving a bridging oxygen atom [110]. The central Au,0, ring is exactly planar with a
rather short transannular Au- - - Au distance, the average value being 301 pm.

The hydroxo complexes [Au(6-Rbipy)(OH),] ", postulated as intermediates in the
formation of 44c—i, are not isolated; nevertheless, in all the mass spectra (FAB
conditions) a weak peak is found corresponding to these species. Unchanged 44c—i
are quantitatively recovered from the reaction with aqueous solutions of HX (X = BF,
or PFg): neither dihydroxo complexes similar to those observed in the vapor phase,
nor hydroxo bridged dimers are obtained [25].
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Figure 2.20 Structure of [Aus(6-neoPnbipy),(u-O),)* " 44g [25].

Introduction of different kinds of alkyl or aryl substituents at position(s) 6 (and 6')
of the bipyridine ligands leads to small structural changes in the complexes which
are responsible of their different chemical behavior in solution [109] as well as of their
biological activity [111]. Notably, complex 44i (N,N = 6,6'-Me,bipy) which presents
the largest structural deviation, with respect to 44a (N,N = bipy), shows the highest
oxidizing power, the least thermal stability and the greatest cytotoxic activity.

Complexes 44c—i are able to transfer oxygen to PPh; and olefins [112]. From the
reaction with PPh;, OPPh; is obtained together with the gold(I) complex
[Au(PPhs),] " and free 6-Rbipy [112a]. Reaction with a variety of linear [112a, ¢] and
cyclic [112b] olefins results in the formation of oxygenated olefin derivatives and
gold(I) olefin complexes [Au(N,N)(n*-olefin)] " or [Au,(N,N),(u-n*:n-diolefin)]* *.
From the reaction with norbornene unprecedented oxaauracyclobutane
complexes [Au(N,N)(x”-O,C-oxynorbornyl)] © (45) are also formed (Scheme 2.7)
[112b]. Reaction of 45a (N,N =6-Mebipy) with excess norbornene leads to the

@9) (45)

(Sneth| s

Scheme 2.7 Formation of oxaauracyclobutane complexes [Au(N,N) («*-O,C-oxynorbornyl)] * (45).
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Figure 2.21 Structure of polyanion [Au(O)(OH;)P;W1506s]'" ™
(46). Reprinted in part with permission from [7]. Copyright (2007)
American Chemical Society.

AU+ HO0p —= AU-OOH+H —= AYl=0 + H,O
au"=0 + RH — Ayl .OH+R
R+ O —= ROO

ROO + AW -OH —» ROOH + AUM=0
Scheme 2.8 Oxidation of alkanes with hydrogen peroxide
catalyzed by gold(ll1) and gold(l) complexes.

formation of exo-2,3-epoxynorbornane and [Au(N,N)(n*norbornene)] *; an analo-
gous reaction pathway is thus assumed for the formation of the other olefin
complexes and of the oxygenated olefin derivatives. These results provide evidence
for the intermediacy of metallaoxetanes in the oxygen-transfer reaction to olefins
catalyzed by late transition metals [113]. Oxaauracycle species have also been
proposed as intermediates for styrene oxidation on Au(III) [114].

Finally, two unique terminal gold-oxo molecular complexes have been obtained
and structurally characterized [7]. Complexes K;sH,[Au(O)(OH,)P,W1504g]-25H,0
(46) (Figure 2.21) and K;H,[Au(O)(OH,)P,W;0070(0OH,),]-27H,0 (47) have been
synthesized by reaction of AuCl; with tungsten-oxide cluster ligands, [PWy0s34]° ",
that model redox-active metal oxide surfaces. The very short (circa 176 pm) Au-O,y,
distances account for multiply bonded gold-oxo species.

Au"'=0 species are postulated, inter alia, as active intermediates in the oxidation
of alkanes with hydrogen peroxide catalyzed by gold(III) and gold(I) complexes [115].

The reaction sequence is proposed in Scheme 2.8.

233
Alkoxo Complexes

Gold(III) alkoxo complexes, stabilized by a variety of ancillary ligands, are known
with the same alkoxo ligands that also form stable gold(I) complexes [6]. An
early example is the siloxane compound [Me,AuOSiMes], (48) which features a
four-membered ring structure with silyloxide bridges between the square planar gold
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Figure 2.22 Stable gold(lll) alkoxides stabilized by C-donor ligands.

centers (Figure 2.22) [116]. This complex has found application as precursor for
chemical vapor deposition (CVD) [117].

Thermally stable aryloxo and fluoroalkoxo complexes having the general formula
cis-[AuMe, (OR)(PR'3)] (49) (R ="Ph a, p-tol b, CH,CF; ¢ CH(CF3), d; R’ = Ph) have
been synthesized by metathesis of cis-[AuMe,I(PR’;)] with KOR in THF [118].
The crystal structure of the phenoxo derivative shows a typical square-planar
configuration with normal bond distances (Au—O 209 pm) and angles. Reaction
of cis-[AuMe;(OR)(PR'3)] (R=CH,CF3;, CH(CF;),, Ph; R'=Ph, Cy) with metal
hydrides MH of the type [CoH(CO),], [MnH(CO)s], [MoHCp(CO)s], [WHCp(CO)s]
or [WHCp(CO),(PMejs)] proceeds with liberation of the free alcohol, ethane, and the
gold(I) derivatives (R3P)Au-M [119]. The reaction with active methylene compounds,
such as H,C(CN),, H,C(CN)(COOR) (R=Me or Et) or HC,Ph in non-polar solvents
results in hydrogen abstraction to give the free alcohol and the corresponding
organogold derivatives (Equation 2.17) [118]. Although less active than the corre-
sponding gold(I) alkoxides, the fluoroalkoxides cis-|AuMe,(OR)(PPh;)] [R=CH,CF;,
CH(CFj3),] can act as catalysts for the Knoevenagel condensation reaction (Equa-
tion 2.18) [120]. In contrast to analogous alkoxogold(I) complexes, only the aryloxides
cis-JAuMe,(OPh)L] (49a) (L=PMePh,, PMe,Ph, PMe;, PEt;) are capable of cleaving
the C—Sibond of Me3SiCF; (Equation 2.19) [121]. A large steric effect of the ancillary
phosphine is observed in the case of gold(III), thus suggesting that the gold center
is also taking part in the rate determining step of the C—Si bond cleavage reaction. A
four-center concerted intermediate has been proposed.

cis-[AuMe,(OR¥PPhs)] + RH —_— CEs-[AUMe,RYPPhy] + ROH
{49

(2.17)

X Ph X Ph

I 49¢c.d
O+ o=( e >=( + HO (2.18)
H Y H

cis-[AuMe,{OPhIL] + Mes3iCH  ~—a  cis-[AuMe,{CFy)L] + MeySi0OPh
(49a}

Eq. 2.17: R’ = Hy,COX)(Y), C;Ph
Eq 218 X =Y = CN: X = CN, Y = C(0)OMe or C(O)OEL (2.19)
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Scheme 2.9 Formation and reaction of alkoxogold(lll)
intermediate cis-[AuMe,{OCH (Ph)CH,CH = CH,} (PPh3)] (51);
(i) + PhCHO; (i) - Me,C=CHy; (iii) + RH [R=CH,(CN); or
PhCHO].

Alkoxo complexes cis-[AuMe,(OR)(PPhs)] (50)(R=Me a, Et b, i-Pr ¢), although not
isolated, have been prepared in situ from cis-[AuMe,I(PPh;)] and NaOR in alcohol
or by alcoholysis of cis-[AuMe,{CH,CH=CHMe}(PPhj;)] in methanol. These highly
reactive alkoxides readily insert carbon monoxide to give alkoxocarbonyl complexes
cis-[AuMe,(COOR)(PPhs)] [122]. Similarly, the alkoxogold(IlI) intermediate cis-[Au-
Me,{OCH (Ph)CH,CH=CH,}(PPh;)] (51), formed from the insertion of benzalde-
hyde into the Au-allyl bond in cis-[AuMe,{CH,CH = CH,}(PPhj;)], has been detected
by 'H NMR spectroscopy. Complex 51 can be obtained by alcoholysis of the
methallylgold(III) complex cis-[AuMe,{CH,C(Me)=CH,}(PPh;)] with the homoal-
lylalcohol, PhCH(OH)CH,CH=CH, (Scheme 2.9) [123]. The alkoxo intermediate 51
reacts with active methylene compounds to give free homoallyl alcohol and C-bonded
gold(III) enolates.

The anionic diphenoxide Na[Au(C¢H4NO,-2),(OPh),] (52), obtained by metathesis
of the chloride Me,;N[Au(C¢H4NO,-2),Cl,] with NaOPh, is quite stable in the solid
state but in dichloromethane solution it reacts with traces of water to give the neutral
dimeric hydroxo complex 6 [98]. Very stable catecholate complexes of the type [Au(N,
C)(0Ar)] [N,CH = dimethylbenzylamine, 2-benzylpyridine or 2-anilinopyridine;
Ar(OH), = catechol, tetrachlorocatechol or 3,5-tBu,catechol] have been shown to
possess both high antitumor and antibacterial activity [124].

Although primary and secondary alcohols including MeOH, EtOH, i-PrOH or
ArCH,OH are easily oxidized by [AuCly]™ [125], stable alkoxogold(III) complexes
have been isolated with 6-benzyl-2,2'-bipyridines and 2,2’-bipyridine as co-ligands.
The cyclometallated derivatives [Au(N,N,C)(OR)][PF¢] (53) (C,N,NH = 6-methylben-
zyl- or 6-(1,1-dimethylbenzyl)-2,2’-bipyridine; R =Me a, Etb, i-Pr ¢, CH,CsH4NO,-3
d, Ph e, p-tol f) have been prepared according to different routes which depend on
both the C,N,N and the alkoxo ligands [45a, 101]. For example, with the dimethyl-
benzyl substituted ligand both methoxo and ethoxo derivatives can be prepared by
metathesis of the chloride [Au(N,N,C)Cl][PF4] with NaOR (R =Me, Et) in ROH,
whereas with the methylbenzyl substituted bipy the same alkoxides are only
accessible by proton exchange of the acetato complex [Au(N,N,C)(OAc)][PF¢] with
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Scheme 2.10 Reactions of complexes 53a. Equation 2.20: R = Et,
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ROH, since the benzylic C-H bond of the substituent in the chloride complex is
activated by the strong base NaOR [45a].

All the other alkoxides 53c—f are readily prepared using proton exchange
between the methoxo complex and ROH under mild conditions (Equation 2.20
in Scheme 2.10) [101]. The methoxo derivatives are also the best starting materials
for the synthesis of a number of complexes of general formula [Au(N,N,C)X][PFg],
where X is an anionic C-, N- or S-donor ligand, by proton exchange with HX
(Equations 2.21 and 2.22 in Scheme 2.10) [45]. The bipy derivatives [Au(bipy)(OR)
Cl|[PF¢] (41) (R=Me, Et) and [Au(bipy)(OR),][PF¢] (42) (R=Me a, Et b, i-Pr c) are
the only examples of gold alkoxides stabilized by nitrogen ligands only [104]. While
complexes 41 are exclusively prepared by proton exchange reaction of the
hydroxide 39 with ROH (Equation 2.10), complexes 42 can be obtained either
by this route, from complex 40 (Equation 2.11), from the diacetato derivative [Au
(bipy)(OAc),][PF¢), or by metathesis of the dichloro [Au(bipy)CL][PFs] with NaOR
(R=Me, Et) in ROH [104]. The crystal structure of the dimethoxo complex 42a
(Figure 2.23) displays a square-planar coordination at the gold atom with typical
bond distances and angles; the Au—O distances of 197 and 196 pm, are the same
as those of the oxo complexes.

The methoxo complex [Au(sp)(OMe)(Cl)I] (54) (sp = diphenyl-2-styrylphosphine),
possessing fairly good stability, has been fully characterized in solution [126]. It is the
final product of a rearrangement induced by the substitution of a chloride with an
iodide in the cyclometallated complex [Au(sp-OMe)Cl,] (sp-OMe = 2-CH-(CH,0OMe)
CeH4PPh,) (Scheme 2.11). In contrast, the analogous diiodo derivative [Au(sp)(OMe)
I,] (55), although detected in solution, undergoes spontaneous reduction to [Au(sp)I]
and, presumably, IOMe which further decomposes to HI and HCH=O.
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Figure 2.23 Structure of [Au(bipy) (OMe),] " (42a) [104].
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Scheme 2.11 Formation and reactivity of methoxo intermediates 54 and 55.

234
Complexes With Other O-donor Ligands

Mixed-metal salts with carboxylate, sulfate, or acetate have been synthesized.
The gold(I1l) sulfates M[Au(SO,),] (M = Na, K, Rb) are obtained by evaporation of
Au(OH); and Na,SO, in concentrated sulfuric acid [127]. The gold atoms are
coordinated by four oxygen atoms of different [SO,]*~ groups, forming an infinite
chain [127]; in the caesium salt there are 2D layers [128]. The salts M[AuX4],
(X=0,CMe, O,CEt; M=Pb, Zn, Ca, Sr) are prepared by reaction of M(OH),
with HAuCl,, followed by treatment with the carboxylic acid, or by reaction of
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aurates M[Au(OH)4], with RCO,H [129]. The structure of Zn[Au(OAc)4],2H,0 is a
layered polymer while those of Pb[Au(OAc),], and Sr{Au(OAc),], are molecular units.
Reaction of Cl,0¢ with Au metal, AuCl; or HAuCl;nH,O yields the well-defined
chloryl salt C10,Au(ClO4), whose crystal structure displays discrete C10," ions lying
in channels formed by Au(ClO,),  stacks [130]. Au is located in a square planar
environment with Au—O bond lengths of 187 and 206 pm.

The water soluble acetato complex [Au(N,C)(OAc),] (N,C=2-C¢H,CH,NMe,)
exhibits selective in vitro cytotoxicity and shows in vivo antitumor activity against
human carcinoma xenografts [131]. Also active are the analogous bis-acetato and
bis-carboxylato complexes supported by cyclometallated 2-phenylpyridine [9b] and
2-(1,1-dimethylbenzyl)-pyridine [103b]. The stable dimethylgold(IlI) carboxylates
[AuMe,(O,CR)], (R=Me, tBu, CF; or Ph) have been structurally characterized:
they are dimers with bridging carboxylate ligands with Au- - - Au distances in the
range of 298-308 pm and Au—O bond lengths of 212-217 pm (Figure 2.24) [132].
The dinuclear molecules form infinite chains with Au - - - Au contacts in the range of
346 (R=CF3) -364 pm (R =Me). These complexes are viable precursors for gold
CVD due to their sufficient volatility and thermal stability [133].

The well known complex [AuMe,(acac)] (acacH = acetylacetone) [134] and several
other substituted analogs [135] have found application as precursors for the CVD of
gold [136], in laser-directed metal deposition of high-purity gold [137] and, quite
recently, also in the preparation of mononuclear gold complexes supported on
metal oxide powder [138]. The supported complexes AuMe,{OMg}, (where the
{OMg} ligands are part of the support), obtained by adsorption of [AuMe,(acac)] on
calcined MgO, are identified as the catalytically active species in the hydrogenation of
ethylene.

Figure 2.24 Structure of [AuMe;(OAc)], [132a].
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235
Complexes With Mixed N/O Ligands

A number of gold(III) complexes with chelating N,O™ ligands have been reported.
In these ligands activation of the O—H bond to give the cyclic alkoxogold derivative
is made easier by the coordination of a heterocyclic nitrogen atom, as in the case
of the 8-hydroxyquinoline (N,OH) derivatives [Au(N,C)(N,O)][BF,] (56) (N,CH=
dimethylbenzyl amine) [139] and [AuMe,(N,0)] (57) [140], and of the 2-pyridyl-
methanol and 2-(2-pyridyl)ethanol derivatives [Au(N,0)Cl,] (58a, 58b) [141], or of
an iminic nitrogen, as in the case of the Schiff bases derivatives [Au(N,0)Cl,] (59)
and [Au(N,0),]J[AuX,4] (N,OH =2-HOC¢H,CH=NR; R=Me a, Et b, iPr ¢, nBu d,
CH,C¢Hs e, CgHy; £ X=Cl, Br) [141b]. Other [Au(N,0)X,] (X=Cl or Br) (60)
or [Au(N,0),] " derivatives are obtained by reaction of [AuX,]~ with pyridine-2-
carboxylic acids (Figure 2.25) [141b,142]. The N-coordinated [Au(N)Cl;] adduct
initially formed by reaction of pyridine-2-carboxaldehyde with KAuCl, in water
adds a molecule of H,O to the aldehydic group to form the corresponding diolic
derivative which, by elimination of HCI, affords the [Au(N,0)Cl,] derivative 61
(Scheme 2.12) [143]. Successive treatment with ROH (R=Me, Et or CH,CF;)
gives the corresponding N,O-chelated hemiacetal complexes 62. A kinetic study
shows that displacement of the Au-alkoxide oxygen by chloride ions takes place
only in the presence of perchloric acid [143D].

Some of the [Au(N,0)Cl,] derivatives, namely 58a, 59a and 59b, which have been
tested for cytotoxic activity against various human tumor cell lines, have shown
significant effects [144]. Compound 57 is a potential alternative to dimethylgold
(III) B-diketonates and can be used as a starting material for gold coatings by the
CVD method [140]. Recent studies have shown that the long-term stability of these

249 84

O——Au C RN O—Au-x
Cl 7 Ny X
{58) (59) (60)

Figure 2.25 Complexes with chelating N,O™ ligands.
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Scheme 2.12 Formation and reaction of the [Au(N,0)Cl,] derivative 61.
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Figure 2.26 Complexes with phenolic Schiff bases.

complexes makes them efficient precatalysts. In particular, the 2-pyridylmethoxo
complex 58a has been used in the synthesis of highly substituted phenols from
furans [145]. Highly stable and efficient catalysts are also the 2-pyridyl carboxylato
derivatives [Au(N,0)Cl,] (60) (N,OH = pyridine-2-carboxylic acid, pyridine-2,4-
dicarboxylic acid or 3-hydroxypyridine-2-carboxylic acid) [146]. Gold(III) complexes
of the type [Au(O,N,N,0)] ", containing tetradentate Schiff base ligands (63 in
Figure 2.26), are conveniently obtained by reaction of the ligands with [BuyN]
[AuCly]: radiochemical studies with Au-198 show that these complexes are also
formed at the tracer level [147]. A range of gold(IlI) phenolic Schiff base complexes
(examples are illustrated in Figure 2.26) have been shown to be efficient and
selective catalysts in a variety of transformations including olefin hydrogena-
tion [148], self-coupling of aryl boronic acids [149] and hydrosilylation of a variety
of functionalities [150].

Reaction of HAuCl, with the dipeptide glycylalanine (H-Gly-Ala-OH) and the
tripeptide glycylalanylalanine (H-Gly-Ala-Ala-OH) gives the corresponding com-
plexes [Au(Gly-Ala-O)Cl] (66) and [Au(Gly-Ala-Ala-O)] (67) where the peptides are
coordinated to gold through —NH,, N~ amide(s) and CO, ™ groups in a near square
planar environment (Figure 2.27) [151].

0 Me o Me
(‘\N ,iH K\N __g-;H
NH _I o] NH .;{ Q

2}:\[1_\0 2 u"‘N
Cl

O/
Y\‘" Me
(66) Ih
(67)

Figure 2.27 Polypeptide derivatives.
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3
Pentafluorophenyl Gold Complexes
A. Luquin, E. Cerrada, and M. Laguna

3.1
Introduction

The pentafluorophenyl group bonds to a metal center mainly and, in the case of gold,
exclusively through the ipso carbon atom affording a carbon-gold bond. Thus, if we
are refering to pentafluorophenyl gold derivatives, we need to discuss organometallic
gold chemistry which began a century ago [1, 2]. As with many other parts of the
chemistry of gold, the development of this area began very slowly but it was from the
1970-80s to the end of the century when gold and organogold chemistry increased
steadily, with the seminal works and reviews [3-6] of Schmidbaur, Puddephatt and
Uson. From that time onwards work on organogold chemistry has been increasing
exponentially.

The development of arylgold chemistry is very similar, starting in the 1930s [7] with
the synthesis of the first arylgold derivative that was only fully characterized in
1959 [8] and showing a progressive increase in activity from the 1970-80s up to the
present. The amount of interest in the arylgold derivatives is important, as is evident
from a number of different reviews either general surveys [9-12] or specific ones in
gold(I) [13], arylgold chemistry [14] or more recently in arylgold(I) chemistry [15]. In
some of the reviews mentioned it is of note that the use of polyhalophenyl groups in
general, and the polyfluorophenyl group in particular, is an important reason for the
success of this area. That is why we present here a chapter dedicated to the
polyfluorophenyl group in gold chemistry taking into account all the oxidation states.

The first thing to point out is that the use of a pentafluorophenyl C¢Fs group with
late transition metal confers on the complexes great stability, both thermodynamic
and kinetic. This general fact, that is also true in gold chemistry, can be explained by
different factors:

1. The strong electron-withdrawing effect of the C¢F5 group that is estimated to have
a Hammett constant 6, 0f 0.4 16, 17] and a Brown constant 6~ 0f0.99[18, 19]. The
Lewis acid strength of B(CgFs); is between BF; and BCl; which means that the
electron-withdrawing effect of the CgFs group should be comparable with that of
these two halogens [20].
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2. Unlike alkyl-gold bonds the Au—C bonds in pentafluorophenyl compounds are
more resistant to cleavage by protic acids, giving more chemical integrity to the
complexes.

3. The pentafluorophenyl group imparts greater crystallinity to the complexes and as
a result many complexes have been studied by X-ray crystallography. Although
with other metal centers CqFs—CFs or C¢Fs—CgHs m—m stacking interactions are
observed [21, 22], there are not many examples in gold chemistry and they have
been shown very recently [23].

The explanation for the rich gold chemistry shown around the pentafluorophenyl
ligand is not only the stability that the C¢F5 group confers on the complexes but also
the synthesis of very suitable starting materials. They are weakly coordinated ligands
that permit, by replacement reactions, the preparation of a great number of new
complexes. Neutral, such as AsPhjs, or anionic, such as OClO;, were the first neutral
or anionic groups used for these purposes as we will see below. The extension to safer
chemistry leading to the use of ligands such as tetrahydrothiophene (tht), triflate
(CF3S03) or p-chloride, particularly the former, was a big step in the preparation of
new gold complexes. In fact the synthesis of complexes with the tht ligand is the most
important factor in the progress of gold chemistry. Thus the preparation of [Au(C4Fs)
(tht)] [24], [Au(CgFs)s(tht)] [25], cis[Au(CeFs)(L-C)], [26], trans{Au(CeFs),(tht),]
(CF3S03) [27, 28] [Au(CeFs);OEty] [29, 172], and [Au(CgFs)(OEt,),]ClO [29, 186]
are the bases of the development of pentafluorophenyl gold chemistry.

This review covers the literature up to the end of 2007 and it is arranged according
to the oxidation state of gold. Although such ordering should begin with cluster
chemistry with the oxidation state of gold between 0 and I, followed by I, ITand III, we
will start with gold(I) chemistry, which chronologically is the starting point of
pentafluorophenylgold chemistry. We will continue with gold(III) derivatives, in
which we will cover all the polynuclear gold (II1)/(I) complexes and we will finish with
the known examples in cluster gold chemistry and gold(II) derivatives.

3.2
Pentafluorophenylgold(l) Derivatives

The first synthesized pentafluorophenylgold(I) complex was [Au(CgFs)PPh;]
obtained by the reaction of [AuCIPPh;] and C¢FsMgBr [30-32]. This complex was
at the same time the first characterized [33] by X-ray studies showing the common
nearly linear distribution of the phosphorous and the ipso carbon atom (178(1)°).
Nowadays, there are many methods of obtaining this complex, in many cases as a
by-product of some reaction and, in other cases, its formation is the driving force of
the reaction. We will see examples of both in this chapter.

Treatment of [Au(CgFs),CIPPh;] with hydrazine [34] leads to formation of [Au
(C6Fs)PPhs). Similarly, the reaction between [Au(PPhs),]ClO4 and NBu4[Au(CsFs),)
or NEty[Au(CFs)Cl] affords [Au(C¢F5)PPhs], the former being a good method for its
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preparation. An example of an undesired by-product is in the reaction of [(u-Cl)
(AuPPhs),]ClO4 with Ag(CsFs) [35] where instead of a pentafluorophenyl bridge the
neutral Au(I) complex is formed. Attempts to oxidize [AuX(PPhs)] with [T1(CsFs),Br]
(X = C¢Fs, NO3, CH;CO0, SCN, CHs [36]) yields both [TI(C4Fs)BrX] and [Au(CqFs)
PPhs). The exchange of the pentafluorophenyl group of the thallium derivative with
the X group of the gold complex occurs but there is no oxidation.

Although itis not the intention here to give many details of infra-red and NMR data
for each complex, it is important to note that the IR [30-32] of the pentafluorophenyl
group in [Au(CeFs)PPh;] shows signals at 1500, 1050, 950 and 790 cm ™. The latter
presents the behavior of the carbon-metal component and is sensitive to the oxidation
state of the gold center and to the numbers and disposition of the pentafluorophenyl
groups. The "F NMR spectra [30-32] show three resonances for each different
pentafluorophenyl group and, in the case of [Au(C¢Fs)PPhs], they resonate at
116.0 ppm corresponding to the ortho fluorine, 162.4 ppm due to the meta fluorine
atoms and at 158.3 ppm assignable to the para fluorine atoms. The former two are
complex multiplets, whereas the latter usually appears as a triplet.

A similar complex is the derivative containing triphenylarsine [Au(C¢Fs)AsPhs]
which can be obtained by reaction of [AuCl(AsPhs)] with (C¢Fs)MgBr [37] in
analogous manner to the preparation of the PPh; complex. In this case too, there
are some reactions that give [Au(C4Fs)AsPh;] as undesired by-product for example
the reaction of [Au(CgFs),Cl(AsPh;)] with AgNO; [38].

The first complex described with an Au—S [39] bond was [Au(CsFs)(tht)] (tht=
tetrahydrothiophene) that was synthesized by reacting [AuCl(tht)] with LiC4Fs. The
complex can also be prepared by the reaction of [Au(tht),]ClO, with NBuyAu
(CeFs)al [35].

This complex is very interesting from a synthetic point of view because the tht
ligand is easily replaced [40] which allows the preparation of many [Au(C¢Fs)L]
complexes. The crystal structure of [Au(C¢Fs)(tht)] was studied by X-ray diffraction in
2007 [41] and it shows the asymmetric unit containing two independent monomers
with similar paddle-like geometries that form infinite chains along the a axis of the
crystal through alternating long and two different short aurophilic interactions
(3.306, 3.191 and 3.128 A). Identical pairs of molecules are altenatingly rotated by
180° (Figure 3.1).

This Au(I) complex was tested as co-catalyst in palladium-catalyzed alkynylation
reactions but this derivative is much less active than the analogous chloride complex
[AuCl(tht)] needing over twice as long to fully convert the starting material [42].

3.2.1
Neutral Pentafluorophenylgold(l) Derivatives

The reaction between [Au(CgFs)AsPh;] and [Au(CgFs)(tht)], mainly the latter, with C-,
N-, P- As- or S-donor ligands leads to the corresponding [Au(CsFs)L] complexes as
shown in Table 3.1. The reaction carried out with BiPh; causes decomposition to
metallic gold.
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Figure 3.1 Drawing of the identical pairs of molecules of the
complex [Au(CgFs) (tht)] alternatingly rotated.

Table 3.1 [Au(C¢Fs)L] complexes.

Reagent Complex Ref
CH,(S,CNMe,), [{Au(CeFs) HCH,(S,CNMe,),}] [43]
CH,(S,CNEby), [{Au(CeFs) {CH,(S;CNER),}] (43]
CH,(S;CN"Buy), [{Au(CeFs) HCH(S2CN"Buy),}] [43]
CHz(SchBZZ)Z [{Au GF }{CHZ SchBZZ)z}] [43]
CNCgH4O(0)CCcH40C0H; [Au(CeFs)CNCgH40(0)CCeH40C;0H ] [44]
NEt; [Au(C¢Fs)NEt;] [45]
H,NCH,NH, [Au(C4Fs)H,NCH,NH,] [46]
H,NCH,CH,NH, [Au(CgFs)H,NCH,CH,NH,] [46]
2-amino-4,5-dihydrothiazole [Au(CgFs)(2-amt)] [47]
N(H)=CPh, [Au(C4Fs)(N(H)=CPh,)] 48]
C3H;NS, [Au(CFs)(C3HsNS,)] [49]
C,HLN,S [Au(CFs)(C4HLN,S)] 49]
CsHsNS [Au(CgFs)(CsHsNS)] [49]
C,H;NS, [Au(CFs)(C,HsNS,)] [49]
C,HN,S [Au(C4Fs)(C7HEN,S)] [49]
Ph,CN, [Au(CgFs)(Ph,C=N—N=PPh,)] [50]
PEt, [Au(CoF5)PEt;] [45]
PPh; [Au(C¢Fs)PPhs] [45]
PCys [Au(CeFs)PCys] [45]
phen [Au(CgFs)phen] [45]
PPhH, [Au(C¢Fs)PPhH,)] [51]
PPy, [Au(CeFs)PPy;] [52]
PPhPy, [Au(CFs)PPhPy,] [52]
PPh,CCH [Au(C Fs)(PPhZCCH) 53]
(Ph,PC(S)N(H)Me) [Au( C()FS){PhZPC (H)Me}] [54]
PhP(O)H [Au(C4Fs)Ph (O)H] [55]
C¢F4sNCSPPh, [Au(C4Fs)(CeFsNCSPPh,)] [56]
P(SCH3)3 [Au(CeFs)P(SCH3)s] [57]
P(SPhy); [Au(C4F5)P(SPhs);] [57]
1,3,5-triaza-7-phosphaadamantane [Au(CeFs)PTA] (28]
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Table 3.1 (Continued)

Reagent Complex Ref
TPPMS [Au(C4Fs) (TPPMS)] [>8]
TPPDS [Au(C4Fs)(TPPDS)] >8]
TPPTS [Au(C4Fs)(TPPTS)] [>8]
CH(PPhy); [CH{PPh,Au(C¢Fs)}3] [59]
AsPh; [Au(C4Fs)AsPh;] (45]
S=CSCH,CH,$ [Au(C6Fs)(S=CSCH,CH,S)] [60]
SC(SMe)NH (p-MeCH,) [Au(CcF5)SC(SMe)NH (p-MeCgHa)] [61]
SC(SMe)NH (0-MeCgH,) [Au(CsFs)SC(SMe)NH (0-MeCgHa)] [61]
SC(SMe)NH (p-MeOCgH,) [Au(C6F5)SC(SMe)NH (p-MeOCsH,)| [61]
SC(SMe)NH(3,5-Me,CeHs) [Au(C6Fs)SC(SMe)NH (3,5-Me,CeH3)] [61]

3.2.1.1  Neutral Pentafluorophenylgold(l) Derivatives with C-Donor Ligands

The addition of [Au(CgFs)(tht)] to a dichloromethane solution of CNC¢H,O(O)
CCgH4OC;oH,; gave the complex [44] shown in the Figure 3.2. This complex has
very interesting behavior because it is a liquid crystal that displays a Sma mesophase
that has been identified in optical microscopy by its typical oily streaks and home-
otropic textures, giving focal-conic textures at temperatures close to the clearing
point. It was shown that the perhalophenyl group produced lower transition
temperatures, shorter mesogenic ranges and an enhancement of the Smpa phase
according to the expected lower lateral intermolecular interaction as a consequence of
the greater molecular width.

The reaction of methylene bis(dialkyldithiocarbamates) with [Au(CgFs)(tht)] leads
to the complexes [{Au(C¢Fs)}2{CH,(S2CNRy),}] [43] (R=Me, Et, n-Bu, Bz). The
'H NMR resonances of the bridging methylene groups in the complexes are
observed at lower field than that in the free ligand and some modification of the
C=S stretching is observed.

Gold(I) isocyanide complexes [62, 63] are prepared as shown in Equation 3.1.

[Au(CgFs)(tht)] + CNR — [Au(C4Fs)(CNR)] + tht (3.1)

Where R =Tol, Ph, ‘Bu, Cy, Me [63].

Depending on the R group, this reaction could lead to the formation of gold(I)
isocyanide complexes that behave as liquid crystals. Thus, complexes [Au(CgFs)
(C=N(CgH4)OC1oH,1-p)] and [Au(CgFs)(C=N(CsH)OC,Hon 1 1-p)] [64] where
n=4, 6,8, 10 and 12 show this behavior. All of these complexes are mesomorphic
and behave as liquid crystals showing a nematic (N) phase when the isocyanide has a

R F

F Au—CNOO
}—Q—O—C,DHQ.
F F 4

Figure 3.2 Complex that behaves as a liquid crystal.
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short tail (n =4), N and smectic A (Sm,) phase when they have and intermediate tail
(n=6,8) and only Sm, phase forlonger chains. As thelength of the chainincreases, the

range of Smy phase increases and the range of the N phase decreases. The transition

temperatures decrease when increasing lengths.

The reaction of the gold(I) pentafluorophenyl isocyanide complexes with primary
and secondary amines as well as alcohols leads to the corresponding gold(I) [62, 65]
carbenes (Table 3.2). The addition of amines leads to the corresponding carbenes

Table 3.2 [Au(CsFs) (Carbene)] complexes.

CNR' NH; ,R% or R* OH Ref
CNTo MeNH, [62]
CNTo ‘BuNH, [62]
CNTo CyNH, [62]
CNTo CeHsCH,NH, [62]
CNTo CsHsCH,CH,NH, [62]
CNTo NH, [62]
CNTo CsHsNH, [62]
CNTo p-FCeH,NH, [62]
CNTo p-CH30CH,NH, [62]
CNTo p-NO,CsH4NH, (no reaction) [62]
CNTo Et,NH [62]
CNTo Pr,NH [62]
CNTo (CeHsCH,),NH (no reaction) [62]
CNTo MeOH [62]
CNTo EtOH [62]
CNPh CH;3NH, [65]
CNPh CeHsNH, [65]
CNPh CeH1NH, [65]
CNPh p-FCeH,NH, [65]
CNPh CsHsCH,NH, [65]
CNPh p-CH3C6H,NH, [65]
CNPh p-CH30CH,NH, [65]
CNPh CsHsCH,CH,NH, [65]
CN'Bu CH;3NH, [65]
CN'Bu CsHsCH,NH, [65]
CNCy CH;3NH, [65]
CNCy t+-C4HyNH, [65]
CNCy CsH11NH, [65]
CNPh CH;0H [65]
CNPh CH;CH,0H [65]
CNCy CH;0H [65]
CNPh NH,CH,CH,NH, [46]
CNPh NH,CH,CH,CH,NH, [46]
CNTo NH,CH,CH,NH, [46]
CNTo NH,CH,CH,CH,NH, [46]
CNMe MeNH, [63]
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under milder conditions than those required for alcohols; this is due to the better
nucleophilicity of amines compared with alcohols. When the isocyanide group is
attached to an electron-withdrawing substituent the process occurs readily. For
example, the reaction of cyclohexylisocyanide pentafluorophenyl Au(l) proceeds
only very slowly and no reaction is observed with ethanol. These results are likely
due to kinetic reasons. The accepted mechanism of this type of reaction goes through
a nucleophilic attack (Equation 3.2 and 3.3).

[Au(CgFs)(CNRY)] + NH;_RZ — [Au(CFs)[C(NHR')(NH,_,R2)]  (3.2)

[Au(CgFs)(CNR!)] + R2OH — [Au(CsFs)[C(NHR!)(OR?)] (3.3)

The cyclic carbene complex shown in equation 3.4 was studied by X-ray diffrac-
tion [66], it shows a linear complex (angle C—Au—C 178.6(4)°) and the gold aryl bond
distance is 1.993(10) A which is in accordance with such bonds in other known
pentafluorophenyl complexes. The gold carbene carbon distance is 1.961(9) A, the
dihedral angle between the planes formed by the two organic ligands is 5.35° and the
shortest intermolecular Au—Au distance is 3.95 A.

\

N N
I \>—Li + HAuCF ()] + FMeSO;CF; ——— CeFs Au=< ]/

S S

(3.4)

When the Au(I) complex [Au(CgFs)(tht)] reacts with lithium 1-methylimidazol-2-yls
the organic compound is protonated or alkylated and the carbene complexes are
obtained [67] (see Figure 3.3).

In the complex with two methylimidazol units one of them is N-coordinated and
the other a C-coordinating carbene ligand. It seems that in the synthesis of this
complex a homoleptic rearrangement of the C¢F5 precursor complex is accompanied
by a rapid migration of the proton nitrogen to the initially coordinated carbon.

When 4',4'-dimethyl-2'-(2-thienyl)-2'-oxazoline lithiated at C? is reacted with [Au
(CgFs)(tht)] the organogold complex analogous to the previous example was obtained.

" \
R % R N R
N, N .
Halo > , -
[AUCeFs ]+ I\>—Li (CoFsrAuw: I_-. BN NN Ay I | Au(CFs);.
y—={ N
R N\ ;N R ; R

CH, il R R (s
I
Me* Me
N F® ‘R
{CstlAu—</ I {CGF5]Au<-i< |
N g N
/ ] R
H:C HaC
R = H, GH=CH

Figure 3.3 Synthesis of different carbene derivatives.
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In contrast, this complex does not undergo homoleptic rearrangement in solution. It
was the first diorganocarbene gold complex synthesized [68].

The Au(I) derivative N"Buy[Au(C¢Fs),] reacts with [Au(CH,PPhj;),]ClO, to give the
neutral complex [Au(C¢Fs)(CH,PPhs)] [69]. This reaction is a general reaction for
several Au(I) derivatives of the type NBuy[AuX,].

Complexes containing the ylide ligand can be also obtained by reaction of the
yellow solution of ylides (prepared by addition of butyllithium to tetrahydrofurane or
diethylether solutions of the phosphonium salt) with [Au(C¢Fs)(tht)]. The weak ligand
tht is replaced and the ylide complex is obtained (Equation 3.5) [70].

AH(CGFS)(tht) -+ RHC-ER/3 — [AU(C6F5)(CHRER/3)]
R = H, ER' = PPh;, PPh,Me, PPhMe,, AsPh; (3.5)
R = Me, Etor Ph, ER’ = PPh;[71].

3.2.1.2  Neutral Pentafluorophenylgold(l) Derivatives with N-Donor Ligands

These complexes are obtained by reaction of the nitrogen ligand with the Au(I)
starting material [Au(CgFs)(tht)]. The ketazine complex [Au(CgFs)(Ph,C=N—N=
PPh,)] [50] was also obtained this way (by reaction with Ph,CN, and shows
resonances in the aromatic region of the 'H NMR spectrum. An almost linear
arangement (175.8(2)°) of the ligands has been observed. The stability of the complex
is attributable to the presence of the (C¢Fs) ligand because attempts to obtain other
ketazine complexes produce the free azine even at low temperature [72].

The reaction of the complex [Au(CgFs)(Ph,C=N—N=CPh,)] with 2,6-dimethyl-
phenylisocyanide (CNXy) leads to the formation of [Au(CsFs)(CNXy)] [50] by dis-
placement of the ligand. The IR shows an absorption at 2214 cm ™" that is due to the
V(cn of the coordinated isocyanide.

The reaction of the [Au(C¢Fs)(tht)] with 2-amino-4,5-dihydrothiazole (2-amt) yields
the complex [Au(CgFs)(2-amt)] [47]. When [Au(C¢Fs)(tht)] reacts with N(H)=CPh, the
complex [Au(CgFs){N(H)=CPh,}] [48] is obtained. The structure of this complex
shows that two molecules of the complex are associated in an antiparallel manner
with Au(I)-Au(l) interactions of 3.5884(7) A.

When 4',4'-dimethyl-2'-(2-thienyl)-2'-oxazoline lithiated at C’ is reacted with [Au
(C6Fs)(tht)] the neutral nitrogen-coordinated pentafluorophenylgold complex and
not the expected monocarbene complex [68] is obtained. 4-Methylthiazole, 4-methyl-
2-mehylsulfanylthiazole and piperidine react with [Au(CgFs)(tht)] forming the com-
plexes shown in Figure 3.4 [73].

The 'H and *C NMR spectra of the thiazole and thioether complexes does not
provide any clue to identify the coordinated heteroatom although the signal of the

H,C H,yC
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Figure 3.4 Complexes obtained by reaction of [Au(CgFs) (tht)] with different N-ligands.
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NCS-carbon is shifted dowfield in the two first complexes. The amine complex shows
a shift of the N—H signal which appears at 2.08 ppm in the free ligand and at
5.17 ppm when itis coordinated. The structure of the thiazole complex was studied by
X-ray diffraction, confirming the almost linear coordination about the gold atom and
showing that the ligands are almost co-planar.

1N NMR experiments where undertaken to determine the site of coordination
of the two other complexes. The thioether complex showed an upfield shift for the
N-atom in the thioether gold complex and a similar result was obtained in the case of
the thiazole compound, confirming imine coordination.

3.2.1.3  Neutral Pentafluorophenylgold(l) Derivatives with P-Donor Ligands

When the Au(l) pentafluorophenyl complex [Au(CgFs)(tht)] reacts with a phosphine
the thtligand is easily displaced to give the corresponding phosphine complexes. This
was the method employed to obtain all the following complexes.

Using the phosphine PPhH, the complex [Au(CsFs)(PPhH,;)] [51] is obtained
which in the 3'P {1H} NMR spectrum shows a broad singlet at —46.0 ppm. When the
phosphines employed are PPy; or PPhPy, the corresponding complexes [Au(CgFs)
P] [52] where P=PPy; or PPhPy, are obtained. The *'P{'H} NMR spectrum shows a
singlet at 42.5 ppm for the first complex and a singlet at 41.6 ppm for the latter.

The reaction with PPh,CCH leads to the formation of [Au(C¢F5)(PPh,CCH)] [53]
whose *'P{'H} NMR spectrum shows a singlet at 17.2ppm, in the 'H NMR
spectrum the resonance of the C=CH proton is observed at 3.46 ppm. The IR
spectrum shows, besides the pentafluorophenyl absorptions, a band at 3271cm ™!
due to the v(c =y and another absorption at 2056 cm ™' for the asymmetric C=C
stretch. The structure of this complex was studied by X-ray diffraction, the Au(I) atom
is an almost linearly coordinated and the Au—C and Au—P distances are in the range
of the values found for similar complexes. The excitation and the emission data in the
solid state at 77 K are 331 and 445 nm.

The ligand diphenylphosphinothioformamide Ph,PC(S)N(H)Me reacts in the
same way to give the complex [Au(C¢Fs){Ph,PC(S)N(H)Me}] [54]. The 'H NMR
spectrum shows the presence of the amine protons and the *'P{'H}NMR has a
singlet at 56.0 ppm more than 41 ppm downfield compared to that of the free ligand.
A curious characteristic of this complex is that when dissolved in chloroform it
suffers a progressive discoloration that is complete in approximately one hour. The
SIP{'H }NMR spectrum of the colorless solution shows a singlet at 50.7 ppm, the
signals due to the amine proton in the proton NMR decrease till disappearance;
the same happens with the signals in the ’F{'H } NMR spectrum. This fact seems to
be in accordance with a process of simultaneous deprotonation of the amine protons
of two complexes by the pentafluorophenyl rings of the adjacent unit, as was shown
before in the complex [Au(CsFs)PhP(O)H] [55].

When the reaction of [Au(C4Fs)(tht)] is carried out with C¢F,NCSPPh, the
complex [56] shown in Figure 3.5 was obtained and its structure was determined
by X-ray diffraction. The benzothiazole ligands are known to display photophysical
properties with an improvement of the photostability and emission intensity in
conjugated systems as well as in the complexes that contain them, and the presence of
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Figure 3.5 Complex obtained by reaction of [Au(C¢Fs) (tht)] with C¢F4NCSPPh,.

Au(I) in such systems should enhance the phosphorescence. The complex [Au(CgFs)
(C6F4NCSPPh,)] is luminescent in the solid state at room temperature and at 77 K
also in glass media at 77 K but neither in deoxygenated dichloromethane nor in
acetonitrile solutions.

The reaction of the trimethyl tritiophosphite and triphenyl tritiophosphite with the
gold derivative [Au(C¢Fs)(tht)] leads to the gold(I) complexes [57] shown in Figure 3.6.
The crystal structure of the trimethyl tritiophosphite gold (I) complex was studied by
X-ray diffraction and two different polymorphs were discovered.

The reaction of the gold(I) complex [Au(CgFs)(tht)] with the water soluble
phosphine 1,3,5-triaza-7-phosphaadamantane (PTA) gives the complex [Au(C4Fs)
PTA] [28].

Some [Au(CgFs)(L)] complexes have been tested as catalysts or co-catalysts in some
organic processes. For example, [Au(CsFs)(TPPXS)] where TPPXS is triphenylpho-
sphine mono-, di- or trisulfonated, was tested as a catalyst in the hydration of
phenylacetylene. The [Au(C¢Fs)(TPPXS)] complexes were synthesized by reacting
[Au(CgFs)(tht)] with the appropriate phosphine in equimolecular amounts. It was
shown that the pentafluorophenyl complexes displayed similar conversions and
turnovers to the chloro analogs, but at lower catalyst concentration [Au(CgFs)
(TPPTS)] displayed poorer results than [AuCl(TPPTS)] [58].

3.2.1.4 Neutral Pentafluorophenylgold(l) Derivatives with S-Donor Ligands

The complex [Au(C4Fs)(S=CSCH,CH,S)] [60] was obtained in a very low yield (20%)
by a simple substitution reaction of the tht group of the [Au(C¢Fs)(tht)] by
S=CSCH,CH,S. In the 'H NMR spectrum a singlet assigned to the CH,CH,
protons is seen at 4.22 ppm and the *C NMR spectrum shows a singlet at 49.6 ppm
from the CH, carbons of the thione ligand, and multiplets in the region of 137-154 ppm
for the pentafluorophenyl group but no signal was observed for the C=S group.

—8 N Ph—5 R F
—S—P—Au F Ph—S—pP—Au F
—5 F F Ph—5S F F

Figure3.6 Complexes obtained by reaction of [Au(CsFs) (tht)] with
trimethyl tritiophosphite and triphenyl tritiophosphite.
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Figure 3.7 Complex obtained by reaction of [Au(C¢Fs) (tht)] with 4-methyl-3H-thiazole-2-thione.

Neutral Au(I) pentafluorophenyl complexes with heterocyclic thiones can be
prepared by displacement of the tht ligand in [Au(C¢Fs)(tht)] with a thione [49] as
shown in Equation 3.6.

[AU(C(,Fs)(tht)} + HL— [Au(CGFs)(HL)] + tht

HL = CgHsNSz7 C4H4st7 (:5H5NS7 C7HsNSz7 C7H(,st. (3‘6)

The IR spectra of these complexes shows no band due to the SH absorption and two
bands, the first at approximately 3300 (v(ni)) and the second one at 1620 cm ™!
(B nt)-

The reaction of [Au(C¢Fs)(tht)] with 4-methyl-3H-thiazole-2-thione leads to the
thione complex shown in Figure 3.7 [73].

The 'H and *C NMR spectrum of the thione complex does not provide any clue to
identify the coordinated heteroatom although the signal of the NCS-carbon is shifted
upfield in the complex. The structure of the complex was studied by X-ray diffraction,
confirming the almostlinear coordination around the gold atom and showing that the
ligands are almost co-planar.

The reaction of methyl dithiocarbamates with [Au(C¢Fs)(tht)] leads to the forma-
tion of the neutral complexes [Au(CgFs)SC(SMe)NHR] [61], R=p-MeCcH,,
0-MeC¢H,, p-MeOCgH, or 3,5-Me,C¢Hj;. The 'H NMR shows that the dithiocarba-
mate is S-coordinated and the IR spectra shows the absorption of the v ).

The reactivity of these complexes with amines, that are typical nucleophilic agents,
was studied and the formation of the neutral complexes [Au(C¢Fs)SC(NHR)NHR],
R=p-MeC¢H, R’ =n-Bu, Cy, CH,CH,C¢Hs; R=p-MeOCsH,, R'=n-Bu was
achieved although in a low yield. The 'H NMR spectra show the resonances due
to the R’'NH group; two different NH resonances are noticed in every product: one
from each amine group. In the IR spectra two different NH absorptions are shown.
With primary amines there was no reaction [61].

3.22
Anionic Pentafluorophenylgold(l) Derivatives

The gold(I) complex [Au(C¢Fs)(tht)] has been used as starting material to synthesize
numerous anionic Au(I) pentafluorophenyl derivatives as shown in Table 3.3.

The complex PPN[Au(CsFs)Cl] was used as a catalyst in cycloaddition reactions [76]
and, although the ratio endo/exo was practically unchanged, the reaction time was
reduced from 96h to 72h (using 10 mol% of catalyst).

The anionic complex K[Au(CgFs)(CN)] reacts with BzPh;PClO, to give the complex
BzPh;P[Au(CFs)(CN)] thatis easily crystallizable thanks to the bulky cation [63]. This
complex reacts with different substances such as [Au(CgFs)(tht)] that lead to the
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Table 3.3 Anionic pentafluorophenylgold(l) complexes.

Reagent Complex Ref
[PPN]CL PPN[Au(CeFs)Cl] (74, 75]
[PPNII PPN[Au(CFs)I] [74]
[PPN]SCN PPN[Au(CgFs)SCN] [74]
[PPNN; PPN[Au(C4Fs)N;] [74]
[NBuy]I NBu,[Au(CeFs)I] [74]
[NBu,JCN NBu, [Au(C,Fs)CN] [74]
KCN K[Au(CeFs)(CN)] [63]
HCl + NEt,Cl [NEt,][Au(CqFs)Cl] 39, 40]
HBr + NBu,Br [NBuyJ[Au(C,Fs)Br] 39, 40]
Me,NCl NMe,[Au(C4Fs)Cl] [75]
LiCGFS + NBU4B1’ [NBU.4][AU,(C()F5)2] [40]
o-phenylenebis [Au(pdma),][Au(CeFs),] [45]
(dimethylarsine) (pdma)

SbPh;, [Au(SbPhs),][Au(CeFs),] [45]
(CH;PPh;)Br [CH;PPh;][AuBr(CeFs)] [71]
(MeCH,PPh;)Br [MeCH,PPh;][AuBr(C4Fs)] [71]
(EtCH,PPh;)Br [EtCH,PPh;][AuBr(C,Fs)] [71]
(PhCH,PPh;)Cl [PhCH,PPh;][Au(C,Fs)Cl] [71]
(CH3AsPh;)1 [CH;AsPhs][Au(CeFs)I] (71]
LiC¢F3H, + [NBuy] NBuy, [Au(CgFs)(CeF3H,)]
[Au(CgFs)3(1-PPhH)Au(PPhs)] + PPN PPNJAu(C4Fs)3(13-PPh){Au(PPhs)} [51]
(acac) {Au(CqF5)}]

PPN[{Au(CgFs)3}>(n-PPhH)] + PPN (PPN)[{Au(CeFs)3}2(s-PPh){Au(CeFs)]. (51]

(acac)

production of BzPh;P[Au(C¢Fs)CNAu(CgFs)] [63]. The last complex can also be
obtained by reaction of BzPh;P[Au(CsFs)(CN)] with a silver salt such as AgClO,.
The complex BzPh;P[Au(C¢Fs)CN] reacts with triethylamine and an acid, for exam-
ple HCl or HBF, and leads to formation of the complex [NHEt;][Au(C4F5)CN] [63].

The electrochemistry of the complex [NBuy][Au(CgFs),] shows that the reduction
peak is <—2.6V [77].

The structure of the complex [Au(pdma),][Au(CsFs),] was studied by X-ray crys-
tallography and was the first full X-ray analysis of a four-coordinate Au(I) complex and
also the first of an [AuR,] anion where R is an organic group.

The complex [Au(SbPhs)4][Au(CeFs),] [45] can be obtained in two different ways,
the first is the reaction between [Au(CgFs)(tht)] and SbPh; and the second synthesis
can be via metathesis of NBuy[Au(CgFs),] with [Au(SbPh;)4][ClOy4].

The crystal structure of the complex [PhCH,PPh;][Au(C¢Fs)Cl] has been deter-
mined by X-ray diffraction; it consists of an anion-cation pair where the anion shows a
two coordinate Au(I) atom bonded to a Cl atom and a C4F;5 ring and the coordination
is almost linear (molecules with two different angles were found but the differences
between the two molecules in the asymmetric unit are not significant: 177.8(5) and
179.8(4) A) [78].
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Complexes of general formulae [RCH,EPh;][Au(CeFs5)X] E =P, As; R=H, Me, Et
or Ph; X=Cl, Br or I [71] can be used as precursors for the synthesis of gold ylide
derivatives via deprotonation of the RCH, group of the cation and elimination of the
halide attached to the metal center (Equation 3.7).

E =P; R=H, Me, Etor Ph; E = As; R = H[71].

(3.7)

The ylide derivatives can also be obtained by using TICsHs instead of NaH, but this
reaction does not work when E = As. When using the first method the yellow color
characteristic of the free ylide (RCH=PPhj) can only be observed when R = Ph, E=P;
in the other cases, no change in color has been observed even when the reaction takes
place. When the starting material is TICsHs no free ylide can be perceived; in these
cases, except when R = Ph, a little decomposition to metallic gold and a small amount
of [Au(CgFs),] ™ can be detected by IR spectroscopy of the crude mixture. It is possible
to evoke two different mechanisms: the first one the attack upon the cation under
formation of ylide and subsequent substitution of the halide linked to the gold atom,
and the second one the substitution of the halogen of the organoaurate and the
interaction with the cation under hydrogen abstraction leads to the formation of the
gold ylide derivative. The second mechanism seems to be preferred in all cases, except
for R = Ph where the first mechanism is significant.

The reaction between [Au(CgFs)(tht)], LiCsF3H, and [NBuy]Br leads to the forma-
tion of NBuy[Au(CeFs)(CsF3H,)] but this is not a general process because the reaction
with LiC¢Hs and NaCsHs leads to a partial decomposition to metallic gold and to
NBu4[Au(CgFs),] and NBuy[Au(CgFs)Br] as the only isolable products.

The alkynyl gold(I) complex PPN[Au(C¢Fs)(C=CH)] [79] can be obtained by
reaction of Tl(acac) with PPN[Au(C¢Fs)Cl] followed by bubbling of C,H, through
the mixture. The IR spectrum shows the typical signals for the pentafluorophenyl
group bound to Au(I) as well as the signals corresponding to the v = ¢ at 3268 and
the vic=)at 1970cm™". The C{'H} NMR spectra shows the signals of the =CH
proton at 65.77 and =CAu at 88.22 ppm. Treatment of this complex with bases to
obtain the dinuclear complex leads to formation of mixtures of products. This
complexwas one of the first ethynylgold complexes characterized by X-ray diffraction;
the gold atom is in a quasi linear environment (176.9(2)°) and the Au—C= Cangle is
also slightly bent (176.9(2)°).

As we will show later in this chapter, the most important anionic derivative, judged
by its stability and reactivity is NBuy[Au(C4Fs),], prepared by a one pot synthesis
from [AuCl(tht)], LiCcFs and [NBuy|Br. It is a very nice reaction which affords
beautiful colorless crystals in very good yield. The electrochemistry of the complex
NBuy [Au(C¢Fs),] shows that the reduction peak is <—2.6V [77]

3.2.2.1 Reactivity of the Anionic Pentafluorophenylgold(l) Complexes Q[Au(C¢Fs)X]
When the anionic complexes Q[Au(CsFs)X] react with AgClO, complexes of the type
Q[(CsF5)AuXAu(CgFs)] where Q = Ph3BzP, PPN and X = SCN, Nj are obtained [80).
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The reaction of the anionic gold(I) complex PPN[Au(CsFs)Cl] with [MeSi{Me,SiN
(p-tol) }3SnLi(OEt,)] leads to formation of an anionic complex with a Sn—Au bond,
shown in Equation 3.8, whose *'P{'H}NMR spectrum shows a singlet at
47.5 ppm [81].

I\lf'le I\|z‘|e
St Si
) ISiMe. . i giMe
Me,Si \ 2 PPN[AU(C4F5iCI] M928'/ \ 2
‘ ?IM - | TiM PPN
N = ==Li-OFt, N
ptol” \gmol ptol” \S':»< “p-tol
p-tol | piol
L AL(CgFs)

(3.8)

The reaction of the anionic gold(I) complex NBuy[Au(CcFs)Br] with Na(SR) (SR
4-oxo-2-thioxopyrimidines) gives NBuyJAu(CgFs)(SR)] [82]. Complexes Q[Au(C¢Fs)
Cl] react with H,S to form complexes of the type Q[Au(C¢Fs)SH] or Q,[{Au
(CsFs)}3(13-S)] in which the chlorine atom is replaced by the SH group, depending
on the reaction conditions and also on the cation used [75]. Thus while complexes
containing PPN or NBuy give the hydrosulfido complexes, the complex where
Q=NMe, always forms the sulfido complex, but when Q=NEt, the complex
obtained depends on the reaction conditions. Although Q[Au(C¢Fs)SH] and
Qa[{Au(CgFs)}3(us-S)] smell of H,S, the PPN salts are stable and can be stored at
room temperature for several weeks; however, the NBuy[Au(CsFs)SH] complex must
be kept at —20 °C otherwise it decomposes and NEt,[Au(C¢Fs)SH] decomposes in a
few days even when stored at —20°C. The F{'H} NMR spectrum of the decom-
posed product indicates the presence of NEt,[{Au(C¢Fs)}3(13-S)]. This may be due to
the stability of the Q[Au(CsFs)SH] complexes which decreases with the size of the
cation. The crystal structure of NEt,[{Au(CeFs)}s(13-S)]) was studied by X-ray
diffraction. The environment around the sulfur atom is a distorted trigonal pyramid
with short Au - - - Au contacts, which means narrow Au—S—Au angles. The aurophilic
interactions are similar to those of the analogous complex containing PPh; instead of
pentafluorophenyl groups, and the gold atoms are in linear environments (176.6(4),
177.0(3) and 177.7(3)°).

The reaction of 4,4-diphenyltetrathiafulvalene with the gold(I) derivatives
NBuy[Au(CgFs),] and BzPPhs[Au(CeFs)Cl] leads to formation of the anionic com-
plexes (TTFPh,),[Au(CsFs),] and (TTF)[Au(CeFs)Cl] [83], the crystal structure of the
former has been studied by X-ray diffraction. The results show that the anion is linear
at the gold atom and that each gold is involved in four short Au - - - S contacts to four
different TTFPh, units of two different stacks. TTFPh, stacks are formed parallel to
the x-axis, the two independent cations alternate and are not parallel to each other. The
anions are arranged in the interstices with the C—Au—C axis approximately perpen-
dicular to the stack. The conductivity of the complex at room-temperature is 6 = 150
Sm ™! and the dependence of the conductivity with the temperature is typical of
semiconductor behavior.
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3.23
Cationic Pentafluorophenylgold(l) Derivatives

The gold(I) complex [Au(C¢Fs)(tht)] reacts with [Ph,PCH,PPh,;Me|ClO, to give the
compound [Au(C¢Fs)(Ph,PCH,PPh,Me)|ClO, [84] whose IR spectrum displays the
bands due to the anion at 1100 and 625 cm ™' and also two bands at 950 and 795 cm ™'
due to the pentafluorophenyl group linked to the gold(I) center. When the neutral
gold(I) complex is treated with [MePh,PCHPPh,Me]CF;SOj; the ylide complex [Au
{CH(PPh,Me),}(C4Fs)]CF3SO5 [85] is obtained. In the IR and in the YF{'H} NMR
spectra the pentafluorophenyl group bonded to the Au(l) is seen and in the
31P{1H} NMR spectrum a singlet at 22.7 ppm is observed. In the 'H NMR spectrum
a doublet at 2.22 ppm for the methyl group and a triplet at 4.28 ppm due to the
methylide bridge are observed in addition to the signals of the phenyl groups. The
structure of this complex was studied by X-ray diffraction. The gold atom is in an
almost linear environment and it is bonded to two kinds of carbon atoms: one of a
pentafluorophenyl group (2.029(6) A) similar to the distances found in complexes
where the Au-C¢Fs is trans to the ylidic carbon) and the other from an ylidic ligand
(2.112(6) A): the two Au—C distances are very different. There are no Au—Au
interactions because of the bulky ligand.

The complex [Au(CgFs)(Ph,PCH,PPh,Me)] can be treated with acids such as HC]
or HBF, to give the cationic complexes [Au(CgFs)(Ph,PCH,PPh,Me)]X (X = CI, BF,)
which behave similarly to the compound [Ph,PCH,PPh,Me]ClO, When the reaction
is carried out with the same starting material and [AuCl(tht)], apart from displace-
ment of the thtligand, a rearrangement takes place and a cationic ligand is obtained.
This ligand can also be obtained by reaction with [Au(tht),]ClO, instead of [AuCl(tht)]
(Equation 3.9)

MePh:-CIH-PPhg-A u-C¢Fs
[Au(CsF5)(PhaPCH:PPh;Me)] +[AuCl(tht)] — !iu [AuCls] (3.9
MePh,-CH-PPhy-Au-C4Fs

By treating [Au(C¢Fs)(Ph,PCH,PPh,Me)|ClO, with [Au(acac)(PPhs)] in a molar
ratio 1:2, the methylene protons are substituted and the trinuclear complex [Au
(C6Fs5){(PPh,C(Au(PPh;)),PPh,Me)]ClO, [86] is obtained. This complex shows three
resonances in the *' P{'H} NMR spectrum with relative intensities 2: 1: 1 (37.6 ppm
PPhs; 44.9ppm AuPPh, and 23.7ppm PPh,Me). The F{'H} NMR spectrum
displays the typical pattern for the pentafluorophenyl groups bonded to Au(I).

The neutral complex [Au(CgFs)(Ph,PCHPPh,Me)] [84] is obtained by reacting the
cationic Au(I) complex [Au(C4Fs)(Ph,PCH,PPh,Me)]|ClO, with NaH. The *'P NMR
spectrum shows a multiplet at 25.0 ppm that corresponds to the P atom coordinated
to the gold atom, the other P atom gives a signal at 17.5 ppm, Jipp) is 70.9 Hz. In the
crystal structure of this complex the gold(I) center has an approximately linear
coordination, with an angle P—Au—C = 174.8(2)°, the distances and angles between
the carbon atom and the phosphorus in the phosphine ligand are similar to the angles
and distances found in complexes containing the bidentate bis(diphenylphosphino)
methanide.
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324
Di and Polynuclear Pentafluorophenylgold(l) Derivatives

Two different strategies can be used for the synthesis of di- and trinuclear
pentafluorophenylgold(l) derivatives using [Au(C4Fs)(tht)] as one of the starting
materials.

(a) Reaction of [Au(CgFs)(tht)] with potential polydentate ligands in the appro-
priate ratio to form the corresponding polinuclear derivatives.

(b) Reaction of [Au(C¢Fs)(tht)] with a gold complex containing either a coordina-
tion site in the molecule (a vacant donor atom) or a center that can be
transformed into a donor site through a simple reaction.

We present examples of both methods in Tables 3.4 and 3.5, respectively.
characterization of the new complexes by X-ray diffraction studies shows many
examples of short intramolecular Au—Au contacts, in addition to intermolecular
Au—Au contacts as observed in mononuclear pentafluorophenylgold(I) derivatives.
YE{1H } NMR spectroscopy is a very good tool to obtain data about the structures. As
there are not many F atoms, the NMR spectra are clean and usually three groups of
resonances are observed for one C¢F5 group. Thus, the presence of six resonances, or
better two p-F signals, means that two different C¢Fs groups are present in the
molecule. Occasionally, there are five signals for one C¢Fs group, which indicates that
free rotation about the ipso carbon is not possible and the m-F and o-F are not
equivalent. In addition, a phosphorous atom trans to a CgFs group should lead to
broadening of the signal due to coupling with o-F.

The synthesis of di- or tri-nuclear pentafluorophenyl derivatives by the use of
polydentate ligands with [Au(CgFs)(tht)] is quite a general procedure as shown in
Table 3.4. Many of these complexes have been characterized by X-ray diffraction and
show short Au - - - Au contacts as in [(CeFs)Au(SdppmS)Au(CeFs)] [88] of 3.163(1) A or
in the dinuclear complex [57] shown in Figure 3.8 of 3.4671(9) A.

One example of the aforementioned F{'H}NMR spectra with five fluorine
resonances for one C¢Fs group is the complex [(CgFs)Au(u-S,CPR3)Au(CyFs)] [89]
(R3=(CeH11)3, Ets, Bus, PhMe, or PhEt,). The rotation about the ipso carbon is
hindered and so the five F atoms are inequivalent.

When (PPh,CH,);CCHj reacts with [Au(CgFs)(tht)] two possible products can be
obtained depending on the molar ratio of the starting materials, if a ratio 1: 3 is used
the trinuclear complex [{Au(C¢Fs)}3{(PPh,CH,);CCH3}] is obtained, but when the
ratio is 1:2 only two phosphorus atoms are coordinated to the gold atoms and the
third one is oxidized [{Au(CeFs)}.{(PPh,CH,),C(CH3)CH,PPh,0}], even when
working under inert atmosphere [91].

Another property that should be present in this type of complex is photolumines-
cence; in recent decades this has attracted the attention of many gold researchers. It
may well be possible, that many older complexes might also be photoluminescent but
have simply not been studied. [{Au(CgFs)},{(P'Pr,),CH,}] [93] in the solid state at
room temperature shows an excitation maximum at 335nm and an emission



3.2 Pentafluorophenylgold(l) Derivatives

Table 3.4 Di and trinuclear pentafluorophenylgold(l) derivatives
using as starting materials polydentate ligands.

Ligand Polynuclear complex Ref
4,4'-bipy [(CFs)Au(4,4’-bipy)Au(CeFs)] [46]
CH(PPhy)s [CH{PPh,Au(CqFs)}s] [59]
bis(diphenylarsino)methane (dpam) [(C6Fs)Au(p-dpam)Au(CgFs)] [29]
bis(diphenyphosphino)amine (dppa) [(CsFs)Au(p-dppa)Au(CeFs)] [87]
bis(diphenyphosphino)methane [(C6Fs)Au(p-SdppmS)Au(CsFs)] [88]
disulfide (dppmS,)

Sch(C6H11)3 [(C(,F;)Au(u-SZCP(C(,H11)3)Au(C6F5)] [89
S,CPEt; [(CeFs)Au(u-S,CPEts) Au(CoFs)] 89
S,CPBu, [(CFs)Au(u-S,CPBus)Au(CqFs)] 89
S,CPPhMe, [(CoFs)Au(-S,CPPhMe,)Au(CgFs)] 89
S,CPPhEt, [(CFs)Au(u-S,CPPhEL,) Au(CgFs)] 89
bis(diphenylphosphino)ferrocene (dppf) [Au,(CFs)2(dppt)] [90
(PPh,CH,);CCH; ratio 1:3 [{Au(C4Fs)}3{(PPh,CH,);CCH;}| [91

(PPh2CH2)3CCH3 ratio 1:2
(PPh,),C=CH,

(P'Pr,),CH,

Ph,PC=CPPh, (dppa)
Ph,PCH,PPhCH,PPh, (dpmp)
3,4-(NHPPh2)2MeC6H3
1,2-(NHPPh,),CcH,4

Ph,PCH,CH,PPhCH,CH,PPh, (triphos)

Py,NH

1,2-bis(1,3,2-dithiaphospholan-2-ylthio)ethane

bis(3,5-dimethylpyrazol-1-yl)methane

[{Au(CeFs)}2{(PPh,CH,),C(CH;)CH,PPh,0}][91

(
[{Au(CFs)}2{(PPhy),C=CH,}]
[{Au(CsFs)}2{(P'Pr,)2,CH,}
[{Au(CsFs)}2(dppa),]
[{Au(CsFs)}5(n-dpmp)]
[MEC(,Hg(NHPthAuCGFS)z]
[C(,H4(NHPPh2AuC(,F5)2]
[Au(CqFs)}3(p-triphos)]
[Aua(CoFs)o(p-Py,NH)]

5 | S | S
Au Au
F F F F
F F F F
F F
~d
W
N—N— Au-CgFs

[99]

maximum at 445nm and when the temperature drops to 77K the excitation
maximum is at 327 nm and the emission maximum at 440 nm.

The crystal structure of the dinuclear complex [(C¢Fs)Au(Ph,PC=CPPh,)Au
(C6Fs)] [94] was also studied and it shows that there are discrete molecules without
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Table 3.5 Di and trinuclear pentafluorophenylgold(l) derivatives
using gold complexes as starting materials.

Starting complex Polynuclear complex Ref
[AuC;H,NS,(PPhs)] [(CeFs)AuC;H,NS,Au(PPhs)] [49]
[AuCsH,NS(PPhs)] [(CFs)AuCsH4NSAu(PPhs)| [49]
[SCNAuPPh;] [(CoFs)AuSCNAuPPh;] [80]
[N3AuPPh;] [(CéFs)AuN3AuPPh;] [80]
[AuCl(C4Fs)5_(Ph,PCH,PPh,Me)]  [Cl(CcFs)s_,Au{Ph,PCH,PPh,Me}Au(CsFs)]  [84]
(x=0,1) (x=0,1)
Ph;BzP[(C¢F5)AuSCN] [Ph;BzP][(CsFs)AuSCNAu(C Fs)] [80]
Ph;BzP[(C¢Fs)AuN;] [Ph3BzP][(C¢Fs)AuN3Au(CeFs)] [80]
PPNJ[(C4Fs5)AuSCN] PPNJ[(C4Fs5)AuSCNAU(C4Fs)] 8]
[S(Au,dppf)] [S(AuCqFs)(Audppf)] (100]
[Au{(PPh,),C,BoH 0}(PPhs)] [Au{(PPh,),C;BoH 10} (CsFs)(PPhs)] [101]
[Aus(S,CNMe,) (1-S,CNMe,){ps- — H — [102]
(PPh,);CH}ICIO,
"“"-\
Pthl’ Tph?TPh2
ClOy4
;}U Au | (103]
s L G
Aus(p-d S,CNMe,),Cl
[Auts(-dpmp) (5, CNMea)aCl Prap” e pph
| |
S
S S CoFs [103]
NM92
Pth/\PPh/\PPhE Prop” peh PRh,
| ‘\\\\CI//, | | |
'u 'll-\u A!u AiU Aru A1u CF350,
S 5 CeFs 3 S CeFs [104]
NMe, | NMe, |
Ph, Ph
/P
¢l Au CsFs
I I
CI" "Au Cl" "Au
~NC ~NC
Pr! H pr H
[(C6Fs)AuNH,(CH,),NH,] [(CoFs) AuNH,(CH,),NH,AuC,Fs] [46]
[(CoFs)AuNH,(CH,)sNH,] [(CoFs)AuNH,(CH,);NH,AuC,Fs] [46]
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Figure 3.8 Complex whose structure has been studied by X-ray diffraction.

short Au - - - Au intramolecular contacts. The complex emits weakly at room temper-
ature but has an intense emission at 77 K (room temperature: Aey 370 nm and Aep;s
516 nm; 77 K: Aexe 355 nm and Aepmis 529 nm).

The trinuclear complex [Au;(p-triphos)(CgFs)s] [97] in dichloromethane shows an
absorption around 270 nm and in the solid state at room temperature the complex
does not emit, even using an excitation frequency below 300 nm. At lower tempera-
ture (77 K) the complex emits with a maximum at 450nm. Thus luminescence
properties can be dramatically influenced by the pentafluorophenyl group which
indicates its important contribution to the energy levels involved in the electronic
transitions.

The complex shown in Figure 3.9 [104] is luminescent in the solid state at 77 K with
three emission maxima at 431, 448 and 460 nm. The excitation maxima are at 305 and
370 nm. The origin of the luminescence has been attributed to intraligand transitions
with contributions of charge transfer character.

In addition to the simple reaction of a polydentate ligand with [Au(CFs)(tht)] the
other versatile synthesis of di- and trinuclear derivatives is the use of gold complexes
as ligands.

The anionic complex Ph3BzP[Au(C4F5)X] reacts with the Au(I) derivative [Au(CgFs)
(tht)] to give the dinuclear complex [Ph3;BzP][(C¢Fs)AuXAu(CeFs)] X=SCN or N3 [80].
This reaction gives very low yields of the binuclear complexes because the reaction
does not go to completion and the resulting product is always contaminated with the
starting materials. They can however be separated because they have different
solubilities. The similar anionic complex PPN[Au(C¢F5)SCN] also reacts with [Au
(CsFs)(tht)] forming the complex PPN[(CgFs)AuSCNAu(C4Fs)] [80].

The excess of electron density on the methanide carbon of complex [Au(CgFs)
(Ph,PCHPPh,Me)] [84] causes it to act as a C-donor nucleophile, producing a

2

N—N-— Au-CgFs

N—N-—— Au~CgFs

\\

Figure 3.9 Luminescent dinuclear gold(l) complex.
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Figure 3.10 Trinuclear complex [(Au,S2CNR,)1{(PPh,)3CH}AuU(CgFs)].

binuclear complex [(CgFs)Au{Ph,PCHPPh,Me}Au(CsFs)]. The crystal structure of
this complex was determined by X-ray diffraction and it shows the expected linear
geometry for the gold centers, but this time the geometry of the bidentate methanide
ligand is significantly different to the starting material; this time P—C bonds are
much longer (1.790(10), 1.801(11) A) and P—C—P angle much smaller (114.9(6)°)
which is consistent with the electron donation to the second gold atom. This donation
reduces the electron delocalization over the methanide ligand.

In the preparation of binuclear complexes, the deprotonated N atom is a potential
donor ligand. By adding Na,COj; to a mixture of NBu,[AuBr(C¢Fs)] or [AuCl(PPhs)]
and [Au(Cg¢Fs)(CsHsNS)] the binuclear complexes NBuy[(CgFs)Au(CsHsNS)Au
(C6Fs)] [49] and [(CeFs)Au(CsHsNS)Au(PPhs)] [49] are obtained.

The reaction between [S(Au,dppf)] (dppf = 1,1"-bis(diphenylphosphino)ferrocene)
and [Au(CFs)(tht)] gives the neutral derivative [S(AuCgFs)(Au,dppf)] [100], the
SIP{'"H} NMR spectrum of which shows a singlet at 25.3 ppm.

The crystal structure of the neutral complex [Au,{(PPh;),C,BoH10}(CsFs)
(PPh;)] [101] was studied by X-ray diffraction and it was the first example of a
structure where the anionic diphosphine acts as a bridging ligand. The Au(I) atom
shows a distorted linear coordination geometry (P—Au—P 164.69(7)° and P—Au—C
166.6(2)°) and it has short Au- - - Au contacts (2.9885(8) A).

The trinuclear complex [(Au,S,CNR,)]{(PPh,);CH}Au(CFs)] [102] (Figure 3.10)
has an IR spectra that confirms the presence of the pentafluorophenyl group bonded
to the Au(I) atom. The *'P{'H} NMR spectrum shows a doublet at 43.6 ppm and a
triplet at 41.2 ppm while the "F{H} NMR spectrum shows the typical pattern for
the pentafluorophenyl group bonded to the Au(I) atom.

The two trinuclear complexes [(Au,S,CNR,;)(PPh,CH,PPh,CH,PPh;)Au(CFs)]
[103] (Figure 3.11) are synthesized by treatment of [Aus(U-dpmp)(S,CNMe,),Cl]

AN B N
P pEn “PRh, prop” R pph
| %, | |
ﬁ}u ',I'\u Alu !"iu p}u Alu CF380:
s S CoFs S S CeFs
NMe, NMe,

Figure3.11 Trinuclear complexes synthesized from [Aus (L-dpmp)
(S2CNMe,),Cl] by treatment with [Au(CgFs) (tht)] and AgCF3SO;.
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Figure 3.12 Complex [(CoFs)Au(PPh,CsHsCH,N'PrH)AuCI].

with [Au(CeFs)(tht)] and subsequently the neutral complex thus obtained affords the
cationic complex upon treatment with AgCF3SOj;. Both complexes are luminescent
at room temperature and the solid state emission and excitation spectra at 298 and
77 K have been determined.

The reaction to synthesize the complex [(C4Fs)Au(PPh,CeHsCH,N'PrH)AuCI]
shown in Figure 3.12 [104] is carried out due to the selective displacement of the
N-bound Au—Cl fragment by Au(C¢Fs), leaving the already P-bound AuCl fragment
intact. Itis the firstexample of an AuCl fragment being substituted by an organogold (1)
fragment and, taking into account that only one of the two AuCl fragments is
substituted, the relative P-Au(I) and N-Au(I) bond strengths can be compared. It
should be possible to replace the remaining chlorine atom by treatment with Li(C¢Fs).
The structure of this complex was studied by X-ray diffraction, and shows intramo-
lecular Au - - - Au interactions of 3.1013(10) A.

The weakly attached ligand of the starting complexes [Au(C¢Fs)(tht)] or [AuCl(tht)]
can be displaced by amine groups in such a way that the nitrogen atom is coordinated
to different gold centers [(CeFs)AuNH,(CH,),NH,AuX] (n=2, 3) [46]. The same
reaction can be carried out using another Au(I) complex [Au(OClO3)PPh;] as starting
material to obtain the dinuclear cationic derivative [(C¢Fs)AuNH,(CH,),NH,-
AuPPh;]ClO,.

There are other methods of obtaining di- and tri-nuclear derivatives that do not use
[Au(CgFs)(tht)] and which fit into neither of the previously discussed categories. One
of them uses [Au(CgFs)(SMe,)] [79] but that does not offer better results compared to
the tht derivative. The arylation of [ClAu(dppe)AuCl] with (C¢Fs)MgBr affording
[(CeFs)Au(dppe)Au(CsFs)] [105] is one example of how to make the complex the
complicated way! The synthesis of [Au(CgFs)(tht)] is very easy and displacement of the
tht with dppe cleanly affords [(CeFs)Au(dppe)Au(CsFs)] without the need of a
Grignard reagent and hydrolysis procedures.

Of the two methods generally used, one is the use of Q[Au(C4Fs)X] (Q =large
anion such as PBzPh;, PPh;Me, NBuy, PPN; X = Cl, Br, I). Thus, the reaction of the
anionic gold(I) derivative Ph3BzP[(C¢Fs)AuX] with AgClO, leads to formation of the
anionic dinuclear complexes [Ph;BzP][(CeFs)AuXAu(CsFs)] [80] X=SCN or Nj.
PPh;Me[Au(CgFs)Br] reacts with 1,2-(SH),C;B1oH1o to give the anionic derivative
PPhsMe[Au(CgFs),(1L-S2C2B10H10)] [106]. When the complex [Au(CgFs)(PPh,CCH)]
reacts with NaOMe/MeOH in the presence of PPN[Au(CFs)Cl] the alkynyl derivative
PPN[Au(CsFs)(PPh,CC)Au(CgFs)] [53] is formed. The reaction of sodium metal with
4,5-bis(benzoylthio)-1,3-dithiole-2-selenone followed by the addition of PPN[Au
(C6Fs)Cl] leads to the dinuclear complex (PPN);[Au,(dmise)(CgFs),] [107]. The

13



114

3 Pentafluorophenyl Gold Complexes

reaction of Na,dmit (dmit= 2-thioxo-1,3-dithiole-4,5-dithiolate) with Q[Au(CsFs)X]
(Q =NBuy, PPN; X = Cl, Br) gives the anionic complexes Q,[Au, ([t-dmit) (CeFs),] [108]
which show characteristic bands of dmit and two bands due to the pentafluor-
ophenyl groups at 950 and 970 cm ™" in the IR spectrum. When these complexes
react with (TTF);(BF,), (TTF =tetrathiafulvalene) the highly insoluble complex
(TTF)[Au,(dmit)(CeFs),] is obtained. Elemental analysis of this complex s the basis
for the proposed stoichiometry. The IR spectrum shows a band at 1350 cm ™" due to
the C3Ss™~ group.

Other methods to synthesize this type of complexes involve the use of acetylace-
tonate gold complexes as deprotonating agent. This is used in the preparation of [Au
(CsFs){PPh,CH(AuPPh;)PPh,}Au(CeFs)] [86] from the reaction of [Au(CgFs)
(PPh,CH,PPh,)Au(C¢Fs)] with [Au(acac)(PPh;)] (acac = acetylacetonate). The reac-
tion of [Au(CsFs)(PPh,CCH)] with [Au(acac)PPhs] gives a mixture of [Au(CsFs)PPhy]
and [Au(C4Fs)(PPh,CC)AuPPh;] [53].

When complexes such as [RCsH3(NHPPh,AuC¢Fs),] are reacted with NBuy(acac)
the anionic derivatives [NBuy][RCqH3;{NHPPh,AuCsFs) {NPPh,AuCFs)}] [96]
(R=Me, H) are obtained.

Complexes [Auy(CsFs),(1-2-CsH4PR;),] (R = Phand Et) are not thermodynamically
stable and when a solution of these complexes (in d®-toluene) is heated to 90 °C for 48 h
the complexes are transformed into [Au,(CsFs),(1-2,2'-R,PCeH4CsH4PR,)] [109, 110]
(R = Ph and Et) as the main product and [(C¢Fs),Au' (u-2-C¢H,4PR,),Au'] (R = Phand
Et), respectively. The structure of the two main products has been studied by X-ray
diffraction, the gold(I) atoms are in a slightly distorted linear arrangement and the
Au—C and Au—P distances are in the range of distances for similar complexes. The
31P{IH} NMR spectra shows in both cases a triplet (36.3 ppm for R=Ph and
32.8 ppm for R = Et with J=6.3 Hz in both cases) and the "’F{'H} NMR spectra
show the typical pattern for the pentafluorophenyl group bonded to the Au(l) atom.
The Au - - - Au distances suggest that there are aurophilic interactions in the molecule
when R = Ph while for R = Et these interactions are not observed. Orthometallated
complexes with AsPh, show similar behavior and the dinuclear complex shown in
Figure 3.13 [111] was obtained and characterized.

The dinuclear gold(I) pentafluorophenyl carbene derivatives [(C¢Fs)Au{C(NHR)
(NH(CH,),,NH,)}AuCgFs] [46] can be obtained by reacting the Au(I) complex [(CFs)
AuNH,(CH,),NH,] with [(C¢Fs)AuCNR] (n=2,3 and R = Ph, Tolyl).

F
F. F
O Phy F
As— Au F
As—au  F
Oy
F F
F

Figure 3.13 Dinuclear complex with AsPhs.
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Polynuclear Au(I) pentafluorophenyl complexes can also be obtained by reaction of
[Au(CgFs)(tht)] with polydentate ligands or with gold complexes that still have
different coordination sites or can be created before the subsequent reaction. The
ligands or complexes that react with [Au(CgFs)(tht)] and the complexes obtained are
listed in Table 3.6.

During the reaction to obtain the unexpected pentanuclear Au(I) complex
[Aus(CsFs){(SPPh,),C},PPhj;] [112] the only side product identified was [Au(CgFs)
(PPh;)] and the yield, based on gold, was high (see Figure 3.14). The structure was
confirmed by X-ray diffraction although the precision was poor.

The molecule can be seen as a cluster of three gold atoms bridged by two
(Ph,PS),C*" ligands although distances are longer than found in gold clusters
(Au(1)-Au(2) 2.989(6); Au(1)-Au(3) 3.226(7) and Au(2)-Au(3) 3.182(7) A). The oxida-
tion state of all the gold atoms in this molecule should be + 1.

The tetranuclear Au derivative [{Au(CgFs)}4(PPh,),TTF] [113] shown in Figure 3.15,
has a *'P{'H} NMR spectrum showing a singlet at 21.3 ppm. The UV/Vis spectrum

Table 3.6 Polynuclear complexes.

Ligand or starting complex Complex Ref
[(SPth)ZC(AuPPh3)2] [Au5(CGFS){(SPth)ZC}ZPPhﬂ [112]
(PPh,),TTF (TTF = [{Au(CgFs)}(PPhy) TTF] [113]
tetrathiafulvalene)
Ph,PC(S)N(H)Me H.,_\N/ H\N/ [54]
PhQP)“\S sl)\ r’=|='h2
Alu---- AIU---AJU----?U 54
CgFs CeFs CeFs CoFs
[Au{Ph,PC(S)NMe}], N” Au—CgFs
N
Ph,P ?

|

}?U“" Ji\u

S _PHPh,

N|
CGFS - AU/ ™~

[Ph,PCH (PPh,AuPPh,), [{(C¢Fs)Au}Ph,PCH (PPh,AuPPh,),CHPPh, [59]
CHPPh,][ClO,], {Au(CeFs)J][ClO4],
[Ph,PC(PPh,AuPPh,), [{(CoFs)Au}Ph,PC(PPh,AuPPh,),CPPh, [59]
CPPhy) {Au(CeFs)]
[X(Ph,PAuPPh,),X] [(CoFs)AuX(Ph,PAuPPh,),XAu(C,Fs)] [114]

X=CHoN
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Figure 3.14 Structure of the [Aus(CgFs){(SPPh;),C},PPh;] complex.
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Figure 3.15 Tetranuclear derivative.

ShOwS Apax (NM) (8, M~ 'cm ™) at 212(10699), 272 (27577), 325 (14712) and 485 (668)
and the cyclic voltamogram shows the E}/ =0.76V and Ef/ =1.16 V.

The F{'H} NMR spectrum of the 2complex [54] in léigure 3.16, shows two
inequivalent pentafluorophenyl groups meaning that there are two types of mag-
netically different Au(C4Fs) units in the molecule. The 3'P{!H} NMR spectrum
shows a singlet at 60.0 ppm.

The crystal structure of this complex was determined by X-ray diffraction and the
sulfur coordination to the Au atom was confirmed. In this structure all the distances
are in the ranges found for similar molecules but inter- and intramolecular Au - - - Au
contacts are longer that those in other similar molecules.

A tetranuclear derivative with the same type of ligand is depicted in Figure 3.17 [54].
In the IR spectrum the vibration due to the C=N bond is observed at 1592 cm ™ '. The
31P{'H} NMR spectrum shows a singlet at 48.0 ppm.

The PPh, groups of complexes [Ph,PCH(PPh,AuPPh,),CHPPh,][ClO4], and
[Ph,PC(PPh,AuPPh,),CPPh,] can react with gold(I) derivatives such as [Au(C¢Fs)
(tht)] to give the cationic [{(C¢Fs)Au}Ph,PCH(PPh,AuPPh,),CHPPh,{Au(CsFs)}]
[C1O4], or the neutral [{(C¢Fs)Au}Ph,PC(PPh,AuPPh,),CPPh,{Au(CsFs)}] tetranuc-
lear complexes, respectively [59].

The reaction of [Au(CgFs)(tht)] with the dinuclear derivative [Au{PPh,CH(CSS)
PPh,Me),][ClO4] [115] affords the tetranuclear complex [Au{PPh,CH(CSS{Au
(CgFs)})PPhyMe},][ClO,] [116]. This black solid changes color to orange when
exposed to vapors of acetone, ethanol, methanol, tetrahydrofuran and others. This

H"'--.N/ H\N/

Php” g S)\Pphg

N T B

A|u----A|u---Aru----i’\u
CsFs CgFs CgFs Csls

Figure 3.16 Tetranuclear complex with inequivalent pentafluorophenyl groups.
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Figure 3.17 Tetranuclear derivative.

vapochromic behavior is reversible within seconds when exposure to solvent vapor
ceases. This property has been utilized for the development of a fiber optical sensor
for the detection of vapors of organic compounds (VOCs) [117, 118]. The structure of
both complexes has been established by X-ray diffraction studies [115, 116].

3.25
Heteronuclear Pentafluorophenylgold(l) Complexes

3.2.5.1 Heteronuclear Pentafluorophenylgold(l) Bismuth Complexes

A transmetallation reaction was used to synthesize the complex [Au(C¢Fs),][Bi
(CeH4CH;,NMe,-2),] [119] and the crystal structure of the complex was studied by
X-ray diffraction. This is the first example of metallophilic interactions of the Bi(III)
atom and this is the most interesting characteristic of this complex, the presence of
Au - - - Bi distances of 3.7284(5) A.

3.2.5.2 Heteronuclear Pentafluorophenylgold(l) Tin Complexes

The tin compounds [SnR,(SCsH4PPh,);] (R = Me, Ph, 'Bu) react with [Au(C¢Fs)
(tht)] to give the trinuclear complexes [SnR,{(SCsH4PPh,)Au(CsFs)},] [120] which
show a broad singlet in their *'P{'H} NMR spectra (R =Me, 37.0ppm, R = ‘Bu,
35.6 ppm, R = Ph, 36.2 ppm). The molecular structure of the complex where R = '‘Bu
was studied by X-ray diffraction showing a linear coordination of the Au(I) center
(177.5(3) and 176.0(3)°).

3.2.5.3 Heteronuclear Pentafluorophenylgold(l) Thallium Complexes

The reaction of Li[Au(C¢Fs),] with TINO; in the presence of OPPh; leads to the
formation of the mixed-metal complex [TI(OPPhs),][Au(CeFs)], [121, 122] which
was the first example of a extended unsupported Au-T1 linear chain. The same
reaction with the tetrabutylammonium salt instead of the lithium salt does not give
any product, only the starting materials are recovered. However, the product can be
obtained by treatment of [Au(C4Fs),Cl(PPhs)] with thallium acetylacetonate. The
structure of the complex was studied by X-ray diffraction; it shows that the two
independent gold atoms lie on an inversion center and display an exact linear
coordination to the pentafluorophenyl groups. The Tl center is bonded to two
OPPh; ligands with TI—O distances of 2.483(3) and 2.550(4) A. The geometry
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around the gold atom is almost square planar, including the metal-metal interac-
tions, and thatat the thallium is distorted trigonal bipyramidal. TI—Au distances are
3.0358(8) and 3.0862(8) A, nearly equal and similar to the sum of the Tl and Au
metallic radii (3.034 A). The complex is luminescent both at room temperature and
at 77 K in the solid state [123].

The complex [T1(bipy)]o[Au(CeFs),] [122, 124] was obtained by treating NBuy[Au
(C6Fs),] with TIPF and 4,4"-bipyridine. The structure of the complex was studied by
X-ray diffraction and the asymmetric unit shows a thallium atom bonded to two
bipyridine ligands and a [Au(CgFs),]~ unit. The Au—TI interaction (3.0161(2)A) is
shorter than the sum of thallium and gold metallic radii and there are also Au - - - Au
contacts of 3.4092(3) A that forms linear tetranuclear moieties with an unusual
Tl—Au—Au—TI arrangement. The structure of the complex can be described as an
infinite three-dimensional polymer. In the solid state it shows very intense lumines-
cence both at room temperature and at 77 K.

The reaction of NBuyAu(C¢Fs),] with TIPF¢ leads to the complex [AuTl
(CgFs)a] [125] which can react with different ligands in a similar manner than the
gold-silver complexes discussed later. Thus, it can react with Tl(acac) to give the
complex [AuTls(acac),(CgFs)a] [122, 125]. The crystal structure of this complex was
studied by X-ray diffraction. It contains Tl,(acac), and [AuT](C¢Fs),] units linked via
two T1—O bonds (2.577(3) A); there are also unsupported Tl - - - T] contacts (3.7200(4)
and 3.7607(4)A) and the Tl,(acac), unit links only one [AuTIl(CgFs),] fragment
forming a double chain unidimensional polymer with a TI- - - Au distance 3.0653
(4) A. The complex is luminescent at room temperature in the solid state showing a
single emission at 429nm (exc 364 nm) but at 77 K it displays two independent
emissions with two different excitation profiles at 427 and 507 nm.

When [AuT)l(CgFs),], reacts with DMSO the complex [TL{Au(CeFs),}.{u-
DMSO0}5],,[126] is obtained. The crystal structure of this complex shows unsupported
Au---Tl interactions that range from 3.2225(6) to 3.5182(8) A but there are no
Tl- - - Tlinteractions. There are Au - - - Au interactions of 3.733 A and the gold centers
are almost linearly coordinated to two pentafluorophenyl groups. The complex is
strongly luminescent both at room temperature (emits at 440 nm (exc.390 nm)) and
at 77 K (emits at 460 nm (exc. 360 nm)).

The complex [AuT](C¢Fs),], reacts with ethylenediamine to give the complex
shown on the left in Figure 3.18. This complex reacts in tetrahydrofuran with 1
equivalent of acetone to give the condensation product (shown on the right in
Figure 3.18). With 2 equivalents of acetone the bis-condensation product is formed.
Similarly, two equivalents of acetophenone also gives the bis-condensation product as
shown in Figure 3.18 [127]. It seems that the acidity of the thallium center has some
influence on the mechanism of each condensation. The crystal structure of the bis-
acetone condensation product was studied by X-ray diffraction and shows polymeric
chains where Au(I) centers are in a square-planar environment. The ethylenediamine
complex reacts in the solid state with ketone vapors at room temperature displaying
an irreversible color change from green to yellow. The same behavior is observed in
the other two complexes. All these complexes are brightly luminescent in the solid
state at room temperature.
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Figure 3.18 Au—TI| complexes obtained by condensation
reactions and their respective luminescent behavior.

3.2.5.4 Heteronuclear Pentafluorophenylgold(l) Silver Complexes

Many heteronuclear complexes have been obtained, as was shown for polynuclear
gold derivatives, by reaction of the appropriate gold complex with silver salts and the
silver center bonds to one free donor center in the starting complexes. That s the case
in the reaction of [Au(C¢Fs)(Ph,PCH,SPh)] with AgCF;3SOs (in the ratio 2 : 1) or with
AgCF;CO, (in the ratio 1:1 and 1:2) that leads to the formation of the complexes
[Au,Ag(CFs),(Ph,PCH,SPh),|(CF3SO03), [Au,Ag,(CeFs)a(CF3CO,),(Ph,PCH,SPh),]
and [AuAg,(C4Fs)(CF3CO,),(Ph,PCH,SPh)] [128], respectively. The *F{*H}NMR
spectrum shows the pattern of the pentafluorophenyl group bonded to the Au(I) atom
and a singlet around —77 ppm for the CF3;SO3 group and —73 ppm for the CF;CO,
group. The crystal structure of the complex [Au,Agy(CeFs)y(CF3CO,);
(Ph,PCH,SPh),] was studied by X-ray diffraction, the gold atom is in an approximately
linear environment (170.16(9)°) and the Au—C and Au—P distances are similar to
those in other complexes.

The reaction of silver perchlorate with the complex [Au(CgFs)(Ph,PCHPPh,Me)]
gives the trinuclear heterometallic cationic complex [{(C¢Fs)AuPh,PCH (PPh,Me)},Ag]
ClO, [84].

The polynuclear derivatives [{AuAg(CeFs),L},] [129, 130] were prepared by react-
ing the gold derivatives NBuyJAu(C¢Fs),] with Ag[ClO,], the polymeric complex
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obtained this way [{AuAg(CsFs),}y] reacts in dichloromethane with a neutral ligand
(L) to give the final product. Examples with many different ligands including
tetrahydrothiophene, pyridine, 2,2'-bipyridyl, 1,10-phenantroline, ethylenediamine,
1,3-propylenediamine, pyridine N-oxide, OPPhs, SPPh;, PPh,Me, CgH;,4, CgHs,
CgH1,, C;Hg, CcHyg, C,Ph,, OCMe,, C¢Hg, CsHsCH3, OCHj3 have been prepared.
Complexes with the ligands OPPh;, SPPh;, PPh,Me do not precipitate but evapora-
tion of the reaction mixture and subsequent extraction of the residue with Et,O
followed by removal of QClO, and concentration of the filtrate, leads to the solid
complexes. On the other hand, the lability of the C,Ph;, ligand (Equation 3.10) can be
used for syntheses of arene complexes:

[{AuAg(CgFs),0.5C,Ph, }, | 4 arene — [{AuAg(C4Fs), (arene)}, ] + 0.5 C;Phy
(3.10)

The crystal structure of some of these complexes (L =tht, benzene, acetone and
acetonitrile) [129-131, 140] has been studied by X-ray diffraction. All of them are
polymeric chains that repeat the structural unit shown in Figure 3.19 through short
Au - - - Au contacts, but the magnitude of these contacts depends on the nature of the
ligands (see Table 3.7); such contacts are well known for Au(I) complexes although
this distance for the complex [{AuAg(CsFs),(tht)},] is the shortest observed in the
absence of any bridging ligands.

The short Au - - - Ag contacts may be due to some degree of metal-metal bonding
which means that these were the first reported Au—Ag bonds. The complexes with
acetone and acetonitrile shown are also the first reported examples in gold chemistry
in which the pentafluorophenyl ligands act as a bridge between Au and Ag centers.
This type of behavior is generally more common in Pt chemistry.

Another process that leads to the formation of some of the complexes described
above is the addition of [Au(CgFs)L] to etheral solutions of [Ag(CsFs)]. Because of the
easy preparation and stability of NBuyAu(CsFs),] which can be stored without
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Figure 3.19 Short gold contacts in the polymeric complexes.

Table 3.7 Au---Au and Au - - - Ag contacts of the polymeric derivatives.

Complex Au - - - Au contacts (i\) Au - - - Ag contacts (i\)
[{AuAg(CgFs)(tht)}] 2.889 2.726 and 2.718
[{AuAg(CeFs)2(CeHe) 3.013 2.702 and 2.792
[Au,Ag,(CeFs)4(OCMey),]n 3.2674(11) 2.7903(9) and 2.7829(9)
[

Au,Ag,(CeFs)4(N=CCHs),, 2.8807(4) 2.7577(5) and 2.7267(5)
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decomposition atroom temperature for months, the former method is however more
convenient for the preparation of these polynuclear complexes.

The complex [AuyAg;(CeFs)4(OCMe,),], [131] luminesces both at room tempera-
ture and at 77 K. Even though the excitation profile is complicated, there is a maximum
at 468 nm that leads to a maximum emission band at 546 nm at room temperature.
When the temperature is 77 K the maximum emission is shifted to 554nm. The
lifetimes are on the nanosecond time scale (t; = 68(5) s, T, = 298(19) ns). Taking into
account the lifetime values and the small Stokes shift, it can be said that the emission is
fluorescence and it is believed to originate from a gold-centered spin allowed
transition. The blue shift observed with increasing temperature is consistent with
an increase in the Au—Au separation as a result of thermal expansion. The optical
behavior changes when the solid is dissolved in acetone, giving a colorless solution. In
this case, the excitation peak appears at 332nm and the emission at 405 nm; the
emission probably arises from the pentafluorophenyl localized nn* excited states,
although n-MMCT transitions cannot be excluded. This behavior suggests that in
dilute solutions the Au—Au interactions are lost. It was also observed that changes in
the concentration of the solution induces changes in the excitation and emission
wavelengths and as a consequence a deviation from the Lambert-Beer law.

The addition of a further equivalent of neutral ligand to a suspension of [{AuAg
(CgFs),L}n] in dichloromethane leads to a colorless solution which upon addition of
n-hexane precipitates complexesof the type [AgLL'|[Au(CsFs),] with L= Py, L' =py or
L=phen, bipy, L'=PPh;. Taking into account all available data, the probable
formation of these complexes is shown in the Equation 3.11:

[{AuAg(CoFs),L},] + nL' — n[AgLL]* [Au(CoFs),]” (3.11)

Similarly, in the presence of acetone or another solvent, the equilibrium shown in
Equation 3.12 should be present.

[{AuAg(CgFs),L} ]+ nS — n[L-Ag-S] " [Au(CgFs),] (3.12)

In accordance with that, the silver derivative reacts with [NBuy][Au(C¢Fs),] in the
presence of pyridine to give the complex [Ag(py);][Au(CsFs),]-py [132].

All these complexes change their color when dissolved and some of them have
been used to develop optical fiber sensors [116] for the detection of VOCs. Thus,
[{AuAg(C¢Fs),(phen)},] was used to develop an optical fiber sensor [133] able to detect
different concentrations of acetone vapor using a laser source of 1550 nm. This
sensor was also able to detect acetone in water solution. A study of the change in the
mass of the solid complex when exposed to acetone vapor was carried out. The results
show a mass increase in the presence of acetone vapor and a gradual loss of weight
when the vapor source is removed. In order to prepare these complexes more safely
Ag(CF;S03) may be used instead of the potentially explosive AgClO,, without
reduction of yields.

The complex where L = CgHsC= CCgHjs [134] was also used to develop an optical
fiber sensor as the complex changes color from dark yellow to pale yellow. The sensor
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was tested at different laser wavelengths and also with an 850 nm LED and for three
different solvents (methanol, ethanol and acetic acid) and five concentrations of those
solvents using the LED source.

With the complex where L = pyridine an optical nanosensor was developed [135—
137], the method used to fix the vapochromic material to the optical fiber was the
electrostatic self assembling method (ESA) and the light source used was an 850 nm
LED. The sensor was tested for two different alcohols (ethanol and methanol) and it
was possible to distinguish between different concentrations. It was also possible to
discriminate between the two different alcohols.

The complex obtained when L = 2,2'-bipyridine was used in the development of an
optical fiber sensor that works in the reflection mode [138]. The sensor response for
three different VOCs with four different concentrations each was studied and it was
shown that the sensor responded to the three VOCs and that it was possible to
distinguish between the different concentrations.

3.2.5.5 Heteronuclear Pentafluorophenylgold(l) Copper Complexes
The reaction of the complex [Au(C4Fs)(Ph,PCH,SPh)] with [Cu(CH;CN)4]CF;SO;
leads to formation of the complex [128] [Au,Cu(CgFs),(Ph,PCH,SPh),](CF;3S0s).

The unsupported Au(I) - - - Cu(I) interactions were first described in the complex
[Cu{Au(CsFs),}(N=CCHj3)(1-C4H4Ny) ], [139] which was obtained by reaction of
[AuyAgy(CeFs)4(N = CCHj3),), with CuCl and pyrimidine. The crystal structure of
the complex shows that there are no Au - - - Au interactions (the distance is longer
than 6A) and the Au---Cu distance is 2.8216(6) A. The complex is strongly
luminescent both at room temperature and at 77 K in the solid state with a broad
unstructured emission at 525nm (max excitation 390nm) and 529nm (max
excitation 371 nm), respectively and it also shows some degree of rigidochromic
effect. In solution the complex is also luminescent but the behavior depends on the
solvent.

The complex [Au,Ag,(CeFs)4(N =CCHjs),], [140] was treated with CuCl and the
analogous complex [Au,Cu,(C¢Fs)4(N =CCHj3),], [140] was obtained. The crystal
structure of both complexes was studied, and as in the other complexes of this kind,
they have Au(I) - - - M(I) interactions as well as Au- - - Au interactions. Both com-
plexes are brightly luminescent in the solid state at room temperature and at 77 K.
In acetonitrile solution a gradual red shift is observed. The luminescence in
solution depends on the concentration, the temperature and the solvent used; the
lack of emission in donor solvents of the complex with Cu can be interpreted in
terms of a quenching effect by coordination of donor solvent molecules to the
copper center.

3.2.5.6 Heteronuclear Pentafluorophenylgold(l) Palladium Complexes

Gold palladium binuclear complexes [141] can be synthesized by reaction of [Au
(CsFs)(tht)] with the palladium derivative trans-[pdRR’ (dppm),] where R = R’ = C¢Fs;
R =R’'=CCls; R =C¢Fs, R’ = Cl. It was however not possible to distinguish the two
structures for these complexes shown in Figure 3.20:
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Figure 3.20 Possible structures of the PdAu complex.
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Figure 3.21 Trinuclear PdAu, complex.

When the same reaction is carried out in a 1:2 ratio the trinuclear complexes
where R =CgFs (Figure 3.21) and C4Cls are obtained. The crystal structure of the
former was solved by X-ray diffraction. The complex where R = C¢Fs can also be
obtained by reaction of [Au(C¢Fs)(dppm)] with trans-[Pd(CeFs)(tht),]

The reaction between [Au(ClO4)PPh;] and trans-[Pd(CsFs),(dppm),AuCeFs] does
not give a trinuclear complex, rather migration of a C4Fs group occurs giving [Au
(C6Fs)PPh;] and trans-[Pd(CeFs),(dppm),Au]ClO,.

3.2.5.7 Heteronuclear Pentafluorophenylgold(l) Rhodium Complexes

The neutral complexes [Au(CgFs)(PPhPy,)] and [Au(CeFs)(PPys)] were used to
prepare the monocationic complexes [142] shown in Figure 3.22 by reaction with
[Rh,(u-Cly)L,] [L =1,5-cyclooctadiene (COD), 5,6,7,8-tetrafluoro-1,4-ethenonaphtha-
lene (TFB)]. The crystal structure of the complex with R = PPhPy, and TFB as the
diolefin was studied by X-ray diffraction.

3.2.5.8 Heteronuclear Pentafluorophenylgold(l) Iron Complexes
All known pentafluorophenylgold(I) iron complexes are derivatives of ferrocene. In
fact, they are obtained mainly by reaction of [Au(C¢Fs)(tht)] with modified ferrocenes

CeFs @

/

Al ‘
/ = COD, TFB
RNAN /|> |

R =Ph, Py
Z

-...‘

Figure 3.22 Monocationic gold rhodium complex.
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containing donor atoms, resulting in complexes with the Au(C¢Fs) unit bonded to
this donor center as represented by compounds 1-11 [143-154]. Some examples have
been structurally characterized by X-ray diffraction and while some show Au - - - Au

contacts, none show any form of gold-iron interaction.
2
@ P - AU(CSFS)

Phg
D \
P — Au(CqF: @ Au(CeFs;
P u{CeFs) @ u(CgFs!

2

Ph

1a 1b 2

AUCeFs)
p =
T o B p—AY
Fe Ph Fe @ Ph, "G, | CFsS0s

3 4
Au Eﬁi AU
?/\gg ~Cqfs o ?’ s CoFs
@ CeFs AUES/P\@
5 6

\Y @
N sph @\SePh F .
Au{CgFs)
7 8a 8b
=3 3
C\N F /[j,\ l -
~ Fo G NN S NN
Al Fe H J\ (CoFs) Fe I }\
U{Lgls Au H
- P &P & M
[= PPhg {CgFs)

8 10a 10b



3.2 Pentafluorophenylgold(l) Derivatives

4 {
An CgFs Au

CsFs  CeFs
1

The complex obtained with ferrocenylmethylpyrazole (9) is noteworthy because
the structure [151] shows the molecules associated into pairs via intermolecular
Au - - - Au interactions of 3.1204(6) A and these pairs form chains held together by
H---Au and H---F interactions. The 3D supramolecular structure is formed
through additional C—H - - - F hydrogen bonds. These types of H---Fand H- - - Au
interactions are not common in pentafluorophenylgold chemistry.

The reaction of [Au(C¢Fs)(tht)] with the ligands shown in Figure 3.23 also give the
the corresponding Au—Fe complexes [152]. The ligands have several sites that can
coordinate to a metal; the expected coordination is via the quinoline nitrogen because
the 4-amino group donates electrons to the quinoline ring increasing the electron
density at the quinoline nitrogen. However, the unambiguous characterization of
these complexes is difficult because it is possible that the tertiary amine may also be
involved in coordination.

These complexes were tested for in vitro antimalarial activity showing that the
coordination to the Au increases the potency of chloroquine. The ferrocenyl ligands
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Figure 3.23 Ligands that reacts with [Au(CeFs) (tht)].
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are more effective than the gold complexes of chloroquine, especially against the
resistant strains of the parasite.

3.2.5.9 Heteronuclear pentafluorophenylgold(l) manganese complexes

Complexes [(S,CPCy;)(CO)sMn(u-dppm)Au(C¢Fs)|PFs and [(n°-CsH,4Me)(CO),
MnSCPCy;SAu(CFs)] were synthesized by the reaction of [Au(C4Fs)(tht)] with
fac[Mn(CO);(dppm){SC(S)-PCy;}]PFs and [Mn(n’-CsH,Me)(CO),(SC(S)PCys)], re-
spectively. The coordination of the Au(C¢Fs) fragment is different in the two
complexes. In the former coordination is through the diphosphine and in the latter
through the S atom. This complex was the first example of an S,CPR; group acting as
a 4e bridge between two different metals.

3.2.5.10 Heteronuclear Pentafluorophenylgold(l) Chromium, Gold Molybdenum and
Gold Tunsten Complexes

It is possible to obtain heterometallic chromium, molybdenum and tungsten gold
complexes by reaction of [Au(C¢Fs)(tht)] with different metallic compounds includ-
ing the deprotonated [M(=CR)(CO),{R'C(pz);}][BFs] (M=W, Mo; R=DMe,
CsH4Me-4, CsH3Me,-2,6; R’ = H, Me) derivatives, which gives the neutral alkylidyne
metal complexes [M(= CR)(CO),{(CsFs)AuC(pz)s}] [155] in which the bridgehead
carbon atom coordinates to a pentafluorophenylgold moiety. When the gold-
molybdenum or gold-tungsten complexes obtained in this manner are treated with
a further equivalent of the gold starting material or with [AuCl(tht)], complexes
[WAuX(U-CMe)(CO),{(CsFs)AuC(pz)s}] [155] [X=(CsFs), Cl] are obtained. The
13C NMR spectrum of the complex with X = Cl could not be recorded because the
compound is insoluble but the other complex shows a resonance at 288.3 ppm due to
the p-CMe carbon, which means that the ethylidyne ligand does not fully bridge the
metal-metal bond (in that case the resonance should be appreciably more de-
shielded). The C=W group, in both compounds, is relatively unperturbed by the
bond of the AuX group, so the ethylidyne group is likely to remain much closer to the
tungsten. In order to obtain species with metal-metal bonds, the complex where
X = Clwas treated with metal carbonyl anions but only Na[Mn(CO)s] afforded a stable
complex although in very low yield.

The complex [WCo,(u3-CR)(CO)s{(CsFs)AuC(pz);}] [155] (R = Me, CcH4Me-4) was
obtained by reaction of [W(=CR)(CO),{(CsFs)AuC(pz)s}] (R=Me, CgH,Me-4)
with [Co,(CO)g]. Reaction of [W(=CMe)(CO),{(CsFs)AuC(pz)s;}] with [Pt(nb)
(PMe,Ph),] gives a mixture of the expected product ([WPt(u-CMe)(CO),(PMe,Ph),
{(C6Fs)AuC(pz);})) and the complex [WPtAu(C,Fs)(iL3-CMe)(CO),(PMe,Ph), {(C,Fs)
AuC(pz)3}] which can be prepared by reaction with [Au(CFs)(tht)].

[Au(CgFs)(tht)] reacts with [W{=CCsH,Me-4}(CO),(cp)] and [W{=CN(Et)Me}
(CO),(cp)] to give [AuW (L-CCeH Me-4)(CsF5)(CO),(cp)] [156]. and [AuW{u-CN(Et)
Me}(CsFs)(CO),(cp)] [157], respectively. The signal for the p-aminocarbyne carbon
atom in the *C NMR spectrum appears at 259.6 ppm for the latter complex whilst the
signal of the former appears low-field shifted (287.4 ppm).

The crystal structure shows that the Au(C¢Fs) fragment achieves the two coordi-
nate 14-electron configuration by accepting an electron pair from the W—C mt-orbital
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localized in the plane. The Au—W and Au—C distances are 2.727(1) A and 2.13(2) A,
respectively. These distances can be compared with the corresponding values in the
complex [AuWBTr (bipy)(CeFs)(CO),(u-CCeH4Me-4)] [156] Au—W =2.752(1) A and
Au—C=1.83(2) A.

Neutral complexes [M(CO),{(PPh,),CHPPh,Au(C¢Fs)}] [158] where M =Cr,
Mo, W can be obtained by reaction of the complexes [M(CO).{(PPh,),CHPPh,}]
with [Au(CgFs)(tht)]. The crystal structure of the Mo complex was established by
X-ray crystallography. The bite angle of the phosphine is 67.62(8)°, similar to that of
the smallest value found for complexes containing chelated Ph,PCH,PPh,. The
molybdenum gold distance is 4.565 A, too long to allow any significant bonding
interaction.

The reaction of the previous complexes with [NBuy][acac] leads to the deprotonation
of the phosphine and formation of the methanide compounds [NBuy[M
(CO)4{(PPh,),CPPh,Au(C¢Fs)}] [158]. Again, the crystal structure of the molybdenum
complex was determined by X-ray crystallography. The bite angle of the phosphine
here is even smaller than that found in the previous complex: 65.14(5)°. The
molybdenum-gold distance is far longer than in the neutral complex (6.172 A).

When [Mo(CO)g] or [Mo(CO)4(NBD)] was treated with equimolecular amounts of
[Au(CgFs)(PPys)], the dark purple complex fac-[Mo(CO);(Py;PAuCsFs-N3)] [52] was
obtained. The *'P{'H} NMR shows a singlet at 43.3 ppm.

All the pentafluorophenylgold(l) complexes whose X-ray structure has been
determined are collected in Table 3.8. Although there are many complexes and,
probably for this reason, it is very difficult to extract any conclusion about the
lengthening of the gold-C ipso distances depending on the atom being trans to the
pentafluorophenyl group. In fact, the Au—C distances in many different [Au(CgFs),] ™
complexes vary from 2.040 to 2.060 A, being even higher, 2.090 in the polynuclear
complexes with silver, copper and thallium. In the later case some electronically
deficient 3¢-2e™ bond has been proposed.

33
Pentafluorophenylgold(lll) Derivatives

The first pentafluorophenyl gold(III) complexes formed by oxidation reactions were
described in 1969. Thus, [Au(C¢Fs)Br,(PPh;)] [30, 35] was prepared by addition of
bromine to the gold(I) derivative [Au(CgFs)(PPhs)] and cis-[Au(CgFs),Cl
(PPh;)] [32, 34, 161] was obtained from the reaction of the dimeric bispentafluoro-
phenylmonobromo thallium(III) [162] and the gold(I) complex [AuCl(PPhs)]. The later
reaction involves precipitation of TIBr and the oxidation of the gold(I) derivative as
the consequence of the transfer of two CgFs groups. The formation of a simple or
double halogen bridge [36] (Figure 3.24) in a first step has been assumed for this
oxidation process, followed by the transfer of the two Cg¢Fs groups to the metal center
via an inner sphere mechanism.

Subsequent halide metathesis reactions of MX (MX = KBr, LiBr, KI and Nal) with
[Au(CgFs),Cl(PPh;)] gave only decomposition products [163], although the corre-
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Table 3.8 Au-C¢Fs distances of pentafluorophenylgold () complexes.

Compound Au-Cirans to (x) Ref
[Au(CFs)PPhs] 2.07(2) (P) 33]
[Au(CgFs)(Ph,PCH,PPh,Me)] 2.057(6) (P) 84]
[(C(,F;)AuS(dppm)SAu(C(,FS)] 2.063(12) 2.058(12) (S) [159]
[Au(CFs)(Ph,C=N—N=PPh) 50]
[Aus(CgFs)s(n’-Fcterpy)] 1.961(12) 1.982(11) 2.012(10) (C)  [154]
[Au(C¢Fs)CNMeCMe=CHS)] 1.993(10) (C) [66]
[Au,{(PPh,),C;BoH 0} (CoFs) (PPhs)] 2.068(8) (P) [101]
[Aus(C6Fs){(SPPh;),C},PPhs] 2.086(82) (C) (112]
[Au(CgFs){Ph,PCH(PPh,Me)}Au(C,Fs)] 2.053(15) 2.011(11) (P,C) 84]
[PPh;Bz][Au(CeFs)Cl] 2.054(17) 2.042(15) (Cl) 78]
Et,N[{Au(CeFs)}3(15-S)] 2.017(14) 2.042(13) 2.019(14) (S)  [75]
(TTEPh,);[Au(CoFs)o] 2.0403) (C) [83]
[{AuAg(CoFs)a(CoHo)}u] 2.063(11) 2.051(11) () [130]
[{AuAg(CeFs),(tht)}] 2.057(12) 2.059(11) (C) [129, 130]
trans-[Pd(CsFs),{dppmAu(CcFs)},] 2.074(7) (P) [141]
[AuW {u-CN(Et)Me}(CeFs) (CO); (cp)] 207(2) (CW) [157]
[Mo(CO)4{(PPh,),CHPPh,Au(C4Fs)}] 2.051(10) (P) [158]
[NBuyJ[Mo(CO),{(PPh,),CPPh,Au(CeFs)}]  2.066(6) (P) [158]
[Au(CoFs) (Fepy)] 2.00(2) (N) [144]
[TI(OPPhs),][Au(CFs)] 2.058(5) 2.053(6) (C) [121]
[SnR,{(SC6H4PPh,)Au(C4Fs)},] 2.052(10) 2.013(11) (S) [120]
[Au{PPh,C(PPh,Me)C(X)S },][Au(CqFs)2] 2.054(7) (C) [115]
[Auz(CFs)s (n-dppm)] 2.039(12) (P) [160]
[MeCgH3(NHPPh,AuCqFs),] 2.056(9) 2.041(9) (P) [96]
PPN[Au(C4Fs)(C=CH)] 2.049(5) (C) [79]
[At>Ag,(CoF5)4(OCMer)ol, 2.086(8), 2.092(7) (C) [131]
[Au,Agy(CoFs)o(CF3CO,),(Ph,PCH,SPh),] 2.056(3) (C) (128]
[Au{CH(PPh,Me),}(CFs)]CF3S0; 2.029(6) (C) [85]
[Au(CgFs)(PPh,CH,Fc] 2.070(5) (P) [147]
[Auy(CeFs),(1-2,2'-Ph,PCeH,CH,PPh,)] 2.02(1), 2.04(1) (P) [109]
[Aty(CoFs)(1-2,2'-Et,PCeH,CoH,PEL,)] 2.056(7) (P) [109]
[TI(bipy)Lo[Au(CcFs)s], 2.048(3) 2.049(3) (C) [124]
[Au(CeFs){N(H)=CPh,}] 2.002(10) (N) 48]
[Au(C(,FS)(PPhZCCH)] 2.059(8) (P) [53]
[{Au(C6Fs)}2{(P'Pr2),CH,}] 2.044(5), 2.046(6) (P) [93]

H,C 2.00(1) (N) (73]

——
{CsFe)Au—N NS
H
2.057(14) (S) [73]

¢
N CH‘_
{CGF5)Au—S:< ]/
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Table 3.8 (Continued)

Compound Au-Cirans to (x) Ref
Ho .~ Ho 2.068(8) (P); 2.029(8) (S) [54]
N )N\ 2.041(8) (S); 2.074(7) (P)

Php” NS 8% TPPh,

I

Au----Au---Au----Au
CsFs C4F CeFs GCioFs

[AuTl;(acac),(CgFs)a) 2.047(5) (C) [125]
S 1.988(4) (N) [153]
S NN
Fe H
AU(CgF<)
[Cu{Au(CgFs),} (N = CCH3)(112-C4H Ny 2.056(5), 2.045(5) (C) [139]
[{Au(CgFs)}(PPh,CCPPh,)] 2.045(8) (P) (94]
2.056(6) (P) [150]
Phy
A
Fe F
@\SPh F .
F
§h2 2.049(5) 2.037(5)(P) [150]
e
Fe F

sePh b

F
9@@ 2.023(7) (N) [151]

[Au,Tl,(CoFs)4(OSMe); 2.057(8), 2.060(8) (C) [126]
F 2.038(5) (As) [111]
F F
O Fhe F
As— Au F
As— Al F .
O Ph, = (Continued)
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Table 3.8 (Continued)

Compound Au-Cirans to (x) Ref
F 2.054(3) (P) [56]
F. N Ph Ph
- /
>—R
F S Au E
F
F F
F F
[Au(CFs)P(SMe)s] 2.043(5), 2.049(6) (P) 57]
[Au(C4Fs)P(SPh)s] 2.041(5) (P) [57]
2.063(10) (P) [57]

(e o)

S } AN § S
Au Au
F. F F F
F F F F
F F
[Au,Ag;(CoFs)a(N=CMe),] 2.055(6), 2.088(6) (C) [140]
[Au,Cus(CeFs)4(N = CMe),] 2.043(5), 2.090(4) (C) [140]
[Au(CFs)tht] 2.014(9), 2.03(1) (S) [41]
[104]
Ph,
P
s/
CeFs. AU
o’ NAu~
u ;N\
pe M
[Au(CFs),][Bi(CsH4CH,NMe,-2),] 2.056(9), 2.028(8) (C) [119]

sponding bromo and iodo-derivatives can be prepared by oxidation reactions of
bromo and iodo-triphenylphosphine gold(I) complexes with the C¢Fs transfer agent
[T](CGFs)ZBr]z.

3.3.1
Mononuclear Pentafluorophenylgold(lll) Derivatives

The most general method of preparing pentafluorophenylgold(IlI) derivatives is
oxidative addition with the appropriate oxidant to the gold(I) complex. The choice of
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Figure 3.24 Formation of simple or double halogen bridges.
oxidant such as halogen, TICl;, [T1(C¢Fs),Br], or [T(Cg¢Fs),Cl], [164] depends
exclusively on the stoichiometry of the desired product.

Thus, complexes with the formula [Au(CgFs)X,L] can be prepared by addition of
the corresponding halogen X, or TICl; to the starting gold(I) compound. It has been
shown that the course of the halogenation is determined by the nature of the ligand L.
In the case of the labile ligands (L=AsPhs [37] and tht [165]) or even with L=
PEt; [166] the addition of X, (X=Cl or Br) gives [Au(C¢Fs)X,L] with a trans
disposition of the halogens; however oxidative addition of TICl; affords the cis
isomer [Au(CsFs)X;(AsPh;)]. However, when L is triphenylphosphine (PPhs) [167]
only chlorination with TICl; gives the corresponding chloro-compound [Au(CgFs)
Cl,(PPhs)] with the cis conformation. Direct halogenation with chlorine, even with a
large excess, gives a mixture of the starting material and [AuCl(PPh;)]. Nevertheless,
[Au(C4Fs)X,(PPhs)] (X = Br, I) can be prepared by direct halogenation of the gold(I)
derivative with bromine or iodine [167].

Neutral ylide, isocyanide and carbene pentafluorophenyl gold(III) complexes with
the general formulae trans-[Au(C¢Fs)X,(CH,PR;)] (PR3 = PPhs, PPh,Me, PPhMe,),
X = Clor SCN) [168], trans-{Au(CFs)X,(CNR)] (CNR = CNPh, CN'Bu, CNCy; X = Cl,
Br, 1)) [65] and trans-[Au(C¢Fs)Br,{C(NHR)(NHR')}] (R=Ph, 'Bu, CeHy;; R =
CsH11, CH,C6Hs, CH3, X = Br, ) [65] are obtained by the simple oxidative addition
of the corresponding halogen to the gold(I) compounds.

Only one anionic trihalopentafluorophenyl gold(I1I) complex with the formula [Au
(CgF5)X3] has been described, NBu[Au(C4Fs)Brs] [39], obtained by the oxidation of
NBu4[Au(C¢Fs)Br] with bromine.

The incorporation of two or even more CgFs units to the gold center can be achieved
by using the thallium dimer [T1(C¢F5),X], (X=Cl or Br) as oxidant. Thus, the
complexes trans-{Au(C¢Fs),XL] with L=PPh; [34, 169], tht [169], CNPh [65] or
ylide [170] (CH,PR; = CH,PPh;, CH,PPh,M,, CH,PPhMe,) and X =Cl are pre-
pared by the reaction of [AuCIL], [Au(isocyanide)Cl] or [Au(ylide)Cl] with the thallium
arylating agent. When L =ylide [170] the reaction gives additional compounds such
as [T1(CeFs)s] and [Au(CH,PR3),][Au(CeFs)4]. If there are two pentafluorophenyl
rings in the starting material —NBuy[Au(C¢Fs),]— only the addition of the halogen
or TICl3 is necessary to isolate complexes with the stoichiometry [Au(CgFs),X5] -
Consequently trans-NBuy[Au(CgFs),X,] (X=Cl, Br, I) [74, 171] are accessible by the
reaction of NBuy[Au(C¢Fs),] with the corresponding halogen and cis-NBuy[Au
(C6Fs),Cly] [74] by addition of TICls. The trans isomer can isomerize to the cis
derivative with heating [74].

Oxidation of the gold(I) derivative [Au(C4Fs)(tht)] with [T1(C¢Fs),Cl], gives the
corresponding gold(III) complex [Au(CcFs);(tht)] [24, 25, 172] which is an excellent
starting material for the preparation of a large number of trispentafluorophenyl
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gold(IIT) complexes with the general formula [Au(C4Fs);L] (see below), by simple
displacement of the labile tetrahydrothiophene ligand. Anionic [Au(C¢Fs)3X]™ and
[Au(CgFs)4]” derivatives are obtained from the oxidative addition of [T1(C4Fs),Br],
or [T(CgFs),ClJ, to NBuy[Au(CeFs)Br] and NBuy[Au(CeFs),], respectively giving the
corresponding gold(III) complexes NBuy[Au(CsFs)3X] [39] and NBu[Au(CeFs)4] [74].
Oxidative addition is not the only way to prepare the latter complex. The use of the
arylating agent Ag(CeFs) [172] or the addition of a freshly prepared solution of
Li(CeFs) [39, 40, 173] to gold(IIl) derivatives such as N(PPh;);[Au(CsFs);Cl] or
[AuCl;(tht)] or even the addition of N(PPh;),[Co(CO),] [174] to [Au(CgFs);(tht)] affords
Q[Au(CgFs)4] in good yields. The anion [Au(CeFs);Cl]™ has been also obtained in the
reaction of [{Au(C¢Fs)},(u-dppm)] with [T1(C4Fs),Cl], giving [Au{(dppm)AuCl},][Au
(CsFs)3X] as a consequence of the transfer of two C¢Fs units to the Au(I) center [175].

Very recently, it was shown that a homoleptic rearrangement in the mononuclear
organogold(III) derivative [Au(CFs)s(tht)] gives [Au(CgFs)4][Au(CFs),(tht),] which
was structurally characterized [41].

Ag(CgFs) has also been used as arylating agent in the preparation of the diauracycle
(w-methylene)bisylide digold(ITI) [u-(CH,){Au(CH;),PPh,},(CeFs),] [176] using
[u-(CH2){Au(CH,),PPh,},1,] as starting material.

Complexes of the type [Au(C¢Fs);L] where L= PPh; or tht can be also obtained by
using Ag(CeFs) as arylating agent [35] and cis-[AuCl(CgFs),PPh;] [34] or trans-
[AuCl,(CgFs)(tht)] [165] as starting materials.

Mixed triaryl gold(Ill) derivatives [Au(C¢Fs)R';(tht)] [169] (R'=2,3,4,6-CsF4H
and 2,4,6-C¢F3H,) have also been prepared by oxidative addition of [TIR',Cl], to the
gold(I) complex [Au(C¢Fs)tht].

A third route for the preparation of pentafluorophenyl gold(I1I) derivatives involves
the replacement of a labile ligand in a gold(IlI) complex with neutral or anionic
molecules. In the case of substitution by neutral ligands, three different general
formulae can be described: [Au(CgFs)X,L], [Au(CeFs),Lo] " and [Au(CeFs)sL]. Tetra-
hydrothiophene (tht) is one of the most commonly employed labile ligands in the
chemistry of gold. In complexes such as [Au(CsFs)X;(tht)] [165], cis-[Au(CgFs),(tht),]
ClO4[177]and [Au(CgFs)3(tht)] [24, 25, 172] the thtligand is readily displaced by neutral
C, N, P, As or Sb-donor ligands giving: [Au(Cg¢Fs)X,L] —L = PPh;, X=Cl; L= AsPh;,
X =1I; L=pdma (o-phenylenebis(dimethyl)arsine), phen (1,10-phenantroline), X = Cl,
Br; L= CNC¢H Me-p, X = Cl, Br, I— [165, 178], [Au(C4Fs),L,]ClO4 —L, = dppmsS,; (bis
(diphenylphosphine)methane disulfide) [88], dppf (1,1'-bis(diphenylphosphine)ferro-
cene) [90], PTA (1,3,5-triaza-7-phosphaadamantane)— [28] and [Au(C4Fs)3L] —L=
PPh; [25, 172], PMePh, [172], POPh; [172], PTA [28], PPh,H [179], AsPh; [25],
SbPh; [172], PPh,CsH4SH [180] (2-(diphenylphosphine)thiophenol), dppm [25, 172]
(1,2-bis(diphenylphosphine)methane), dppe [172] (1,2-bis(diphenylphosphine)eth-
ane), dppf [90], FcCH,PPh, ((ferrocenylmethyl)phosphine) [147], (PPh,),C=CH,
(vinylidenebis(diphenylphosphine) [92], pdma [172], diars (1,2-bis(dimethylarsine)
benzene) [25] P'Pr,CH,PPh, (diisopropylphosphine-(diphenylphosphine)) [93],
NH; [172], py [172], 2-amt (2-amino-4,5-dihydrothiazole) [47], isocyanides and
carbenes [172]: CNCgHsMe-p, C(NHC¢H;Me-p),, C(NHC¢H;Me-p)(NEt;), C
(NHCsH Me-p)(NHCH,CH,NH,), phosphonium dithiocarboxylates [89]: S,C-PR;
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Figure 3.25 Single or double alcohol addition to the triple bond of PPh2(C=CH).

(PR3 =P(CHyy)s, PEts, PBus, PPhMe,, PPhEt,) and ylides [70] (RCH-ER'3) with
ER'; = PPh;, R=H, Me, Et; ER’; = PPh,Me, PPh,Me,, AsPhy; R=H—.

Phosphinoalkynes PR,CCR’ are potentially bifunctional ligands, able to coordinate
as a phosphine, as an acetylene, or a combination of both. In the particular case of
PPh,CCH (where R’ = H) the ligand can also act as an acetylide by deprotonation of
the C=CH group. This ligand displaces tht in [Au(CgFs)s(tht)] giving [Au
(CgFs)3(PPh,CCH)]. Unexpectedly, the deprotonation of the alkyne with sodium
alkoxide gives a single and a double alcohol addition to the triple bond leading to new
phosphines coordinated to the Au(CgFs); fragment: (2-methoxyethenyl)diphenylpho-
sphine and (2,2-dimethoxyethenyl)diphenylphosphine, originating from a single or
double anti-Markovnikov addition of methanol to the non-coordinated alkyne
fragment [181] (Figure 3.25).

The displacement of tht with salts leads to the isolation of ionic complexes of the
type trans-Q[Au(CeFs)X,X'] (Q =BzPPh;, X=Cl, Br, X'=Cl; X=SCN, X' =Br;
X =X'=Br) [165] and Q[Au(C¢Fs);X] with X = halide, pseudo-halide or dithiocarba-
mate —S,CNR,—: (Q =NEty, X=Cl, Q =NBuy, BzPPh;, X=SCN) [25], (Q=
BzPPh;, K, Et, X=CN) [63], (Q =NEt,, NBu,, BzPPh;, N(PPhs), X=Cl, Br, I,
SCN, N3) [172], (Q = NBuy, N(PPhs),; X = S,CNR, with R = Me, Et, CH,Ph) [182).
With phosphonium salts QX where Q =PPh;Me, MeCH,PPh;, EtCH,PPh;,
PhCH,PPh;, MeAsPh; and X=CI, Br, I [71] the corresponding complexes Q[Au
(C6Fs)sX] give gold(IlI) ylide derivatives [Au(CgFs)s(ylide)] (ylide=CH,PPhs,
CH,AsPh;) [71] via deprotonation with NaH.

Ithas been shown that [Au(CgFs),(ClO4)L] (L = PPhj and AsPh;) [183] are excellent
starting materials since the very poor coordination ability of the perchlorate ligand
permits its replacement by other molecules. Hence, complexes with anionic ligands
[Au(CgFs),X(PPhs)] (X=Nj;, HCOs;, CN, SCN) [38, 183, 184] and [Au(C¢Fs),X
(AsPhs)] (X=CN, SCN, Nj;, OOCC¢Hs), neutral monodentate ligands [Au
(C¢Fs),LL|ClO, (L=OPPh;, OAsPh;, ONCsHs, ONCoH;, NCoH,, PEt;, PBus,
PPh,Me, PPhs, AsPh;, py, H,0 and L' = PPh;, AsPhs) [183, 184] or neutral bidentate
ones ([Au(CgFs),(L-L)(PPh;)] [184], L-L = dppe, diars have been described.

A different way to prepare pentafluorophenyl gold(III) complexes is depicted by
replacement of the halogen atom from the starting material as MCI or AgCl. Some
examples are illustrated by the following equations (Equations 3.13-3.19):

[Au(CgFs)X, (L-L)] + AgClO, — AgX + [Au(CsFs)X(L-L)|ClO,[178]  (3.13)
(X=Cl, Br; L-L = pdma, phen)

[Au(CgFs),Cl(AsPh;s)] + AgX — AgCl + [Au(C¢Fs),X(AsPh;)][38]  (3.14)
(X=NO3;, NO,, CH3COO, CF3;COO, ClO,)
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QJAu(C4Fs),Cly] +2 MX — 2MCl + trans-Q[Au(CFs),X,][63,26]  (3.15)

(Q =NBu,, X=CN, SCN, Q = Et;NH, X = CN)
trans-NBuy[Au(CeFs ), Cly] + MX — 2MCl + NBuy [[Au(CeFs),

(S2C3B1oH;)][185] (3.16)

MX= N3252C2B10H10

OFt,
cis-NBu [Au(Cg Fs)2CL) 7 +2AgCIO, — 25 Gis-[Au(C4Fs),(OFt,),]C10, [186]
(3.17)

NBuy [Au(CFs),Br] + AgClO, 2% QCIO, + AgBr + [Au(CgFs ) (OE, )][172]
(3.18)

NBuy [Au(C6F5)3 BI'] +MX — MCl + NBM[AU(C6F5)3 (SCB10H10CM6)} [187]
MX = Na SCB;,H;(CMe (3.19)

When reaction (3.13) is carried out in equimolecular amounts [Au(C¢Fs),Cl
(OEL,)] [29, 87] is obtained. And the same reaction without diethylether leads to a
dinuclear compound with bridging halogen atoms [Au(u-X)(CeFs),], (X = Cl, Br) [26]
which is an excellent starting material in pentafluorophenyl gold(III) chemistry. Such
halogen bridges are readily cleaved by the addition of neutral ligands giving cis-[Au
(CgFs),CIL] (L= PPhs, py, dppm) as a result of a symmetric cleavage or the ionic
complexes cis,cis-[Au(CgFs),(L-L)][Au(CgFs),Cly] (L-L=Dbipy, phen, pdma) [26]. The
cleavage of the halogen bridge by anionic ligands provides neutral complexes such as
[Au(CqFs),(acac)] [26], [Au(CeFs)a{ (SePPhy),N}] [188] and [Au(C4Fs),(S2CNRy)] (R =
Me, Et, CH,Ph) [182] also available via oxidative addition of [T1(CsFs),Cl], to the bis
(dithiocarbamate) digold(I) [Au,(S,CNR;),]. Pseudo-halogen bridges with the for-
mula [Au(CFs),X], (X = SCN, N3;CF;COO) [26] are obtained by reaction of MX with
[Au(u-X)(CeFs)aa-

Addition of vinylidenbis(diphenylphosphine) or vinylidenbis(diphenylphosphine)
disulfide to this dinuclear [Au(u-Cl)(CgFs),], gives the isolation of mononuclear gold
(III) derivatives with mono-coordination through P or S atom: [Au(C¢Fs),Cl{PPh,C
(=CH,)PPh,}] [189], [Au(CeFs),Cl{SPPh,C(=CH,)PPh,=S}] [190] and [Au
(CsFs)2{(SPPh,),C=CH,}]ClO4[190]. Such coordination to the metal center activates
the double bond in the vinylidenbis(diphenylphosphine) in such a way that various
nucleophiles can be added by Michael-type additions giving formulae: [Au
(CeFs)2{(PPh,),CCH,Nu}] (Nu=CCPh, CsHs, CH(COMe),, OEt, SPh, S,CNR,,
with R =Me, Et, Bz) and [Au(C,Fs),{(SPPh,),CCH,Nu}] (Nu= CH(COMe),, CN,
OEt, CsHs). Treatment of [Au(CeFs),Cl{PPh,C(=CH,)PPh,}] [189] with oxygen-
based nucleophiles such as Ag,O or NaOEt afford the complexes [{Au
(CeFs)2{(PPh,),CCH,},0] and [{Au(CeFs),{(PPh,),CCH,OEt}] [189].

Since tetrahydrothiophene is more strongly bonded to Au(IIl) than to Au(I),
complexes with attached OEt, molecules are better candidates for substitution
reactions. Complexes of the type: [Au(C¢Fs),Cl(OEt,)], [Au(CsFs),(OEt,),]ClO, or
[Au(CgFs);(OEt,)] are the most often employed in this kind of reaction. As examples:
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Scheme 3.1 Formation of cyclic carbenes.

[Au(CgFs),Cl(OEL,)] or [Au(CsFs)3(OEt,)] can displace this poorly coordinated mole-
cule by addition of S-, O-, N-, P-, As- donor ligands. As a result, [Au(CFs),Cl
(dpma)] [29], [Au(CoFs)s(dpma)] [29], [Au(CgFs)s(dppmsS,)] [88], [Au(CeFs)s(L)] (L=
THF, OCMe,, dioxane, EtOH, SPPh;, SPPh,Me, OPPh;, OAsPh;, NCMe, NCPh,
NCPr, NC(CH=CH,), 0-(CN),C¢Hy) [191] (L= dithiocarbamates, S(MeS)CNHR,
R=p-MeCcH,, 0-MeCgH,4, p-MeOCgHy, 3,5-Me,CgHs) [61], [Au(CeFs)s3(EPPh,
CH,PPh,R)|CIO, (E =S, O; R = Me, CH,C4Fs5, CH,COOMe, Bz; E = O, R = Bz) [191]
or [Au(C¢Fs)3;(HL)] (HL=heterocyclic thiones: C;H;sNS,, C,H4N,S, CsHsNS,
C;H;5NS,, C;HgN,S) [49] are described.

Addition of AgClO, to an acetone or diethylether solution of the dimer [Au(u-Cl)
(CeFs)alo gives cis-JAu(CeFs)2(OCMe;),]ClO4 [177] and cis[Au(CgFs),(OEt,),]ClO,,
also described in Equation 3.17. Both complexes are excellent starting materials by
displacement of the labile ligands OCMe, or OEt, by other more coordinating neutral
monodentate, bidentate or anionic ligands, giving complexes of the type: cis-[Au
(CoFs),L,]ClO, (L=tht, PPh,Me, L, =dppm, pdma, bipy) and cis-[Au(CsFs),L;]
(Ly=acac [177], BiBzIm (2,2’-bidenzimidazole) [177], (CN), [177] and (CNR),
(R=Ph, p-tolyl) [186]. The latter bis(isocyanide)bis(pentafluorophenyl) gold(III)
complexes lead to the formation of cyclic carbenes as shown in Scheme 3.1.

Cyclic carbenes [46] are also described by the addition of a isocyanide to a diamine
gold(ITI) complex (Scheme 3.2).

[AU(CgFsh(NH(CHa ), NH, 1 ICLO,

1|\1th IFIHPh
: . C>=NH
Cf,|"5 C“‘“ﬁ- ' ('(3F5 N\
AR 4 CNPh e (CH, |10,
£\ (CHY, N/
2 CeF
C(,F /‘) [N CIHI_,NH
n=273 | NHPh

Scheme 3.2 Cyclic carbenes by the addition of a isocyanide to a diamine complex.
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Figure 3.26 Ferrocenyl derivatives.

Many ferrocenyl derivatives have been used as N-, P-donor monodentate ligands
(Figure 3.26) via displacement of the labile OEt, molecule or cleaving the chlorine
bridge in [Au(u-Cl)(C¢Fs),]. Thus, complexes of the type: [Au(CgFs),(Fcpy)s)
ClO, [144], [Au(CFs)3(L)] —L = Fcpy (Fc = Fe(n*-CsHs),) (3-ferrocenylpyridine) [144],
PFc,Ph (diferrocenylphenylphosphine) [145], FcCH,NHpyMe [153] and FcCH,pz
(ferrocenylmethylpyrazole)— [151] and [Au(CeFs),Cl(L)] —L=Fcpy [144], FcCH,
NHpyMe— [153]. Chalcogeno-phosphino-derivatives of ferrocene such as: 1-diphe-
nylphosphino-1'-(phenylsulfanyl)ferrocene and 1-diphenylphosphino-1'-(phenylsele-
nyl)ferrocene —Fc(EPh)PPh, (E=S, Se)— (Figure 3.26) can also act as mono- or
bidentate ligands through the P atom or through the S, Se atoms, giving the
mononuclear chelating complexes: [Au(CgFs),{Fc(SePh)PPh,}|ClO,, [Au(CgFs)s{Fc
(EPh)PPh,}] (E=S, Se), where Fc(EPh)PPh, is coordinated through the P atom and
the dinuclear chelated complex [{Au(CFs)3},{Fc(SePh)PPh,}] [150].

Elimination of the chlorine atom from [Au(C¢Fs),Cl(dpma)] [29] with AgClO,
gives the corresponding chelate bis(diphenylarsine)methanegold derivative, which
evolves to the methanide [Au(CgFs),(Ph,AsCHAsPh,)] under deprotonation reaction
with NaH.

The ligands N-[bis(isopropoxy)thiophosphoryljthiobenzamide and N-[bis(isopro-
poxy)thiophosphoryl]-N'-phenylthiourea can be deprotonated with the acetylacetonate
gold(III) derivative [Au(C¢Fs),(acac)] [26] giving the corresponding pentafluorophenyl
complexes with the ligand acting as a chelate one [192].

A transmetallation reaction with [Hg(C¢Fs),] can be used as another way to
prepare pentafluorophenylgold(III) complexes as a result of the transference of the
aryl groups from mercury to the gold center. Thus, Q[Au(C¢Fs)Cl;] (Q = BzPPhj;,
NMe,), also available by a simple oxidation of the gold(I) derivative, can be obtained
by reaction of Q[AuCly] and [Hg(C¢Fs),]. [Hg(CeFs),] does not transfer the C¢Fs
fragment to Q[Au(CFs)Cls], however using as starting material a pentafluorophe-
nylgold(III) derivative with a second aryl group such as 2-C¢H,CH,NMe, or
C¢H4N =NPh-2, the transmetallation is possible in the presence of an excess of
NMe,Cl, which favors the elimination of the mercury residue as (NMey),[Hg,Clg],
giving [Au(2-C¢H,CH,NMe,)(CeFs)Cl] [193] (12) or [Au(C¢H,N=NPh-2)(CcFs)
Cl] [194] (13). The former complex 12 affords [Au(2-CcH,CH,NMe,)(CF5)X]
(X =0,CMe, Br) via substitution reactions.
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Dithiolate tin or zinc complexes can also act as transmetallating agents towards
gold centers, in this case transferring the dithiolate group. As an example [SnMe,(S-
S)] and Qu[Zn(S-S),] (Q = NEt,, N(PPhs)y; S-S =1,2-S,CsH,, 3,4-S,C6HsMe, C5Ss)
transfer the S2-donor ligand to pentafluorophenyl gold(III) derivatives in very mild
conditions leading to [Au(C¢Fs)(S-S)L] (L= PPhs, PPh,Me, AsPhs) [195] and the
polynuclear compounds [Au(CgFs)(S-S)]n [196] which in the case of S-S=1,2-
S,CgHa, the X-ray analysis reveals a trinuclear nature (Figure 3.27). In the preparation
of [Au(CeFs)(S2Ce¢Hy)]s a small amount of [Au(CeFs)(S2C¢Ha4)(SCeH4SPPh;)] is
obtained which has been crystallographically characterized [196]. Substitution of
the labile ligand AsPhs in [Au(CsFs)(S-S)(AsPhs)] by diphosphines gives the mono-
nuclear [Au(C¢Fs)(S-S)(L-L)] (L-L =dppm, dppe) with a free P atom, which can
coordinate an additional metallic unit leading to the unsymmetrical digold (I,III)
[Au(C4F5)(S-S) (1-dppm) (AuX)] (X = Cl, CFs) [160].

An additional route to prepare pentafluorophenyl gold(III) derivatives has been
also described for gold(I) and consists of the atypical intermolecular ylide transfer
reaction from an ylide-gold(I) to another gold(III) complex. Accordingly, [Au
(CH,PPh;),]ClO, transfers the ylide fragment to [Au(CsFs)3(OEt)] or [Au(u-Cl)
(CgFs)a] giving rise to [Au(CeFs)3(CH,PR3)] (PR3 =PPh;, PPh,Me) and [Au
(CFs)2(Cl)(CH,PPhs)] respectively [69, 197].

Other oxidants such as TCNQ (7,7,8,8 -tetracyanoquinodimethane) can be
used to oxidize a pentafluorophenylgold(l) complex, as takes place in the case of
Qa[Au, (U-dmit)(CgFs),], which in the presence of TCNQ evolves in the oxidation of
one gold atom giving a gold(III) [108] complex according to Equation 3.20

Q,[Au, (u-dmit) (C4Fs),] + TCNQ — Q[Au(dmit)(CeFs),] + QTCNQ + Au®
(3.20)

Q = NBu, and N(PPhs),

5 5 C(:FS

N l
A|u Au_

S
5 5

WO
5 C{JFS

Figure 3.27 Trinuclear gold(lll) complex.
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Cation-radical salts with pentafluorophenyl gold(IIl) anions such as
(TTFPhy,), s[Au(CeFs),Cly] and (TTEPh,)[Au(CgFs),1,], where TTFPh, is the donor
molecule 4,4-diphenyltetrathiafulvalene, can be performed by electrocrystallization
techniques [83].

3.3.2
Di and Polynuclear Pentafluorophenylgold(lll) Derivatives

3.3.2.1 C-Donor Ligands

The presence of an excess of electron density on the carbon atom in methanide gold
(III) complexes permits them to act as C-donor nucleophiles forming dinuclear or
even polynuclear derivatives.

Thus, the abstraction of the chlorine atom in [Au(CsFs),Cl(dppm)] [175] provides a
mononuclear gold(III) derivative with the diphosphine acting as a chelate ligand, which is
an excellent starting material in the synthesis of dinuclear or polynuclear methanide and
methanidiide complexes after deprotonation of the dppm ligand (first deprotonation with
HNa and the second with acetylacetonate gold(I) derivatives) [198-201] (Scheme 3.3)
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Scheme 3.3 Synthesis of cyclic methanide derivatives.
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Scheme 3.4 Synthesis of non-cyclic methanide derivatives.

Cleavage of the chlorine bridges in the dinuclear complex [Au(u-Cl)(CgFs),], by
the addition of the phosphino phosphonium ligand [Ph,PCH,PPh,Me]ClO, [84] and
[Ph,PCH,PPh,CH,R’|ClO, (R’ = Ph, C4Fs) [202] or the displacementof the labile thtin
[Au(CgFs);(tht)] by the same salts leads to mononuclear [AuR,,,(Ph,PCH,PPh,CH,R/)]
ClO4 (R = (C6Fs)Cl, (C6Fs)3; R = H, Phor CgFs). The presence of the positive charge
on the quaternary phosphorus atom increases the acidity of the methylenic protons.
Therefore subsequent deprotonation with NaH [84, 202] provides the preparation of
methanide gold(I1I) derivatives able to attach a new metallic fragment to the CH unit,
giving mixed-valence dinuclear compounds (Scheme 3.4). The use of acetylacetonate
gold complexes as deprotonating agents such as [Au(acac) PPh;] affords the deprotona-
tionand the coordination of the AuPPh; unitin one step [86]. This procedureleadsto the
synthesis of non-cyclic phosphino-methanide derivatives, since the presence of the
quaternary phosphorus atom avoids the cyclization.

These non-cyclic phosphino methanide derivatives can also be available by using the
dinuclear complex [Au(CgFs)3(U-PPh,CH,PPhy) Au(CgFs)] [172] in the presence of [Au
(acac)PPh;] giving directly the trinuclear methanide derivatives [Au(CgFs)3;{PPh,CH
(AuPPh;)PPh,}Au(C¢Fs)] and N(PPhs),[Au(CgFs)s.{PPh,CH(AuX)PPh,}Au(CeFs)]
(X=Cl, C¢Fs) as a result of a deprotonation with N(PPhs),(acac) in the first place
followed by displacement of tht in [AuX(tht)]. A pentanuclear mixed-valence gold is
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additionally described by reaction between [Au(CgFs);(1-PPhyCH,PPh,)Au(CeFs)]
and N(PPh;),[Au(acac),] [86].

Another way to describe this non-cyclic phosphino methanide derivatives consists
of the use of monodentate complexes with the mono-oxide [203] or monosulfide [204]
dppm giving the methanide or methanediide derivatives (14) after addition of the
appropriate amounts of [Au(acac)PPh;]. A mixed-valence Au(I)-Au(IIl) can be
isolated by coordination of the fragment AuPPh; to the free sulfur atom in the
mono-oxide starting material [204].

RAU=PR: A ypph,
S ~aupph, | €S0
Ph’Au—S$—PPh, :
14

In the case of the phosphonium salt [PPh,CH,CH,COOMe]ClO, and the corre-
sponding sulfide [SPPh,CH,CH,COOMe]|ClO,, deprotonation with NaH leads to
mononuclear cyclic methanides (15 and 17) that coordinate additional fragments to
the CH group giving dinuclear mixed valence gold(I)-gold(III) derivatives (16 and
18) [205, 206]. A second deprotonation in 16 leads to methanediide auracycles which
show basic nature, coordinating a second metallic center (19) [207].

H
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mLon
PPh,..
R \Au/ - (]3-ML ML = M'L' = AuPPh; or AgPPh;. n =I
R \CH ~—PPh; ML = AuPPh; or AgPPh;, M'L' = AuCgFs. n =0
|
COOMe
19

Deprotonation of the six-membered bis(diphenylphosphine)methane disulfide
auracycle [Au(CgFs),(dppmS,)]ClO, [88] with NaH gives a four-membered metha-
nide cycle (20) with a structure similar to that of [(Et3P)CIPtSPPh,CHPPh,S]
published elsewhere [208]. Using as deprotonationg agent an acetylacetonate gold(I)
complex such as [Au(acac)L] (L= PPhs, AsPh;) the six-membered cycle structure is
maintained at the same time that a mono- or di-deprotonation takes place, affording
di- or tri-nuclear methanide or methanidide auracycles (21) [204]. Addition of [Au
(acac)PPhs] to 20 gives the corresponding methanide auracycle [Au(CgFs),{SPPh,C
(AuPPh;)PPh,S}] with the same four-membered cyclic structure [204].
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Coordination of an additional metal center to the free sulfur atom in 20 affords
dinuclear (22) or trinuclear [(C¢Fs),Au(S-PPh,CHPPh,-S)M(S-PPh,CHPPh,-S)Au
(C6Fs)2]ClO4 (M =Au, Ag) derivatives. A double deprotonation of [Au(CgFs),Cl
(SPPh,CH,PPh,CH,R)|ClO, (R =H, Ph) [209] gives the methanide auracycles (23)
similar in structure to 20, which incorporate new gold(I) fragments affording
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dinuclear complexes (24).

A five-membered methanide auracycle [Au(C4Fs),(SPPh,CH,PPh,)]ClO, (25) is
described with the monosulfonated dppm, obtained after chlorine elimination of [Au
(C6Fs),Cl(SPPh,CH,PPh,)] with a silver salt. After deprotonation of the methylene
group (26) and later coordination of additional metal centers affords dinuclear and
trinuclear methanide derivatives (27, 28) [210].
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As shown above, the use of acetylacetonate complexes such as Q[Au(acac),] or [Au
(acac)(PPh;)] as deprotonating agents allows the formation of Au—C bonds very
easily [86, 204, 211]. Thus, the mono-deprotonation of the trinuclear [{Au
(C6Fs)3(PPh,CH,PPh,)},Au]ClO, [211] using NBuy(acac), leads to the bis(methanide)
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3 Pentafluorophenyl Gold Complexes

trinuclear gold(I1I) NBuy[{Au(CsFs)3(PPh,CHPPh;)},Au] that affords the pentanuc-
lear gold(I)-gold(IIl) derivative after coordination of an Au-X fragment NBuu[{Au
(C6Fs)3(PPhyCH(AuX)PPh,)},Au] (X = Cl, CgFs) (29). Using tetranuclear gold(I) com-
plexes as starting materials with the acac ligand [(acac)AuCH (PPh,AuPPh,),CHAu
(acac)] in the presence of the phosphane gold(I1I) derivatives [Au(CgFs),(dppm)] [199]
and [Au(CgFs)3(dppm)] [172] leads to the deprotonation of the CH, group of the dppm
ligand and formation of the hexanuclear methanide complexes (30 and 31) [212].
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Since the deprotonation of the alkyne in PPh,C = CH with sodium alkoxide gives a
single and a double alcohol addition to the triple bond (see above), the addition of
acetylacetonate complexes gives the deprotonation at the same time as the coordina-
tion of additional metallic fragments to the C atom of the phosphinoalkyne:
[(CeFs);Au(PPh,CC)(MPPh;)] (M=Au, Ag), [(CsFs)sAu(PPh,CC)Au(u-dppe)Au
(PPh,CC)Au(CgFs)3] and [(C¢Fs)3Au(PPh,CC)Au(PPh,CC)Au(C,Fs)s] [181].

A zwitterionic complex [(CeFs),Au™ (u-2-C¢H,PPh,),Au'] [109] structurally char-
acterized, has been described as a result of the evolution of the thermodynamically
unstable gold(Il) derivative [Au",(CgFs),(u-2-C¢H4PPh,),] via an intermediate
[(CeFs)Au(u-2-Ph,PCgH;-6-Me)Au(CgFs) {n*(6-MeC¢H;-2-PPh,)] also characterized
by X-ray analysis [110] (Equation 3.21)

PR,

R'=H. Me
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3.3.2.2 Diamine and Carbene Bridges
It is well known that amines react with gold isocyanide to give the corresponding
carbenes [62, 213]. Similarly, diamines are able to use one of the —NH, groups giving
the gold(Ill) carbene [Au(C¢Fs),C{NH(CH,),NH,)(NHR)}] (n=2,3; R=Ph,
CcHsMe-p).

Carbene gold(IlI) with diamine ligand can coordinate a second metallic center,
since the N-ligand contains a free NH, group and can react with a new gold isocyanide
under the formation of double dinuclear carbenes [46] (32).

ToHN
‘,/C‘— AU(CFs),,
NH-(CIT,),-NH
(C{:Fﬁ)m"’\u‘_c .
- m=luor3n=23
NI1ITo
32

3.3.2.3 N-, P- and As-Donor Ligands

The terminal N atom of the cyanide, isocyanide and azyde derivatives acts as a donor
atom providing dinuclear complexes by coordination of an additional metallic
fragment. As examples the reaction of pentafluorophenyl gold(III) Q[Au(CsFs);sCN],
Q[Au(CgFs),X,] (Q=NBu,, X=CN; Q=BzPPh;, X=SCN)), [Au(CcFs),X(PPhs)]
(X=SCN [183], N3 [184]) and gold(I) Q[Au(C¢Fs)CN] complexes displace the labile
ligand from [Au(OClO;)(PPhs)], [Au(CsFs),(OClO;)(PPhs)] or [Au(CeFs);(tht)] giving
[(CeFs)3Au(u-X)AuPPhs] (X = CN [63] and SCN [80]), [(CsFs)Au(u-X)Au(CFs),PPhs]
(X=SCN, Nj) [80], [(CeFs)sAu(u-SCN)Au(CqFs),PPhs] [80], [(CeFs),CNAu(-CN)
AuPPh;] [63], [(Ph3P)(CeFs),Au(u-X)Au(CeFs),(PPhs)]ClO, [214] and Q[(CFs)Au(u-
CN)Au(CgFs);] [63]. Reaction with perchlorate gold [63] or silver salts [63, 80] afford
cyano-bridged dinuclear compounds or even polymeric species (Equations 3.22-3.24)

Q[AU(C6F5)3X} + AgClO4 g AgCN + QC104 + Q[(C6F5)3Au(u-X)Au(C6F5)3}
(3.22)

Q=BzPPh;, (PPh;),N; X =CN, SCN, N3

Q[Au(CsFs),(CN),] + AgClO, — QCIO, + [(FsCs), (CN)Au(u-CN)Ag], (3.23)

QlAU(CeFs),(CN),] + [Au(OCIOs ) (tht)] — QCIO, + [(CeFs), Au(CN),Aul,  (3.24)

Coordination of pentafluorophenyl gold(III) to the two free N-donor atoms in 1,1'-
bis(2-pyridylthio)ferrocene leads to the dinuclear complex [{Au(CsFs)3}oHFe(Spy)2}
structurally characterized [149].

Coordination of an additional metallic fragment to a free donor atom of a bidentate
diphosphine, dppm [172, 175], (PPh,),C=CH, (vinylidenebis(diphenylpho-
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sphine) [92] and dppa (bis(diphenylphosphino)amine) [87] give mixed valence Au(I)-
Au(I1I) complexes with the formulae: [M’ (u-dppm)Au(PPhs3)]ClO4 (M’ = AuCl(CgFs),,
Au(CgFs);), [M'(u-dppm)AuX] (M’ = AuCl(CeFs),, Au(CeFs)3, X=Cl, CgFs), [Au
(CeFs)3(u-L-L)AuX] (LL= (PPh,),C=CH, and dppa; X=Cl, C¢Fs) or [Au(CeFs)
X, (1-dppa)Au(CeFs)] (X=CI, Br) by reaction of [Au(C¢Fs),Cl(L-L)] or [Au(CsFs)s3(L-
I)] (L-L= dppm, (PPh,),C=CH,, dppa) with [Au(OCIO3)PPhs] or [AuX(tht)] (X = CI,
CeFs). Trinuclear derivatives with the formula: [{Au(CgFs)3(1-L-L)},M]ClO,4 [92, 211]
(M = Au, Ag; LL = (PPh,),C=CH, and dppm) are described from the reaction of [Au
(CgFs)3(L-L)] and [Au(tht),]ClO4 or AgClO,.

Acetylacetonato (acac) complexes can be employed as deprotonating agents (see
above) and, in the particular case of [Au(C¢Fs),(acac)], deprotonation of tris(diphe-
nylphosphino)methane (PPh,);CH leads to the methanide gold(IIl) complex [Au
(C6Fs)2{(PPh,),CPPh,}] [215]. The displacement of labile ligands by the free phos-
phorus atom in the later complex affords dinuclear and trinuclear methanide
derivatives, with formulae: [(C¢Fs),Au{(PPh,),CPPh,}AuL, ] (AuL, = AuCl, AuC¢Fs,
Au(CgFs),Cl, Au(CgFs)3), [{(CeFs)2Au[(PPh,),CPPh,]},M]CIO, (M =Au, Ag) and
[{(C¢Fs)2Au[(PPh,),CPPh,]},Au(C,Fs),]ClO,.

The phosphine (Ph,PCH,);CMe (tdppme) can act as a mono-, bi- or even tridentate-
chelating ligand, giving to the corresponding mono-, bi- or trinuclear derivatives. The
monodentate complex can be the starting material for the preparation of higher
nuclearities. The displacement of tht in [Au(CgFs)s(tht)] or brigde-chlorine cleavage in
[Au(CgFs),(1-Cl)], lead to the mononuclear products: [{Au(CsFs);{Ph,PCH,C(Me)
(CH,PPhy),}] and [{Au(CgsFs),{Ph,PCH,C(Me)(CH,PPh,),}|Cl, which after addition
of a gold(I) or gold(III) fragments affords the di- and trinuclear complexes [91]: [{Au
(C¢Fs)3{Ph,PCH,C(Me)(CH,PPh,),}JAuL|ClO, (L=PPh;, CH,PPhs), [{Au(CeFs),
{Ph,PCH,C(Me)(CH,PPh,),}Au(CeFs)3]Cl04, [{Au(CeFs)s{Ph,PCH,C(Me)(CH,
PPh,),},Au]ClO, and [{Au(CgFs)3{Ph,PCH,C(Me)(CH,PPh,),}(AuX),] (X=Cl,
CoFs).

The use of polyphosphine ligands favors the presence of metallic interactions
and the presence of luminescence properties [216]. For instance, the tridentate
ligand bis(diphenylphosphinemethyl)phenylphosphine (dpmp) —Ph,PCH,
PPhCH,PPh,— in the presence of [Au(C¢Fs)(tht)] gives the trinuclear luminescent
complex [{Au(C¢Fs)}s}(u-dpmp)] [95] (see gold(I) section). However the mixed
valence gold(I1I)-gold(I)-gold(III) [{Au(CsFs)s}a2(n-dpmp)(AuX)] (X = Cl, C¢Fs) ob-
tained from the mononuclear [{Au(CsFs);} (dpmp)], which is a mixture of isomers
with the gold(III) coordinated to the central or to the lateral phosphorus and [AuX
(tht)], do not luminesce, probably because there is no Au(I)-Au(IlI) interaction.
Curiously, longer separation in between the three phoshorus atoms, as takes place
in the polyphosphine bis(2-diphenylphosphinoethyl)phenylphosphine (triphos)
—Ph,PCH,CH,PPhCH,CH,PPh,—, gives luminescent dinuclear and trinuclear
tris(pentafluorophenyl) gold(IIl) derivatives [{Au(CgFs)s3}n(lt-triphos)] (n=2
or 3) [97].

The secondary phosphane in [Au(CsFg)3(PPh,H)] [179] can be deprotonated with N
(PPhs),[Au(acac),] affording in the same reaction a trinuclear phosphido-bridged Au
(III)-Au(I) derivative N(PPh;),[{Au(C¢Fs)3(1-PPh,)},}Au] [179, 217]. Deprotonation
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with NBuy(acac) and addition of [Au(CsFs)(tht)] or [MX(PPh;)] (M = Au, Ag, X=Cl,
T1O) gives the polynuclear complexes: NBuy[Au(CgFs)3(U-PPhy){Au(CeFs)}] and [Au
(C6Fs)3(1-PPh,)(MPPhs)] (M = Au and Ag) [217]. If [Au(CgFs)s(tht)] is added to the
deprotonated phosphine complex a dinuclear gold(I1I) phosphide with a single atom
bridging the metallic centers NBuy[{Au(C¢Fs)s3}2(1-PPhy)] [217] is obtained. And
when the diphenylphosphine is added to [Au(u-Cl)(CeFs),], the cleavage of the
halogen bridges affords a doubly-bridged dimmeric gold(III) phosphide
[At,(CgFs)4(1-PPhy),] [218].

Trans-[Au(CeFs),(PPh,H),]ClO, [217], obtained from [Au(CgFs)3(OEt,),]ClO4 and
the free phosphine PPh,H contains two free P-donor atoms, which after deprotona-
tion with an acac salt and coordination to a metallic center give phosphido-bridged
mixed valence compounds of the type trans-NBus[Au(CeFs),(U-PPhy){Au(CsFs)}al,
cis-[Au(CgFs),(U-PPhy){Au(PPh;)},]ClO, and [Au(CsFs),(1-PPhy),Aul, or the hetero-
nuclear [Au(CgFs),(1-PPh,),M], (M = Ag, Cu) [217].

The primary phosphine PPhH, with two hydrogen atoms can give phosphide or
phosphodiide polynuclear derivatives by the substitution of one or the two H atoms.
Using [Au(C¢Fs)3;(PPhH,)] as starting material the mono or di-deprotonation in the
presence of acetylacetonate gold derivatives or acetylacetonate salts and the subse-
quent addition of a metallic compound lead to the isolation of the dinuclear species:
[Au(CgFs)3(-PPhH)(AuPRs)]  (PR3=PPh;, PMes), N(PPhs),[{Au(CeFs)s}a(u-
PPhH)], the trinuclear compounds: (N(PPh;),)m[{Au(CsFs)s},(u-PPhH){AuL}]
(m=1, L=PPhs; m=2, L=CgFs), (N(PPhs),)m[{Au(CeFs)s}2(1-PPhH){AuPPh;}
{AuL}] (m=0, L=PPh; (33); m=1, L=CgFs), N(PPhs),[{Au(C4Fs);},(u-PPhH)
M] (M =Au, Ag) and the pentanuclear (N(PPhs),)3[{Au(CeFs)3}2(13-PPhH),},Au]
derivative(34) [51]. The reaction of this phosphine with the dimmer [Au(u-Cl)
(CeFs)a)o gives the trinuclear [Au(CgFs),(u-PPhH)]; derivative characterized by X-
ray analysis, which undergoes a tetranuclear derivative by deprotonation and
coordination of a AuPPh; unit with [Au(acac)(PPh;)] [51].

-
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The reaction of the diphosphines [96] 3,4-(NHPPh,),MeC¢H; and 1,2-
(NHPPh,),CcH,4 with [Au(CeFs)s(tht)] give the mononuclear gold(III) complex
[Au(CgFs)3(L-L)] (L-L=3,4-(NHPPh,),MeCgH;) and 1,2-(NHPPh,),C¢H,), which
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behave as excellent starting materials in the preparation of the dinuclear [{Au
(C6Fs)3}a(u-L-L)] and the mono-deprotonated [{Au(CgFs)s}o(L-L)] (L-L'=34-
(NPPh,)(NHPPh,)MeCsHs) and 1,2-(NPPh,)(NHPPh,)C4H,). Addition of a AuPPh;
fragment to the later mono-deprotonated derivatives afford the trinuclear complex
[CeH,{NHPPh,Au(C4Fs);}{N(AuPPh;)PPh,Au(C4Fs)s}] [96].

The phosphine 2-(diphenylphosphine)aniline (PNH,) can be used as a P,N-donor
as in [Au(CsFs),(PNH,)]CIO4 or simply P-donor ligand as in the compound [Au
(C6Fs5)2X(PNH,)] (X = CgFs, Cl) [219]. Deprotonation of one or the two protons of the
NH, group with acetylacetonate complexes afford mixed valence Au(I)-Au(III)
dinuclear or trinuclear derivatives [Au(CgFs),{PNH(MPPh3)}|CIO, (M =Au, Ag)
and [Au(CgFs),{PN(AuPPhs),}]ClO,, with weak gold(I)-gold(III) interactions in the
latter complex as derived from the X-ray structure. The bis(diphenylphosphane)
acetylene (Ph,PC=CPPh,) can act as a bridging ligand affording dinuclear com-
plexes as [{Au(C¢Fs)3}2(1-Ph,PC = CPPh,)] [94].

An important number of polynuclear pentafluorophenylgold(IIl) and mixed gold
(I)-gold(III) derivatives have been described with the diphosphine 1,2-diphosphino-
benzene, which contains four hydrogen atoms that can be removed and substituted
by a metal atom (Scheme 3.5) [220].

The bis(arsine) dpma coordinated by only one donor atom has one free As donor
atom capable of coordinating a new metallic fragment. As examples [Au
(CgFs)3(dpma)] reacts with [Au(CsFs)3(OEt,)], [Au(OClOs3)(PPh;)] or AgClO, affording
the di- and tri-nuclear derivatives with dpma as a bridge ligand: [(C¢Fs);Au(u-dpma)
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Scheme 3.5 Pentafluorophenylgold(lil) or gold(l)/(I1l) complexes with 1,2- diphosphinobenzene.
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Au(CgFs)s], [(CoFs)sAu(u-dpma)(AuPPhs)ClO, and [(C¢Fs)sAu(u-dpma)-Ag(OCIOs)
(1-dpma)Au(CgFs)s] respectively [29]. The reaction with [AuCl(tht)] in a molar ratio 1: 2
or with [Au(tht),]ClO, gives not only the tht displacement but also a ligand rearrange-
ment leading a trinuclear gold(III)-gold(I)-gold(IIl) derivative [(CgFs);Au(u-dpma)
Au(u-dpma)Au(CgFs)3][AuCly] (35). Dinuclear mixed valence gold derivatives can also
be obtained through the selective oxidation of the dinuclear gold(I) complex [29]
(Equation 3.25)

thAT/\fl\Sphz PhsAs” “AsPh,
Cl | .
Au Au : Al Au (3.25)
| a’ I
C(,FS C(‘Fﬁ ] K

3.3.2.4 S- and Se-Donor Ligands

The mononuclear phosphonium dithiocarboxylate gold(III) [Au(CsFs)3(S2C-PR3)]
(PR3 =P(C¢H14)3, PEt3, PBus, PPhMe,, PPhEt,) with a free S-donor atom can add an
additional gold(III) metallic unit giving rise to homo dinuclear derivatives with the
formula [Au(CgFs);3(S2C-PR3)Au(CeFs)s] [89].

The methylene bis(dialkyldithiocarbamate) (CH,(S,CNR;), with R = Me, Et, n-Bu,
Bz) [221], which in the case of n-butyl substituentis sold as a lubricant additive for use
as an extreme pressure agent, displaces the diethylether ligand in [Au(CgFs)3(OEt,)]
to give the dinuclear [{Au(CsFs)3}2{(CH2(S2CNRy),}] [43], where both gold atoms are
coordinated to one sulfur atom of the methylene bis(dialkyldithiocarbamate) acting
as bridging ligand.

The reaction of NBuy[AuBr(CsFs);] and NaSH gives the first hydrosulfido gold(III)
complex NBuy[Au(C¢Fs)3(SH)] which adds a second Au(C¢Fs); fragment via dis-
placement of the labile diethylether in [Au(CeFs)3(OEt,)] giving the dinuclear
compound NBuy[{Au(C¢Fs)3}2(SH)]. Itis well known that the AuPR; group is isolobal
with the hydrogen atom and mostly uses the 6s orbital of gold for bonding. This
isolobal analogy can also be extended to AgPPh;; thus treatment of the later dinuclear
complex with [M(OClO3)PPhs] (M =Au, Ag) in the presence of a base gives the
trinuclear derivatives NBuy[{Au(CgFs)3},(SMPPh;)] isolobal with the starting di-
nuclear compound [222].

1,1'-Bis(diethyldithiocarbamate)ferrocene ligand [Fc(S,CNEt,),] (Fc=n°-CsH,),
Fe), and the dinuclear complex [Au,(SCeFs),(U-dppf)] (dppf = 1,1’-bis(diphenylpho-
sphino)ferrocene) can act as a bidentate ligand through the sulfur atoms, giving
dinuclear pentafluorophenyl gold(III) complexes [{AuR,,},Fc(S,CNEt,),] [223] (R
(CgFs)3, Cl(C6Fs)y) or the tetranuclear [Auy(us3-SCsFs),(CeFs)s(L-dppf)] [224] by
displacement of the labile OFEt, from [Au(CsFs)3(OEt,)] or chlorine bridge cleavage
of [Au(u-Cl)(CeFs),]o. Other molecules derived from ferrocene such as 1,1-bis
(diphenylthiophosphoryl)ferrocene (dptpf), 1,1'-bis(diphenylselenophosphoryl)-fer-
rocene (dpspf), 1,1-bis(phenylthio)ferrocene —Fc(SPh),— and1,1’-bis(phenylseleno)
ferrocene —Fc(SePh),— (Figure 3.28) can act as bidentate ligands by coordination
through the S or Se donor atoms to two metal centers, giving dinuclear pentafluor-
ophenyl gold(III) derivatives with the formula [{AuR,,},(L-L)] (L-L =dptpf [148],
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Figure 3.28 Molecules derived from ferrocene.

dpspf [225]; Ry, = (C6Fs)3 and (CeFs),Cl) and [{Au(CgFs)3}2(L-L)] (L-L = Fc¢(SPh),, Fc
(SePhy),) [226].

[Au(CFs)3(OEt,)] and [Au(CgFs),(OEt,),]ClO,4 can displace the labile OEt, in the
presence of S-, Se-centered phosphine gold complexes, such as [E(Au,(dppf),)]
(E=S, Se) and [E(AuPPhs;),] (E=S, Se) giving the corresponding trinuclear and
tetranuclear mixed species [Se(Au,dppf){Au(C¢Fs)s}] [227] (36), [Se(AuPPhs;),{Au
(CoFs)3}] [227), [E(Ausdppf){Au(CoFs)sla] (E=S [228], Se [227)), [E(AuPPhs),{Au
(CeFs)3ha] (E=S [229], Se [227]), [S(Au,dppf){Au(CsFs),}] [228, 229] and the penta-
nuclear [Se(AuPPh;),{Au(C¢Fs),},] [227]. The sulfur derivatives show weak Au(I)-Au
(III) contact as established by crystal structure determination [228]. Trinuclear and
tetranuclear selenolate gold complexes [230] with weak aurophilic Au(I)-Au(III)
interactions have been described as the result of coordination of one or two Au
(CgFs); fragments to the gold(I) selenolate compound [Au,(SePh),(u-dppf)] (dppf
1,1'-bis(diphenylphosphino)ferrocene) with bridging selenolate ligands [Au;(CgFs);
(1-SePh)(u-dppf)] and [Auy(CFs)e(H-SePh)(u-dppf).

36

The sulfide of the diphosphines 3,4-(NHPPh,),MeC¢H3 and 1,2-(NHPPh,),CcH,
displace the tetrahydrothiophene ligand from [Au(CsFs)s(tht)] giving the dinuclear
gold(III) complexes [RCsH3{NHPPh,SAu(CsFs)3},] (R=Me, H) [96].

Mononuclear and dinuclear gold(I) derivatives with 2-aminobenzenethiol [Au(2-
SCsH4NH,)(PPh;)] and [{Au(2-SCsH4NH,)},(1-dppm)] can introduce an additional
gold(IlI) fragment using the S-donor atom leading mixed valence Au(I)-Au(III)
luminescent materials [(AuPPh3){Au(C¢Fs)3}(12-2-SCcH4NH,)] and [Au(CgFs)3(LLz-
2-SCcH4NH,)(AudppmAu)(u,-2-SCcH4NH;)Au(CgFs);], where the luminescence
properties can be attributed to the presence of gold-gold interactions [231].

333
Polynuclear Pentafluorophenylgold Derivatives with Au(l)-Au(l1l) Bond

The exclusive example of a direct formal gold(I)-gold(I1T) bond (2.769(1) A) described
[{Au(CH;),PPh,},Au(CsFs)s] [12, 232, 233] can be prepared by the displacement of
the diethylether molecule of [Au(CgFs)3(OEt,)] and a posterior coordination to the



3.3 Pentafluorophenylgold(lll) Derivatives

diauracycle [Au(CH,),(PPh,)], [234, 235]. Addition of two moles of [Au(CgFs)3(OEt,)]
affords the tetranuclear [{Au(CH,),PPh,},{Au(CgFs)3},]-

334
Heteropolynuclear Pentafluorophenylgold(lll) Derivatives

Many heteropolynuclear Au(III)/Ag derivatives have been described in the previous
Section 3.2.

Heteronuclear pentafluorophenyl Pd-Au(I) derivatives are described in
Chapter 3.2.5.6, dedicated to gold(I). Some examples of dinuclear and trinuclear
derivatives containing Pd and Au(III) complexes have been obtained by reaction of
palladium derivatives with gold(III) complexes of the type Q[Au(CsFs)3X] [25] where
X is a potentially bidentate ligand (CN or SCN) [236]: (NBuy)[(CcFs);Au-X-Pd
(CeFs)2(tht)] and (NBuy),[(CsFs)3Au-X-Pd(CeFs),-X-Au(CgFs)s).

A tetramer with four gold(III) and four Ag(I) (Figure 3.29) [177] atoms is isolated by
reaction of cis-NBuy[Au(CsFs),(CN),] with AgClO,, as a consequence of the precipi-
tation of NBu,ClO, instead of AgCN.

Mixed gold(I1I) and molybdenum or tungsten derivatives can be obtained by ligand
displacement or bridge-cleavage reactions. Thus, treatment of [M(CO),(tdppme)]
(M = Mo, W) with [Au(CgFs);(tht)] or [Au(u-Cl)(CeFs),], leads to the neutral dinuclear
products [(OC)4M{Ph,PCH,),CMe(CH,PPh,)}Au(C¢Fs),X] (X=CeFs, Cl) [237],
where tdppme is the tridentate-chelating ligand (Ph,PCH,);CMe. The reaction
between [Au(CeFs)s(dppm)] [172] and the corresponding acetylacetonate gold(I)
derivative [(OC)4Mo{Ph,PCH,),CMe(CH,PPh,)}Au(acac)] affords the trinuclear
methanide complex [(OC);Mo{Ph,PCH,),CMe(CH,PPh,)}Au(Ph,PCHPPh,)Au
(C6Fs)s] as a consequence of the deprotonation of the CH, group.

Oxidation of [Au(C4Fs);(dppm)] with H,0, gives the corresponding mono-oxide
[Au(CgFs)3(Ph,PCH,PPh,0)], where the oxygen atom can act as ligand giving
trinuclear derivatives Au(III) and TI(III) [TL(C4Fs),X{Au(CsFs);(Ph,PCH,PPh,0)},]
(X=CgFs or Cl) [203], in the presence of [T1(C4¢Fs),Cl], [164] or [T1(CgFs);(diox-
ane)] [238]. In this trinuclear complex the thallium center bridges two [Au
(C6Fs)3(Ph,PCH,PPh,0)] units via TI-O bond.

The thermally stable tripodal tris(amido)methalates of the group 14 element can
act as metal building blocks [239, 240] in the synthesis of heterometallic systems

C(\FS ChFS
(N N

CFs— A|u—C—Ag—C— ﬂu—C(,F_;_
leN CIN
Ag Ag
| r
CN NC
| N N |

Cf‘Fs_ f-’\|ll—C— Ag'_C— .AiU_ChF_q
CyFs Cyls

Figure 3.29 Tetramer with four Au(lll) and four Ag(l).
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containing unsupported metal-metal bonds. The first example of unsupported Sn-Au
(I1T) bond N(PPh;),;[MeSi{Me,SiN(p-tol)}3SnAu(CsFs);] [81] (37) has been prepared
by reaction of [MeSi{Me,SiN(p-tol)};Sn(OEt,)] with the organoaurate N(PPh;),[Au
(C6Fs)sCl).

B h[ic -
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Trinuclear phosphido-bridged Au(III)-M derivatives with M = Agand Cu (PPh;),N
[{Au(CgFs)3(1-PPhy)},}M] have been described deprotonating [Au(CeFs);
(PPh,H)] [179] with N(PPh;);(acac) and the subsequent addition of the correspond-
ing silver or copper salt. A pentanuclear mixed gold(I1I)-silver(I) phosphide with an
unusual T-frame u;-Cl bridge is obtained (38) [241] in the reaction of [Au
(CoFs)3(PPhyH)] with Ag(CF3S0;), [Ag(CF3S03)(PPhs)], [N(PPhs),Cl] and [N(PPhs),
(acac)] as deprotonating agent.

335
Pentafluorophenylgold(lll) Derivatives as Catalyst

Some halogen-gold(I1I) derivatives containing at least one pentafluorophenyl ring
such as trans-NBuy[Au(CeFs),X,] (X=Cl, Br), [Au(C¢Fs),(U-Cl)],, BzPPhs[Au
(C6Fs)Cl;] and [Au(C4Fs)Cl,], have shown catalytic activity in the addition of
water and methanol to terminal alkynes (phenylacetylene and n-heptyne) [27]. The
studies of a stoichiometric reaction with [Au(CgFs),(u-Cl)], and PhCCH provides a
proposal for a mechanism, where a gold(IIl)-vinyl intermediate is suggested
(Scheme 3.6).

Pentafluorophenyl gold(III) and gold(I) derivatives of the type [Au(u-Cl)(CsFs)a]a,
trans-[Au(C¢Fs),ClL), (PPhs),N[Au(CgFs)Cls], [Au(CeFs)Cl,(tht)] and (PPhs),N[Au
(C6Fs)Cl] [76] are able to catalyze the 1,3-dipolar cycloaddition reaction of N-ben-
zyl-C(2-pyridyl) nitrone and methyl acrylate decreasing the reaction time and favor-
ing the formation of the exo(cis) isomer (Scheme 3.7). The corresponding gold(III)
and gold(I) complexes with the formulae: [Au(CeFs)(2-PyBN)], [Au(CeFs),Cl(2-
PyBN)] and [Au(CeFs)(2-PyBN)] (2-PyBN = N-benzyl-C(2-pyridyl) nitrone) do not
react with methyl acrylate to give the cycloaddition products and display low catalytic
activity, for this reason they can not be considered as plausible intermediates in the
cycloaddition reaction.
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Scheme 3.6 Proposal of catalytic mechanism.

There are some differences in between the Au—C distances in the C¢F5 units, which
depends in most of the cases on the ligand in trans position to the pentafluorophenyl
ring. The simplest cases are complexes with only one Au-C4Fs fragment, as illustrated
in Table 3.9. The values of the distances reflect an increasing trans influence in the
order N<S<C(sp)<C(sp’) for the donor atom of the ligand, except in the case of
complex [Au(CgFs)(S2CsHy)]s probably due to the rigid trinuclear structure. In the
cases of mononuclear and polynuclear pentafluorophenyl complexes with Au(CgFs),
units (Tables 3.10 and 3.11 respectively) display slight differences in between both
fragments when they have the same donor atom in trans. But an increasing trans
influence is observed in most of the examples (with different donor atoms in trans) in
the following order N<Cl< S ~ Se <P <C donor ligands.

In mononuclear and polynuclear Au(C¢Fs); compounds (Tables 3.12 and 3.13
respectively) the Au-C¢Fs bond lengths in the fragments mutually in trans position are
in the same range and the remaining Au(CgFs) displays different distances depending
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Scheme 3.7 1,3-dipolar cycloaddition reaction of N-benzyl-C(2-pyridyl) nitrone and methyl acrylate.
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Table 3.9 Au-C¢Fs distances in Au(CgFs) compounds.

Compound Au-Cyrans to (x) Ref
[Au(CeH4CH, NMey-2)(CoFs )Cl] 2.022(10) (N) [194]
Phal? 2.074(4) (C) [110]
(|~‘hF5 ‘ . O
Alu Aﬁ‘\ Me
pr, P FsCel M
[Au(CgFs)(S2CeH.)(PPhs)] 2.061(4) (S) [195]
[Au(Cst)(SzC6H4)]3 2.035(7) (S) [196]
[Au( Fs)(S2CH4) (SCeH4SPPhy)] 2.07(2) () [196]
[(n-CHa){Au(CH,)2PPha}(CeFs)] 2.104(7) (C) [176]
Table 3.10 Au-C¢Fs distances in mononuclear Au(CgFs), compounds.
Compound Au-Cirans 1o (x) Ref
[Au(CgFs),{CN(p-tolyl)},] 2.067(6), 2.097(5) (C) [186]
2.097(10) (C) [109]
At ‘Au'
Ph4l> F_‘scﬁ
[Au(C6Fs)2(Fepy),] 2.011(9), 2.015(9) (N) [144]
[Au(CFs),(PPh,CeH4NH,)]ClO, 2.019(6) (N), 2.073(7) (P) [219]
[Au(CFs),(PPh,CoH4NH)] 2.041(4), 2.053(4) (N); 2.067(4), 2.050(5) (P) [219]
[Au(CFs),Cl(FcCH,NHpyMe)] 2.012(3) (N), 2.028(2) (Cl) [153]
[Au(CFs),(Ph,PCHPPh,)]CIO, 2.071(10) (P) [175]
NBuy[{Au(CgFs),}2(1-PPhy)] 2.060(8), 2.055(7) (P) [218]
[Au(CgFs),{(PPh,),CCH,(SPh)}] 2.099(13), 2.087(10) (P) [189]
[Au(CFs),{(PPh,),CCH,(S,CNEL,)}] 2.082(6), 2.086(7) (P) [189]
[Au(CgFs),{(Ph,P),CPPh,}] 2.10(2), 2.074(14) (P) [215]
[Au(C(,FS)Z(SPPhZCHPth)] 2.069(5) (P), 2.061(6) (S) [210]
[Au(CgFs),Cl(PPh,CH,NH,)] 2.038(4) (Cl), 2.068(4) (P) [219]
[Au(CgFs),(S,CN(CH,Ph),] 2.049(6), 2.047(6) (S) [182]
[Au(CFs),{(SPPhy),CCH,(CsHy)}] 2.032(3), 2.033(3) (S) [189]
PPNJAu(CgFs),(u-dmit)] 2.059(5), 2.061(6) (S) [108]
[Au(CFs),(SPPh,0)(CH,PPh,Me)] 2.056(26) (S), 2.084(27) (C) [209]
[Au(CFs),{(SePhy),N] 2.052(2), 2.055(2) (Se) [188]
)

[Au(CgFs)4][Au(CeFs),Cly]

2.066(6), 2.051(6); 2.050(6), 2.056(6)

(41]




3.3 Pentafluorophenylgold(l1l) Derivatives | 153

Table 3.11 Au-CgFs distances in polynuclear Au(CgFs), compounds.

Complex Au-Cyrans to (x) Ref
[Au(CgFs),(1-2-CH4PPhy),Au] 2.081(10), 2.097(10) (Csp) [109]
[AU(C4Fs),{ (PPh,CsH,N(AuPPhs),) }ClO, 2.046(3) (N), 2.088(4) (P) [219]
[{Au(C4Fs),}3(1-PPhH);] 2.052(8)-2.078(7) (P) [51]
| N
[Au(CqFs),(Ph, PCHPPh,)Au(CgFs)] 2.075(6) (P) [198]
[Au(CgFs), (Ph, PCHPPh, ) [Au(Ph, PCHPPh, ) { 2.108 (10), 2.118(11) (P) [198]
Au(CgFs), }|ClO,  —
[{Au(CsFs)2}2(n-PPhy),] 2.060(8), 2.055(7) (P) [218]
[Au(CsFs)(1-PPh,),Ag] 2.073(9), 2.078(9) (P) (218]
2.069(9), 2.091(8)
[Au(C4Fs),{(Ph,P),CPPh,}(AuCl)] 2.097(8), 2.077(7) (P) [215]
[Au(CGFS) (Phy PC(AuCGFs )(AuPPhs ) PPh, CH 2.03(3), 2.08(3) (P) (189]
COOMe|
[AU(C4Fs){(PPh,),C(AuPhs),}] 2.054(3), 2.154(4) (P) [200]
[Au(CqFs),{(Ph,PCHAuU(C4Fs)PPh,C 2.110(15) (P), 2.069(16) (C) [207]
HCOOMe)}]
[Au(C4Fs),Cl{Ph,PCH (Aupy)PPh,} AuCl] 2.037(18) (P), 2.052(20) (C)) [199]
[Au(C4Fs),{(Ph,PCHAu(CcFs)PPh,CHCOOMe)}]  2.098(14) (P), 2.111(13) (Csp’)  [205]
trans-NBu,[{Au(CqFs)3 }(1,2-PHCH,PH) 2.074(7), 2.030(7) (P) [220]
{Au(CeFs)2ClHp-Au(CoFs)}]
[Au(CgFs),{(SPPh,),C(AuAsPhs),}|ClO, 2.02(3), 2.08(4) (S) [204]
[Se(AuPPhs),{Au(CeFs), )] 2.046(8), 2.070(7) (Se) [227]
[{Au(CgFs),Cl},(1-Fc(PPh,S)] 2.008(8) (Cl), 2.040(8) (S) [148]
[{S (Au,dppf)},{Au(CeFs);}JOTE 2.053(14), 2.062(14) (S) [228]

Table 3.12 Au-C¢Fs distances in mononuclear Au(CgFs); compounds.

Compound Au'cmutually in trans Au'ctrans to (X) Ref
[Au(CsFs)3(CH,PPh,Me)] 2.055(4), 2.069(3) 2.067(6) (C) [197]
[Au(CgFs)3(CsH,NSNH,)] 2.063(2), 2.068(2) 2.016(2) (N) [47]
[Au(CgFs)sClJ[Aus(-dppm),Cly] 2.063(2), 2.068(2) 2.016(2) (N) [175]
[Au(CGFS)g(FcCHZNprMe)] 2.064(5), 2.071(5) 2.026(5) (N) [153]
[Au(C,Fs)3(Fepy)] 2.067(3), 2.068(3) 2.017(3) (N) [144]
[Au(C6F5 )3{PPh,(CH,CH(OMe),}] ~ 2.065(3), 2.068(3) 2.067(3) (P) [181]
[Au(C¢Fs)3{PPh,C=C)(AuPPhs)]  2.063(8), 2.067(3) 2.082(7) (P) [181]
[Au(CgFs)3(PTA)] 2.069(2), 2.079(2) 2.066(2) (P) 28]
[Au(CGFS )3(Ph,PC4H,SH)] 2.060(5), 2.074(4) 2.057(5) (P) [180]
[Au(C,Fs)s(triphos)] 2.078(6), 2.082(7) 2.079(3) (P) [95]
[Au(C6F5)3(PPhZCH2Fc)] 2.080(4), 2.068(4) 2.067(3) (P) [147]
[Au(CgFs)3(pdma)] 2.065(11), 2.085(11) 2.104(12) (As) [172]
[Au(CgFs)s(Fc(SPh),)] 2.068(4), 2.073(4) 2.028(4) (S) [226]
[Au(CgFs)3(S,CPEts)] 2.067(4), 2.076(4) 2.037(3) (S) [89]
[Au(CgFs)s(tht)] 2.068, 2.067; 2.056, 2.066  2.035(5), 2.031(3) (S)  [41]
[Aus(PPh,CH,PPhCH,PPh,),Cl,]  2.065(10), 2.071(10) 2.014(11) (C]) [243]

[Au(CgFs);Cl]
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Table 3.13 Au-CgFs distances in polynuclear Au(CgFs); compounds.

Compound Au'cmutually in trans Au'ctmns to (X) Ref
[{Au(CgFs)3}2{Fc(Spy)2}] 2.058(6), 2.077(6) 2.005(5) (N) [149]
PPN[{Au(CgFs)3},(1-PPhH)] 2.062(2), 2.064(2) 2.058(2) (P) [51]
2.062(2), 2.074(2) 2.063(2)
[{Au(CgFs)3},(1-PPh){AuPPh;},] 2.055(3), 2.074(3) 2.083(3) (P) [51]
[{Au(C4Fs)3},(Me-CeH3) {NHPPh,},] 2.064(10), 2.071(10) ~ 2.088(9) (P) [96]
2.062(10), 2.076(3)  2.070(10)
[CeH4{NHPPh,Au(C4Fs)s} 2.069(5), 2.070(5) 2.062(6) (P) [96]
{N(AuPPh;)PPh,}Au(CcFs)3] 2.074(5), 2.079(5) 2.061(6)
trans-NBuy[{Au(CgFs)3} 2.068(7), 2.078(7) 2.075(7) (P) [220]
(1,2-PHC4H,PH)
{Au(CgFs),ClH{u-Au(CeFs),}]
[{Au(C4Fs)3}(1,2-PCeH4P) {Au(CeFs)s}  2.064(9), 2.080(9) 2.104(8) [220]
{n-Au(dppe)Au}] 2.085(9) (P)
2.058(10), 2.086(9)
[{Au(CgFs)3}(1,2-PCeH4P) {Au(CeFs)s}  1.932(19), 2.051(19)  2.026(17) [220]
{n-Ag(dppe)Au};] 2.096(16) (P)
2.069(17), 2.084(16)
NBuy[{Au(CgFs)3}2(1-PPhy)] 2.070(9), 2.065(9) 2.063(8), [218]
2.061(8) (P)
2.061(8), 2.074(9)
[Au(CgFs)3(Hp-2-SCeH4NH,) 2.001(14), 2.071(13)  2.050(13), [231]
(AudppmAu) (,-2-SCeH,NH,) 2.039(15) (P)
Au(CFs)3] 2.017(14), 2.105(15)
[Au(CgFs)3(1-PPh,) (AuPPhs)] 2.055(6), 2.074(6) 2.068(6) (P) [217]
[Au(CgFs)s(1-PPh,)(AgPPhs)] 2.063(3), 2.064(3) 2.073(3) (P) [217]
[Au(CgFs)s{p-PPh,(C=CH,)PPh,} 2.050(3), 2.071(3) 2.059(3) (P) [92]
(AuCeFs)]
[{Au(CFs)s}s(u-triphos)] 2.063(7), 2.079(7) 2.054(7), 2.057(7), [97]
2.073(7), 2.079(7) 2.047(7) (P)
2.075(7), 2.078(7)
NBuy[{Au(CFs)3PPh,CHPPh,},Au] 2.057(8), 2.063(8) 2.063(8), 2.080(8) (P)  [211]
2.064(8), 2.069(9)
[T1(CgFs),Cl{Au(CeFs); (PPh,CH,PPh,  2.075(10), 2.074(9)  2.059(10) (P) [203]
0)}
PPN[{Au(CgFs)3(u-PPhy)},Au] 2.052(5), 2.058(6) 2.073(6) (P) [179]
PPN[{Au(CgFs)3(u-PPhy)},Ag] 2.052(5), 2.068(5) 2.078(5) (P) [179]
[{Au(C4Fs)3}(dpam)Ag(OClOs) (dpam)  2.075(7), 2.083(9) 2.067(8), 2.060(9) (As)  [29]
{Au(CeFs)s}] 2.067(8), 2.075(9)
[Aus(u3-SCsFs)(CeFs)s(1-dppf)] 2.049(7), 2.056(7) 2.048(7) (5) [224]
[S(Au,dppf){Au(CeFs)3)] 2.061(14), 2.079(13)  2.02(2) (S) [228]
[{Au(C4Fs)3}2(Fc(SPh),)] 2.073(4), 2.068(4) 2.028(4) () [226]
[{Au(C4Fs)3}a(1-S,CPELs))] 2.086(15), 2.090(13)  2.048(16), [89]
2.058(20) (S)
2.062(14), 2.088(14)
[{Au(C6Fs)3}2(SH)] 2.080(14), 2.051(13)  2.042(13), [222]
2.102(14), 2.086(14)  2.051(13) (S)
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Table 3.13 (Continued)

compound Au'cmutually in trans Au'ctmns to (X) Ref

[{Au(CFs)s}2(SAgPPhs)] 2.050(8), 2.058(7)  2.038(8), 2.046(7) (S)  [222]
2.062(7), 2.058(7)

[S(Au,dppf){Au(CeFs)3},] 2.067(10), 2.093(10)  1.979(13), [229]
2.057(11), 2.069(11)  2.034(12) (S)

[S(AuPPhs),{Au(CeFs)3}2] 2.018(13), 2.064(13)  2.091(13), 2.01(2) (S)  [229]
2.051(12), 2.09(2)

[{Au(CgFs)3}2(SAUPPh3)] 2.07(2), 2.05(2) 2.05(2), 2.00(2) (S) [222]
2.04(2), 2.05(2)

[{Au(CgFs)s}2(1-SePh), (u-dppf)] 2.076(3), 2.066(3)  2.036(3), 2.051(4) (Se)  [230]

)
2.061(3), 2.054(3)
[Se{Au,(u-dppf) HAu(CeFs)3}] 2.079(11) 2.060(12) (Se) [227]

on the donor atom of the ligand placed trans in the molecule. In these cases the
observed trans influence exhibits the following order: N<Cl< S~ Se<P<C<As.

To the best of our knowledge there are only four examples of [Au(CgFs)s]™
crystallographically characterized [41, 173, 174, 242] with Au-C4Fs distances ranging
from 2.050 to 2.098(13) A

3.4
Gold Clusters

The oxidation states I and Il are the most common in gold chemistry but there are also
some polynuclear complexes of the general formulae [Au,L,,]* " where the oxidation
state of gold is between 0 and I, because a < n and, generally m < n. No organometallic
cluster complexes of gold are known with the exception of [Au;o(CeFs)4(PPhs)s] [244]
obtained by reaction of [Auo(PPhs)g](NO3); with NBuy[Au(CeFs),] in 1:3 ratio.
Complex shown in Figure 3.30 is separated by column chromatography in good
yield and it was the first gold cluster analyzed by mass spectrometry (LSIMS) *

C‘Js Cf.F PPh

/ ;\u

Ph:P—ALT— A’Au —CqFs
\>/Au / " PPhy
Au-—\—

cﬁFﬁ/ PR ppy,

Figure 3.30 Structure of the cluster [Auyo(CsFs)4(PPhs)s].
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3.5
Pentafluorophenylgold(ll) Derivatives

The number of gold(II) complexes is very scarce when we compare them with the
more common gold(I) and gold(III) derivatives. The energy required to reach [245, 246]
Au”* from atomic gold is not very different to that required to form either Cu® " or
Ag” ™ and to attain M T less energy is required for Au than for Cuand Ag. Therefore
this argument is not enough to justify the lack of stability of the oxidation state II for
gold. There is a strong tendency to disproportionation from Au”** to give Au™ and
Au’ ' because the odd electron in d° metal complexes is in the d.o— ) orbital [245-247]
(octahedral tetragonally distorted or square planar arrangement) which has much
higher energy than the one with copper and can easily be ionized. The formation of a
gold-gold bond gives more stable compounds and the Au,** core derivatives are the
more stable and abundant types of gold(Il) complexes. In fact only the complexes
containing CgFs groups are of this kind and although mononuclear gold (II) complexes
have been reported [248] only one has been X-ray characterized [249] [Au([9]aneSs),]
(BE4), and none contains the pentafluorophenyl group Figure 3.31.

3.5.1
Dinuclear Pentafluorophenylgold(ll) Complexes

One of the reasons for the poor stability of gold(II) complexes must be the unfavor-
able energy of the odd electron. The formation of a metal-metal bond in binuclear
gold(IT) complexes gives an extra stability and avoids a decomposition pathway. Thus,
the number of gold(IT) complexes containing the Au,** core has been increasing in
the last two decades and different stoichiometries are known. The most abundant are
those containing two equal bridges holding together the gold centers and keeping
them in close proximity, giving rise to a diauracycle with a gold-gold bond across the
cycle. But beside this class of derivatives, some dinuclear gold(II) complexes with two
different bridges have been synthesized, as well as complexes with only one bridge
holding the gold(II) centers, and the first Au,* * complex without any bridge was
described in 1996 [250]. Nowadays we have examples of all these types in penta-
fluorophenylgold(IT) complexes including this interesting new type of Au,* * without
any bridge [41].

Table 3.14 shows all the known dinuclear gold(IT) complexes containing the Au,* "
core. As happened in gold(II) chemistry the most abundant are those containing a
double bridge of the bis ylide CH,PPh,CH,. The first derivative [(C¢Fs)Au

Figure 3.31 Structure of the gold (Il) derivative [Au([9]aneS;)](BF4)2.
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Table 3.14 Dinuclear Gold(ll) Au,** complexes with at least one C¢Fs group.

Complex Ref.  d(Au-Au) d(Au-X) d(Au-R)
[(CFs)Au(CH,PPh,CH,),Au(CcFs)] [174] 2.677(1) — 2.151(1)
[(CeFs)Au(CH,PPh,CH,),Au(NO3)] [251]

[(C¢Fs)Au(CH,PPh,CH,),AuC]] [251]

[(C()Fs) u(CHzpphchz)zAuSCN] [251]
[(CFs)Au(CH,PPh,CH,),Au(CeF;5H,)] [251]
[(C¢Fs)Au(CH,PPh,CH,),Au(MeCOO)] [251]
[(C6Fs)Au(CH,PPh,CH,),Au(OClO;)] [253]
[(C¢Fs)Au(CH,PPh,CH,),Au(PPh;)|ClO, [251] 2.661((8) 2.443(3) 2.078(12)
[(CFs)Au(CH,PPh,CH,),Au(tht)|ClO, [251]
[(C6Fs)Au(CH,PPh,CH,),Au(AsPh;)]ClO, [251]

[(C6F5)Au(CH2PPh2CH2)2A (PTOI;)]C].O4 [251]
[(CsFs)Au(CH,PPh,CH,),Au(py)]ClO,4 [251]
[(C¢Fs)Au(CH,PPh,CHS,)(S,CNMe,)Au(CFs)] [254]
[(C6F5)Au(CH,PPh,CH,)(S,CPCys)Au(CsFs)](C104)  [255]
[(C¢Fs)Au(o-CeH,4PPh,),Au(CFs)] [109] 2.6139(4) — —
[C1(C4Fs)Au(PPh,NHPPh,)Au(CeFs)Cl] 87  2.576(2)  2.3413) —
[(C6Fs),Au(PPh,NHPPh,)Au(C Fs),] 187]
[Br(CoFs)Au(PPh,NHPPh,)Au(C,Fs)Br] 187]

[(CoFs)Au{ (PPh,NHPPh,},Au(C,Fs)](Cl0,), 187]

[Auy(CgFs)4(tht),] [41]  2.5679(7) 2.418(3) 2.110(2)

2,078(2)

(CH,PPh,CH,),Au(C¢Fs)] was synthesized by Facker et al. [174] by oxidation of the
dinuclear derivative of gold(I) with [T1(CgFs),Br]. Although in low yield, it was
characterized by X-ray studies. Synthesis with higher yield was reported by Laguna
and Laguna [251] either by oxidation of the dinuclear gold(I) derivative or by
metathesis replacement with [Ag(CsFs)] of the corresponding dichloride gold(II),
the latter being the best way (Equation 3.26).

Phg Phs

Cl—Au—Au—Cl  +  2Ag(CeFs) — CoFe—Au—Au—CF; +  2AgC

Ph, Phy
(3.26)

This good yield from the preparation of [(CeFs)Au(CH,PPh,CH,),Au(CsFs)]
permitted the study of its reactivity and the synthesis of the complexes of Table 3.14
of general formula [(CgFs)Au(CH,PPh,CH,),AuX] X = anionicligands, and [(C¢Fs)Au
(CH,PPh,CH,) ,AuL]ClO4 L =neutral ligands, both obtained by reaction of [(C¢Fs)
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Au(CH,PPh,CH,),Au(C¢Fs)] with the corresponding [XAu(CH,PPh,CH,),AuX] or
[LAu(CH,PPh,CH,),AuL](ClO,),. Other syntheses of these nonsymmetrical deriva-
tives are the metathetical reactions starting from [(C¢Fs) Au(CH,PPh,CH,),AuCl] with
silver salts (Equation 3.27).

3 Ph"
" N N
R—An—Au—R ¥ [.—Au—Au—L - . 2 R—AC-—AU—L

9
Ph, Ph 2 gh 2

(3.27)

Working this way the complexes [(C¢Fs)Au(CH,PPh,CH,),Au(OClO;)] and
[(C6Fs)Au(CH,PPh,CH,),Au(tht)](ClO4) become accessible. The tetrahydrothio-
phene (tht) and the perchlorate are weak ligands in gold(I) and gold(III) chemistry
and also in gold(II) chemistry. They give enough stability to some gold(II) complexes
and, in addition, they can be replaced easily by any other anionic or cationic ligand.
Therefore gold(II) complexes containing tht or OClO; were the starting point for the
preparation not only of a great variety of dinuclear gold(II) derivatives but also of
polynuclear gold(II) complexes (see below).

The preparation of gold(II) complexes with two different bridges can be accom-
plished by metathetical reactions with the corresponding dichloride gold(II) complex
[CIAu(CH,PPh,CH,)(S,CNMe,)AuCl] and [ClAu(CH,PPh,CH,)(S,CPCys)Auc]]
(ClOy), although no studies by X-ray diffraction of this type of structures have been
reported. Another interesting pentafluorophenylgold(Il) complex is the ortho-me-
tallated complex [(CgFs)Au(o-CsH4PPh,),Au(CsFs)] reported by Bennett [109] syn-
thesized by reaction with LiCgFs over the corresponding chloride derivative.

All these gold(II) complexes are unstable in solution at room temperature and
decompose to gold(IlI)/gold(I) derivatives as mentioned above. The two bridges
holding the two gold centers are not enough to maintain this oxidation state, thus
complexes with only one bridge should be less stable, as they are, and not many
examples of this kind have been reported. Only three examples with bis(diphenylpho-
sphino)amine and the pentafluorophenyl group have been reported including the X-
ray structure of one of them.

Ifitis difficult to get the Au,* " core maintained by two bridges and some examples
with only one bridge have been reported, the existence of some examples without any
bridge should be noticed. In fact the first example of this class of complexes was
published in 1996 [250], although it was in 2007 that this type of complex containing
C¢Fs groups was reported [41]. This very important example was reported by
Raubenheimer et al. by coproportionation reaction of gold(I) [Au(C¢Fs)(tht)] and
gold(III) [Au(CeFs)s(tht)] affording [Au,(CeFs)4(tht),] whose structure shows the
Au,*" core bonding four CgFs groups.

The disproportionation reactions for dinuclear gold(II) complexes to give gold
(I11)/gold(I) derivatives are known and well represented. On the contrary only one
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previous copropotionation reaction to give gold(II) complexes starting from gold
(I11)/gold(I) has been reported [252].

352
Polynuclear Pentafluorophenylgold(ll) Complexes

Since the most abundant gold(IT) complexes belonging to the Au,* " formulation
have been discussed above, now we will refer to nuclearity higher than two. This
includes complexes with more than two gold atoms in the molecule or with other
metals in their composition in addition to the gold centers (see Table 3.15).

The first polynuclear complexes containing the C¢Fs group appear by substitution
reactions of [(C¢Fs)Au(CH,PPh,CH,),Au(tht)](ClO,) with NaS,CNR, affording the
tetranuclear complexes [{(C¢Fs)Au(CH,PPh,CH,),Au},(S;CNR,)] (R =Me, Et). On
the base of the spectroscopic properties a structure with the dithiocarbamate ligand
acting as a bridge between two eight-membered diauracycles of gold(II) has been
proposed [256].

The synthesis of polynuclear gold(II) complexes, involving different kinds of gold-
gold bonds, has been achieved by reaction of gold(II) derivatives with the Au,** core
with either gold(I) or gold(I1I) compounds. Some of us reported [242] the reaction of
[(C6F5)Au(CH,PPh,CH,),Au(CsFs)] with [Au(CeFs)3(OEt,)] which led serendipitous-
ly to the pentanuclear cationic complex [{Au,(CH,PPh,CH,),(CcFs) }Au(CgFs),][Au
(CgFs)4]. The structure of the cation is schematically shown in Equation 3.28. Its
backbone is a linear chain of five gold atoms, all of which have square planar
geometry. Two diauracycle units [(C¢Fs)Au(CH,PPh,CH,),Au] are bonded to a Au
(CgFs), moiety which lies nearly perpendicular to the two eight membered rings. The
Au—Au distances of 2.755(1) and 2.640(1) A are characteristic of metal-metal bonds,
the former corresponding to the unsupported gold-gold bond.

Table 3.15 Polynuclear pentafluorophenylgold(ll) complexes.

Complex Ref. d(Au-Au)
[{(C¢Fs)Au(CH,PPh,CH,),Au},(S,CNMe,)] 256] —
[{(CoFs)Au(CH,PPh,CH,),Au},(S,CNEL,)] 256] —
[{(CeFs)Au(CH,PPh,CH,),Au},{S,CN(CH,Ph),}] 256] —
[{Au,(CH,PPh,CH,),(CoFs) }Au(CoFs),][Au(CoFs)] 242] 2.640(1), 2.755(1)
[{Au,(CH,PPh,CH,),(CoFs) FAu(CeFs),][(ClO) 253] —
[{(C6F3H,)Au(CH,PPh,CH,),Au},Au(CsF3H,),]ClO, 253] —
[{(C(,FS)Au(cHzPthcHz)zAu}zAuZ(CHzPPh2CH2)2]CIO4 253] —

[
[
[
[
[
[
[
[{(CsF3H,)Au(CH,PPh,CH,),Au},Au, (CH,PPh,CH,),]CIO, [253] 2.654(1), 2.737(1), 2.838(1)
[
[
[
[
[
[

[Aus(CeFs)»{(PPh,),CH},Cl] 260] —
[AU4 C(,Fs)z{(Pth)ch}zBl’z] 260] —
[Auy(C6Fs)o{(PPh,),CH},(tht),] 260] —
[Au4(CeFs)2{(PPh,),CH}»(PPhs),] 260] 2.730(1), 2.909(2)
[Au,(CoFs)o{(PPh,),CH},(PPh,Me),] 260] —
[Au4(CoFs)2{ (PPh,),CH}»{P(tol)3}] 260] —
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Ph, [ Ph, Ph
P

F’ RW [ AuR;OF 1] f/ \7 R f/ \1

R—Au—Au—R ——— | R—Au—Au—A0—Au—Au—R | [AuR,

Ph, Ph, Ph,
R = CyFs

(3.28)

In accordance with extended Hiickel calculations [233, 257] the pentanuclear chain
can be better described as Au(I1I)-Au(I)-Au(I)-Au(I)-Au(III), so the central gold atom
can be regarded as part of one [Au(C¢Fs),]~ unit which acts as an electron donor to the
dinuclear gold cation [(C¢Fs)Au(CH,PPh,CH,),Au]". Complexes containing the
organoaurates [AuR,] (R = C¢Fs or 2,4,6-C4F3H,) as nucleophilic centers have been
described [129, 130] and cationic dinuclear gold complexes have been postulated as
intermediates in oxidative additions [258].

The unit [(CsFs)Au(CH,PPh,CH,),Au] " was nearly prepared from different gold
(II) complexes above mentioned, such as [(C¢Fs)Au(CH,PPh,CH,),Au(tht)|ClO4 and
[(CsFs)Au(CH,PPh,CH,),Au(OClOs)]. The tetrahydrothiophene or perchlorate
ligands are easily displaced in gold chemistry, although they are enough to stabilize
the gold(II) precursors. The reaction of these gold(II) complexes with either organo-
aurates NBuy[AuR,] (R=CgFs or 2,4,6-C¢F3H,;) or the diauracycle [Au(CH,PPh,
CH,),Au], which nucleophilic character was repeatedly manifested [258, 259], is the
way to the preparation of these chains of gold centers.

Scheme 3.8 shows the results of these reactions. The pentanuclear chain of gold
atoms is now accessible with ClO, as anion. A complex containing the trifluor-
ophenyl group, [{(CsF3H,)Au(CH,PPh,CH,),Au},Au(C¢F3H,),]ClO,, can be ob-
tained using the starting trifluorophenyl derivatives instead. When the diauracycle
[Au(CH,PPh,CH,),Au] is used as electron donor, hexanuclear complexes [{RAu
(CH,PPh,CH,),Au},Au,(CH,PPh,CH,),](ClO,), (R=CeFs, 2,4,6-C¢F3H, or
CH3;) were obtained. The X-ray structure of the trifluorophenyl derivative has been
determined. The whole dication consists of three Au(CH,PPh,CH,),Au diaura-
cycles in a nearly perpendicular disposition linked together through two unbridged
gold-gold bonds, building up an almost linear six atom gold chain. The gold-gold
distances in the pentanuclear and hexanuclear derivatives are very close despite the
differences in the aryl group bonded to the ending gold atoms. In accordance with
these data the bond in penta-, Aus’ *, and hexa-nuclear, Aug'® ", complexes can be
explained as a donation of electron density from the central gold(I) center to two
[RAu(CH,PPh,CH,),Au] " fragments, which were gold(I1) in the starting materi-
als. Extended Hiickel calculations [257] in the hexanuclear derivative show a better
description as Au(III)-Au(I)-Au(I)-Au(I)-Au(I)-Au(IIl), very close to the description
of pentanuclear gold complex and slightly different from the preparative
procedures.
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Scheme 3.8 R= C6F5, 2,4,6-C6F3H2, Me.

The reaction of the tetranuclear complex [Au(PPh,CH{Au(CsFs)}PPh,),Au] [114]
with chlorine or bromine does not oxidize the two gold centers of the diauracycle to
give the usual gold(Il) derivatives with an X—Au—Au—X backbone. Instead, a new
type of reaction occurs, probably due to the presence of other gold(I) centers in close
proximity [260]. Displacement reactions using silver salts, such as [Ag(OClOs)(tht)]
and [Ag(OClO3)PR;] afford cationic complexes which in the case of the blue PPhs
derivative, the X-ray structure shows a linear chain of three gold atoms in a
P—Au—Au—Au—P backbone (Scheme 3.9). The assignment of oxidation states in
the linear chain is not straightforward. Because the sum mustequal + 5, the only two
possibilities with integral oxidation states are Au(II)-Au(I)-Au(II) or Au(I)-Au(I1I)-Au(I)
the former being the most appropriate and very close to those of heteronuclear gold(II)

H AuCeFs
= 2@
2 CoF CeF.
Ph,P PP \ ' Py \ o e,
2 7] \ /
o A X \ " [AG(OCIOIL
| | > < \ Z PFhe \
Ph,P PPh PPh, L=tht, PPhs 2 A
=) 2 LAu AU
N Cst\“ x  PPhoMe, Pital)s CBFS\\‘ L
oA Ph,P Au—PPh, Ph,P Au—PPh,
5 H

Scheme 3.9 Formation of the “Blue Gold” complexes.
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derivative Au(II)-Pt(II)-Au(II) reported by Fackler [261]. Because of the intense blue
color the oxidation state could be considered as fractional oxidation states Aus® ™+ as
happened in platinum [262] and rhodium and iridium [263] complexes which
curiously present the same blue color, and they are called “Blue Platinum” [262],
“Blue Rhodium and Iridium” [263] and by analogy we are in the presence of “Blue
Gold” complexes.

3.6
Outlook and Future Trends

As we stated in the introduction the pentafluorophenylgroup, C¢Fs, has some
properties that made it an important ligand for the stabilization of gold complexes.
Its electron-withdrawing character, its resistance to cleavage against different agents,
and the crystallinity that it confers on the complexes, made it an important ligand in
the chemistry of transition metals, in general, and in gold chemistry in particular. The
number of references of this chapter is in accordance with this.

The chemistry of the pentafluorophenylgold complexes covers all the oxidation
states in one representation in accordance with the chemistry of gold. This shows that
the pentafluorophenyl group has no preference for stabilization of any oxidation
number. This general assertion is not totally true in cluster chemistry in which only
one pentafluorophenylgold complex has been reported and in our opinion it
corresponds more with a lack of reactions that with the properties of the penta-
fluorophenyl group. In fact the electron-withdrawing character of the C¢Fs group
should increase the stability of these complexes.

The oxidation number of pentafluorophenylgold derivatives, not highly repre-
sented is gold(II), although taking into account the scarce representation of this kind
of gold derivative we must be optimistic. A close look at Section 5 shows us that the
use of CgFs group gives such different new bonding situations (new gold-gold bonds,
chains of gold atoms in different oxidation states, fractional situations “Blue Gold,”
unsupported Au,** derivatives and so on) that really is a invitation to develop new
complexes in this area, because, in our opinion, not all the possibilities are yet
manifested.

In the more widely represented pentafluorophenylgold(I) and gold(III) complexes
the strength of the stability that the ligand confers on the complex should be at the
same time its weakness regarding its chemistry. If we want to take advantage of this
fact we need to use Cg¢F5 groups to stabilize new bonding situations on the other
coordination possibilities of the gold(I) or gold(IlI) centers. In order to minimize the
lack of reactivity of C¢Fs group we need, and this review is an invitation, to force the
preparation of C¢Fs complexes in which the group will act as electron-deficient donor
between two metallic centers or those complexes in which the n-n stacking interac-
tion between CF5 group should be the reason for 3D macromolecular assembly and
properties.

Applications of the pentafluorophenylgold complexes have been mentioned when
appropriate throughout the chapter. Catalytic reactions, vapochromic behavior,
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components of VOCs detectors, liquid crystals, luminescence complexes and water
solubility have been mentioned. We wish we could write a new chapter in the future
in which the possible and real applications of this type should be the dominant
argument, because pentafluorophenylgold complexes present the stability required
for this purpose.
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Theoretical Chemistry of Gold — From Atoms to Molecules,
Clusters, Surfaces and the Solid State

Peter Schwerdtfeger and Matthias Lein

4.1
Introduction

The theoretical and computational chemistry of heavy elements is currently under-
going enormous growth due to the ever-increasing computer power combined with
the development of new algorithms and theoretical methodologies. In the case of gold
and its compounds, the number of papers published in this field is currently growing
at an exponential rate, Figure 4.1. The strong interest in gold chemistry and physics
arose early on in the computational community, after Pekka Pyykko and Jean-Paul
Desclaux’s surprising discovery in 1979 [1, 2] that neutral gold shows an unusually
large relativistic 6s-orbital stabilization (contraction) compared with its neighboring
atoms in the periodic table, which is now termed the gold maximum of relativistic
effects, Figure 4.2. This distinct maximum is also found for the lighter Group 11
elements Cu and Ag as Figure 4.2 shows, but to a much smaller extent, and shifted to
element 112 within the trans-actinide series, as the very large relativistic 7s shell
contraction leads to a change in the ground state configuration for Rontgenium (Rg;
Z=111) from d'%" to d’s* [3, 4]. For gold, this rather large relativistic 6s stabilization
results in a significant increase in the ionization potential (by 2.0eV) and electron
affinity (by 1.1eV) [5, 6]. Using Mulliken’s recipe [7, 8], this change results in a
relativistic increase in the electronegativity of gold from 1.9 (as in Cu or Ag) to 2.4 [5].
With such a high electronegativity similar to that of iodine, gold is often seen as a
pseudohalide. It is self-evident that such large relativistic effects for Au will signifi-
cantly change any physical property, and thus may explain many of the anomalies
observed for gold and its compounds when compared with copper and silver, which
for some properties are summarized in Table 4.1.

Because of these large relativistic effects, gold exhibits some very unusual features
compared with its lighter congeners [9], Table 4.1. This ranges from the stabilization
of high oxidation states [10, 11], aurophilic interactions [12-14], unusual planar
structures for bare gold clusters [15-17], the high tendency to form inter-metallic
compounds [18], some unusual photochemistry [19] and chemiluminescent
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Figure 4.1 Number N of computational papers published per year involving gold compounds.

properties of Au(I) and Au(III) compounds [20], to the more recently explored novel
catalytic activities in both homogeneous catalysis [21-24] involving Au(I) and Au(III)
in solution, and heterogeneous catalysis involving gold nanoparticles on support
surfaces [25]. In fact, since Haruta’s discovery in 1987 that gold nanomaterials show
unexpected catalytic activities [26-29], research in gold nanostructures has become

80 __ 100[e(R)/e(NR)-1] (%)

Figure 4.2 The relativistic stabilization of the ns shell for the
elements K to Kr (n=4), Rbto Xe (n=15), Csto Rn (n=6), and Fr
to element 118 (n=7). Redrawn from the data of Desclaux [32]
and Schwerdtfeger and Seth [33]. Pd is ground state d'%s° and is
therefore missing in this graph.
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Table 4.1 A comparison of properties of Group 11 elements [34].

Property Cu Ag Au
Colour bronze silver yellow
Specific resistivity (1078 Wm) 1.72 1.62 2.4
Thermal conductivity (Jem s~ K™% 3.85 4.18 3.1
Electronic heat capacity (10 *J K ' mol ) 6.926 6.411 6.918
Melting point (°C) 1083 961 1064
Boiling point (°C) 2567 2212 3080
Atomic volume (cm® mol ) 7.12 10.28 10.21
Electronegativity 1.9 1.9 2.4
Cohesive energy (k] mol ™) 330 280 370
0O,-Chemisorption energy (eV) 5.4 6.0 3.6
Desorption temperature CO on metal surface (K) 190-210 40-80 170-180
Common oxidation states LII I IIIT
Solid MF fluorides unknown AgF unknown
Superconductors many rare rare

the centre of immense activity in the past decade [30], not only on the experimental
side with widespread applications, but also on the theoretical side ranging from
cluster simulations to extended surface calculations including catalytic reactions [31].

A number of books have been edited on relativistic electronic structure theory
[35-38], and three excellent textbooks were published only very recently by Dyall and
Faegri [39], by Grant [40] and by Reiher and Wolf [41], which are all highly
commended. We note the already extensive literature on relativistic effects in the
chemistry of gold. Beside earlier more general reviews on relativistic effects 1, 2, 42],
Pyykko recently presented a comprehensive compilation on theoretical work on gold
and its compounds [43-45]. Shorter reviews on the role of relativistic effects in the
chemistry of gold can be found in works by Schwerdtfeger [46] and Schmidbaur
et al. [47]. Gorin and Toste presented experimental and computational data on
homogeneous gold catalysis including a discussion on relativistic effects [21]. Short-
er, more focused reviews were also published quite recently which include compu-
tational work. Schwerdtfeger presented a highlight on new gold nanostructures and
its implications to heterogeneous catalysis [48]. Crawford and Klapotke gave a review
on the hydrides and iodides of gold [49]. Mohr summarized the synthesis, structures,
reactivity and computational results of gold fluorides [50]. There is also an earlier
review on this subject by Bartlett [51]. The gas-phase chemistry of gold has just been
thoroughly reviewed by Schwarz [52]. Beside Puddephatt’s early treatise of gold
chemistry [9] and a number of review articles in well known book series [53-58], there
is a recently edited book by Schmidbaur on progress in gold chemistry [59, 60]
and a new book by Bond, Louis, and Thompson on gold catalysis [25] (see also
Refs. [61-64]). It is clear that the study of relativistic effects in chemical and physical
properties of atoms and molecules and the solid state has led to major advances in the
understanding of the special role of gold among the other surrounding elements in
the periodic table, which will be described in the following sections.
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4.2
The Origin of the Relativistic Maximum at Gold Along the 6th Period of Elements
in the Periodic Table

Valence electrons important for chemical reactions should move rather slowly
compared with the velocity ¢ of light, and even for a heavy element like gold we
expect for the velocity of a 6s electron ves < ¢ and therefore negligible relativistic
effects [65]. Moreover, as the inner tail of the valence orbital becomes quite small
closer to the nucleus, one could assume that the relativistic perturbation operator
has little effect on the innermost core region for such orbitals. In contrast, the
inner 1s orbital can substantially contract relativistically as velocities of 0.5¢ or
more are reached for the heavy elements [32]. It was therefore suggested that the
outer ns orbitals contract because of orthogonality constraints to the inner
relativistically contracting core-orbitals [2, 66], in other words, the valence orbitals
are pulled in by their orthogonality tail. This very simple and intuitive picture
turned out to be however completely wrong, and a more complex picture
emerged [67, 68]. For example, within this simple orthogonality argument it is
difficult to explain why some of the outer s-orbitals exhibit larger contractions
compared with the inner ones, i.e., from the Desclaux tables [32] we obtain for the
relativistic to nonrelativistic ratios of the ns orbital radii (described by (r)r/(r)nr) of
neutral gold 0.880 for 1s, 0.873 for 2s, 0.900 for 3s, 0.911 for 4s, 0.907 for 5s, and
0.827 for 6s. This suggests a more subtle interplay between direct and indirect
relativistic shell effects.

The most important relativistic contributions in the Breit-Pauli Hamiltonian
come from the first-order relativistic mass-velocity, Darwin and spin-orbit terms.
These relativistic perturbation operators act in the vicinity of the nucleus where
valence s-electrons exhibit a significant part of its density. Therefore the energetic
contributions to these terms all originate from the innermost K-shell region, with
only small contributions coming from the L-shell and regions further out. This is in
contrast to the nonrelativistic total orbital energy, where the valence shell-region
contributes to about 90% [68], the region where most of the density of the orbital
resides.

As the inner core shells contract due to the direct action of the relativistic
perturbation operator (direct relativistic effect which roughly increases with the square
of the nuclear charge Z), the nucleus becomes more screened. This additional
screening results in a reduction of the effective nuclear charge Z. (relativistic
shielding) and in an energetic destabilization and expansion of all orbitals (indirect
relativistic effect) [42]. Here all radial shells contribute to the indirect relativistic orbital
energy correction. This indirect effect is especially important for the outer and more
diffuse d- and f-orbitals. The interplay between direct and indirect effects can
however be quite subtle. Due to spin-orbit splitting the (r)r/(r)nr is 0.995 for the
lower 5ds;, orbital in gold with a rather small energetic destabilization (orbital
energies (€)r/(€)nr = 0.947), while the 5ds, orbital destabilizes but slightly expands
((nr/{r)ynr =1.049, (€)g/(€)nr = 0.947). This model of course depends on how we
define the orbital radius, however, if we take the outermost maximum R of the radial
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orbital density instead we obtain Rg/Ryr = 0.989 for the 5ds, orbital, and 1.025 for
the corresponding 5ds,, orbital [32]. The situation is summarized in Figure 4.3.

We still have to answer why the relativistic 6s-contraction in gold is so large. First
we note that orthogonality of the valence 6s orbital to the relativistically contracted
core results in a very small expansion and not a strong contraction as often
claimed [67]. Further in this picture, perturbation theory also shows that mixing
in of the higher bound and continuum orbitals by the relativistic perturbation
operator is responsible for the contraction. The relativistic orbital contraction is
thus mainly due to the direct action of the relativistic perturbation operator. For
s-orbitals direct effects dominate, for p-orbitals the direct and indirect effects almost
cancel and for d- and f-orbitals the indirect effects dominate. Furthermore, the
relativistically destabilized (expanded) d- and f-orbitals cause an indirect stabilization
by increasing Z.g (relativistic deshielding) for the other orbitals. Hence there is a
delicate interplay between direct and indirect relativistic effects for each atomic
orbital [68].

Now moving across the periodic row as shown in Figure 4.2 the direct relativistic
effect smoothly increases with increasing nuclear charge Z. With filling the d-shell,
the indirect stabilization increases and compensates the indirect destabilization,
which has its maximum at the filled d-shell, resulting in a much larger stabilization
(contraction) than the corresponding hydrogenic value, Figure 4.4. This partly
explains the gold (or Group 11) maximum of relativistic effects. This is nothing
other than a relativistic enhancement of the expected transition metal contraction
(similar to the lanthanide contraction) [68]. Filling up the next p-shell from Group 13
to 18, the d-shell becomes more core-like and the indirect stabilization effect
diminishes, Figure 4.2.
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Figure 4.4 Valence relativistic s-shell contraction (r)g/{r)nr (4s

for Cu, 5s for Ag, 6s for Au and 7s for Fr). Here the ns-shell remains
singly occupied and the x-axis gives the total number of electrons
N with additional electrons filled in successively from the inner
shells. For example N =3 for Au describes the occupation 156s'
and N =11 the occupation 1s?2s*2p®6s’.

Figure 4.2 shows that within the 6th period of elements, Ptand Au deviate from the
rather smooth trend of relativistic 6s-stabilization, in contrast to the 7th period. For
these two elements we have a change in configuration from 5d™6s” to 5d™* '6s' for
Pt (m=8) and Au (m =9), while all other transition metals in this series prefer the
5d™6s* configuration. Moving an electron from the 6s to the 5d shell will increase Zeg
(additional deshielding by configurational change) and thus increases the direct
relativistic effect. As a consequence, Pt and Au show a larger relativistic 6s-stabiliza-
tion as expected from the smooth periodic trend [69]. Hence the maximum of
relativistic effects is at gold and not at mercury. Similar arguments hold for copper
and silver. Because of the extremely large and therefore dominating direct relativistic
effects in the next period down (Fr to element 118), the configuration remains at d™s”
for all elements, and as a consequence the maximum of relativistic effects is shifted
from Rg (Z=111) to element 112 [33]. As a result of both direct and indirect effects,
the (n — 1)d/ns gap closes and the ns/np widens thus enhancing d-participation and
reducing p-participation in chemical bonding.

Finally, to end the discussion on the relativistic gold maximum, removing an
electron from the d-shell, substantially reduces the relativistic s-contraction, Fig-
ure4.4. Toamuch smaller extentthisis alsofound for the Group 1 metals byremovinga
(n — 1) p-electron as shown for Fr in Figure 4.4. However, these effects can again be
quite subtle. For example for the ratio (r)g/(r)nr We get 0.827 for Au 5d'°6s’, 0.877 for
Au' 5d%s’, and 0.897 for Au®* 5d®6s’. Even more surprising, removal of any one
electron from an inner shell leads to a similar large reduction in the relativistic
6s contraction. For example, a hole in the 1s shell (Au" 1s'2s..5d'°6s") yields
(r)r/{r)nr = 0.874 very close to the value of the Au™ 5d%6s' configuration.
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4.3
Calculations on Atomic Gold

Currently the most accurate relativistic atomic calculations at the Hartree—Fock (HF)
and density functional theory (DFT) comes from numerical Dirac-Fock [70, 71]
methods, and at the correlated level from numerical multi-reference Dirac—Fock [70,
72], algebraic Fock-space coupled-cluster approaches [73], and other many-body
techniques [74-78]. These methods can include further contributions from the
(frequency-dependent) Breit interaction [79, 80] describing the retarded relativistic
interaction between two charged particles (electrons in our case) [81], and quantum
electrodynamic (QED) effects such as the vacuum polarization or the electron self-
energy [82-85]. Tailored basis sets for four-component calculations are basically
available for the whole periodic table [86]. Dirac—-Kohn—Sham calculations for atoms
are also being performed [87], but here the accuracy of the different relativistic DFT
methods is not comparable to wavefunction based results, and the inclusion of Breit
or other QED effects within the DFT formalism is therefore not warranted [88].
Relativistic DFT becomes important in molecular calculations or in calculations for
infinite systems such as surfaces and the solid state, where wavefunction based
theories have serious limitations. In the last few years a number of books have been
published concerning current relativistic methodology [35, 36, 39—41], which will not
be discussed here. For a historical overview see Ref. [89]. In the following we discuss
some of these relativistic (R) calculations and compare physical properties P to
nonrelativistic (NR) results, with relativistic effects defined as AR P = Pg — Pyg, where
the nonrelativistic property Pyr is determined by applying nonrelativistic quantum
theory (the Schrodinger equation). Relativistic modifications are usually proportional
to Z* (Zis the nuclear charge), and we may therefore use the definition for relativistic
effects on properties, Ag P/ Pr = (1 — Pygr/Pr) = YpZ>/c*, with the velocity of light ¢ set
to 137.03 599 a.u. (note the different definition used in Figure 4.2). yp is called the
fractional relativistic correction factor and generally varies between + 1 and —1 [69]. For
atomic orbitals, Yp depends strongly on the two quantum numbers n and I (see
discussion in the previous section and Ref. [69]). Table 4.2 contains yp values for the
first ionization potential and electron affinity of all Group 11 elements.
Relativistic and nonrelativistic ionization potentials and electron affinities for all
Group 11 elements are summarized in Figure 4.5. From Figure 4.3 it is obvious that
the relativistic 6s-contraction/stabilization implies an increase in the first ionization
potential AE;p as well as the electron affinity AEga for all Group 11 series of elements.
This is indeed the case as the results in Table 4.2 and Figure 4.5 show. The fractional
relativistic correction factor yip varies approximately between 0.5 and 0.8 for the
coupled cluster values of the Group 11 elements. While Hartree—Fock (HF) under-
estimates relativistic effects in the ionization potential, and thus underlines the
nonadditivity between electron correlation and relativistic effects, y;p is not much
different to the coupled-cluster results. Note that relativistic Fock-space coupled-
cluster calculations including the Breit interaction in the Coulomb gauge using a very
large (21s17p11d7f) basis set already produces an ionization potential which is only
0.029 eV below the experimental value [90]. This is in the same order of magnitude
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Table 4.2 Nonrelativistic (NR) and relativistic (R) ionization
potentials AE,p and electron affinities AEga (positive values and in
eV), relativistic effects Ag and relativistic enhancement factors y
for the Group 11 elements of the periodic table.

Method Cu Ag Au Rg

ITonization Potential

Exp. 7.726 7.576 9.226 —

HF AE;p(R) 6.564 6.339 7.682 8.930
AE;p(NR) 6.408 5.909 5.915 5.395
ARAEp 0.156 0.431 1.766 3.535
Yip 0.530 0.577 0.692 0.603

cC AEp(R) 7.821 7.495 9.197 10.60
AEp(NR) 7.555 6.934 7.057 5.87
ARAEp 0.266 0.561 2.140 4.73
Yip 0.530 0.763 0.702 0.680

Electron Affinity

Exp. 1.163 1.303 2.309 —

HF AEga(R) 0.033 0.123 0.666 0.244
AEgA(NR) 0.011 0.043 0.099 0.069
ARAEgs 0.022 0.080 0.567 0.175
YEA 14.90 5.534 2.562 1.093

CcC AEgpA(R) 1.253 1.266 2.295 1.565
AEpa(NR) 1.165 1.054 1.283 1.054
ARAEga 0.088 0.212 1.012 0.511
YEA 1.568 1.424 1.327 0.490

If not otherwise stated the four-component Dirac method was used. The Hartree—Fock (HF)
calculations are numerical and contain Breit and QED corrections (self-energy and vacuum
polarization). For Au and Rg, the Fock-space coupled cluster (CC) results are taken from Kaldor and
co-workers [4, 90], which contains the Breit term in the low-frequency limit. For Cu and Ag,
Douglas—Kroll scalar relativistic CCSD(T) results are used from Sadlej and co-workers [6].
Experimental values are from Refs. [91, 92].

compared with the missing QED effects (self-energy and vacuum polarization),
which lowers the ionization potential by about 0.02—0.03 eV according to Ref. [93]. We
note that DFT performs well but tends to slightly overestimate the ionization potential
of Au. Employing a very large contracted (8s6p6d4f3g1h)/[7s5p5d4f3glh] valence
basis set together with a scalar relativistic 19-valence electron pseudopotential for Au
we obtain an ionization potential of 10.372 eV with the local spin density approxi-
mation (LSDA), 9.619 eV using the generalized gradient approximation (GGA) of
Perdew and Wang (PW91) [94], and 9.441 eV using the hybrid functional B3LYP [95],
which compares to the coupled clusterCCSD(T) result of 9.206 eV.

The situation for the electron affinities is more complicated. Here the HF values
give rather small values at the nonrelativistic level, and most of the contribution
comes from electron correlation. At the relativistic level this is still the case for Cuand
Ag, but not for Au. Even though the relativistic increase in absolute values can be
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Figure 4.5 Nonrelativistic (NR) and relativistic (R) ionization
potentials and electron affinities of the group 11 elements.

Experimental (Cu, Ag and Au) and coupled cluster data (Rg) are
from Refs. [4, 91, 92].

rather small, percentage wise it is rather large leading to an artificially large yga value
at the HF level of theory, which is substantially reduced at the correlated level.
Nevertheless, relativistic effects for electron affinities can be rather large and yga can
vary substantially between the Group 11 elements. The Fock-space coupled-cluster
calculations of Eliav et al. give a value only 0.014 eV below the experiment [90]. Again,
the GGA functionals give quite satisfying results. Using the pseudopotential approx-
imation for Au together with alarge valence basis set as described above, we obtain an
electron affinity of 3.070 eV using LSDA, 2.363 eV with the PW91 functional, and
2.232 eV using the B3LYP functional, which compares to the CCSD(T) result of
2.257 eV. Note the clearly visible anomaly in the relativistic electron affinity for Rg,
which comes from a relativistic change in configuration from 6d'°7s" to 6d°7s” [4],
Figure 4.5.

Eliav et al. also give nonrelativistic and relativistic excitation energies for Au [90].
Noteworthy are the spin-orbit splittings in the 5d- and 6p-shell of Au. Fock-space
coupled-cluster calculations result in a *Ds,/*Ds ), splitting of the 5d%6s” state of
1.519eV and in a *P, ,/ ZPW splitting of the 5d'%6p" state of 0.466 eV, in excellent
agreement with the experimental values of 1.522 eV and 0.473 eV respectively. The
spin-orbit effects for all Group 11 elements are shown in Figure 4.6. For the
’D, 1/ Dy 12 (5d°6s?) states of Au, Itano calculated the electric quadrupole moment
and hyperfine constants using multi-configuration Dirac—Fock [96].

Mulliken’s electronegativity is defined as the arithmetic mean of the ionization
potential and the electron affinity [7], % =0.187(AE;p + AEga) + 0.17, where the
energies are given in eV and y is a dimensionless variable [97]. Hence for the
relativistic change in y we simply get Agy = 0.187(ArAErp + ArAEgs) = 0.07 for Cu,
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Figure 4.6 Spin-orbit splittings for the *Ds ,/°D; , (d°s?) and
2P3/2/2P1/2 (d"°p") states of the Group 11 elements. Experimental
(Cu, Ag and Au) and coupled cluster data (Rg) are from Refs. [4,
91]. For the 21’3/2/2P1/2 we used Dirac—Hartree—Fock calculations
including Breit and QED corrections.

0.14 for Ag, 0.58 for Au and 1.14 for Rg using the coupled cluster data given in
Table 4.2. These are huge changes for both Au and Rg leading to electronegativities of
2.37 for Au and 2.44 for Rg. This compares well with the Pauling electronegativity of
gold which is 2.54. In fact, gold possesses the highest electronegativity of all metals in
the periodic table (except for Rg). Thus the heaviest elements in the Group 11 series
have electronegativities comparable to that of astatine (2.66) or iodine (2.2) [97], and
may therefore be regarded as pseudohalides [46, 98]. In contrast, the Mulliken
electronegativity is 1.83 for both Cuand Ag. Itis evident that this relativistic change in
y will lead to a substantial different chemical and physical behavior of both Auand Rg
as compared with its lighter congener Cu and Ag, as shown for example in Table 4.1.

Due to the relativistic 6s contraction in gold, the 6s shell becomes more compact
(inert, hence the nobility of gold) and the (static dipole) polarizability o, decreases
substantially from 9.50 (NR) to 5.20 A (R) [99], Table 4.3. The relativistic enhance-
ment factors are rather large for the polarizabilities of the neutral elements. This can
easily be rationalized from the well-known dependence of o, on the first ionization
potential, which is approximately o, ~ AE;p~* [100]. Hence we expect much larger
relativistic effects in dipole polarizabilities compared with ionization potentials. For
the core polarizabilities the relativistic increase in the ionic radius (relativistic 5d
expansion) results in a more polarizable core. Hence, we see an increase in the core
polarizability from 1.54 (NR) to 1.81 A> (R) for Au* (compared with Cu™ with 0.9 and
Ag" with 1.2 A%) [99]. Spin-orbit coupling is neglected in our analysis because the
results shown in Table 4.2 are from scalar relativistic Douglas—Kroll calculations.
Because of the additional shell expansion of the 5ds,, orbital due to spin-orbit
coupling, we expect a further increase of the polarizability of Au™. Table 4.3 also
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Table 4.3 Nonrelativistic (NR) and relativistic (R) static dipole
polarizabilities o (in A%), relativistic effects Agoip, and relativistic
enhancement factors y,, for the Group 11 elements of the periodic
table.

Atom HF LSDA BP86 B3LYP CccC

Positively Charged Atoms

Cu’ op(R) 0.792 1.193 1.241 1.104 1.033
ap(NR) 0.764 1.153 1.199 1.066 0.994
Ardip 0.028 0.040 0.042 0.037 0.039
Vo 0.799 0.741 0.756 0.754 0.851
Ag' op(R) 1.307 1.581 1.605 1.527 1.374
ap(NR) 1.228 1.491 1.512 1.439 1313
Agp 0.079 0.090 0.093 0.088 0.061
Vo 0.516 0.485 0.493 0.490 0.376
AU op(R) 1.823 2.110 2.151 2.063 1.809
op(NR) 1.571 1.854 1.884 1.803 1.543
Agdip 0.252 0.256 0.267 0.260 0.266
Vo 0.416 0.365 0.374 0379 0.444

Neutral Atoms

Cu ap(R) 10.642 5.630 5.958 6.159 6.961
ap(NR) 11.579 5.980 6.340 6.585 7.509
Arop —0.937 —0.350 —0.382 —0.427 —0.548
Yo —1.966 —1.387 —1.432 —1.547 —1.758

Ag ap(R) 12.387 6.938 6.488 7.198 7.74
ap(NR) 15.880 7.783 8.423 8.738 9.63
Agop —3.492 —0.845 —1.935 —1.540 —1.89
Yo —2.397 —1.123 —2.536 —1.818 —2.08

Au ap(R) 7.1460 4.907 5.122 5.151 5.20
ap(NR) 13.243 7.311 7.831 7.929 9.50
Arop —6.097 —2.404 —2.708 —2.779 —4.30
Yo —2.567 —1.474 —1.591 —1.623 —2.49

All calculations are scalar relativistic calculations using the Douglas—Kroll Hamiltonian except for the
CC calculations for the neutral atoms Ag and Au, where QCISD(T) within the pseudopotential
approach was used [99]. CCSD(T) results for Ag™ and Au™ are from Sadlej and co-workers, and Cu
and Cu* from our own work, using an uncontracted (21s19p11d6f4g) basis set for Cu [6, 102] and a
full active orbital space.

shows the rather variable performance of density functionals. For example, while the
relativistic polarizability at the B3LYP level is in good agreement with the more
accurate coupled cluster result for neutral gold, the nonrelativistic value is under-
estimated by 1.57 A%. Hence, relativistic effects are incorrectly described at the DFT
level of theory, resulting in a much smaller fractional relativistic correction factor Y.
The polarizabilities of the negatively charged Group 11 atoms are also available from a
computational study by Kell6 et al. [101].

Relativistic effects in core properties like electric field gradients can be extremely
large [103]. As the isotope 197-Au is widely used is Mossbauer spectroscopy [104], an
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accurate value for the 197-Au nuclear quadrupole moment (NQM) becomes desir-
able. For 197-Au the muonic measurements resulted in an NQM value of 0.547 b
(1b=10"**m?) [105]. tano obtained 0.587 b from 2D3/2/2D5/2 (5d°6s?) excited state
multi-configuration Dirac—Hartree—Fock and relativistic configuration-interaction
calculations [96]. More recently, the Tel-Aviv group obtained 0.521 b from relativistic
Fock-space coupled-cluster calculations with single and double excitations including
the Gaunt term [106], which is perhaps the most accurate value so far.

Recently Dzuba et al. studied the binding of a positron (¢* ) to silver and gold (e* Ag
and e* Au) by combined relativistic configuration-interaction and many-body pertur-
bation theory [107]. Interestingly, Ag forms a bound state with a positron with binding
energy of 0.123 eV, while Au cannot bind a positron. They pointed out that in the
nonrelativistic limit both systems e* Agand e Au are bound with binding energies of
about 0.200 eV and 0.220 eV respectively. Such bound states are rather short-lived as
¢"-e~ annihilation takes place. We also mention that hydrogen-like 197-Au”®" (1s")
has been studied theoretically, as such one-electron systems provide a unique testing
ground for QED of strong external fields [108]. The electronic spectrum of Au has
recently been investigated for the search for the variation of the fine-structure
constant in time [109].

4.4
Relativistic Methods for Molecular Calculations and Diatomic Gold Compounds

For small gold-containing molecules it is still feasible to employ the (four-
component) Dirac—Coulomb Hamiltonian. Efficient algorithms to treat the Dirac
equation at the correlated level are currently being developed [110], and two-
component and scalar relativistic methods such as the Douglas—Kroll-Hess
(DKH) [111-115] or regular approximations like ZORA [116-118] are now in use
in standard program packages. Infinite order two-component (IOTC) approaches are
on the rise, as they are computationally more efficient than four-component
calculations, but with the same level of accuracy [119-121]. Another strategy is to
treat relativistic effects perturbatively as done in direct perturbation theory (DPT)
developed by Kutzelnigg and co-workers [122, 123]. Relativistic DFT at the four-
component level is also widely used by various groups [124-126]. However, the main
workhorse in relativistic quantum chemistry remains the relativistic pseudopotential
approximation (RPPA) in its two-component (which includes spin-orbit coupling) or
scalar relativistic (spin-orbit averaged) form, as the RPPA is the most economic
method of sufficiently high accuracy to treat relativistic effects and correlation effects
at the same time [127-131]. The importance of Breit and other QED effects for gold-
containing compounds remain mostly unexplored, but they are expected to be
smaller than the usual errors introduced through the many approximations applied,
except perhaps for accurate spin-orbit splitting calculations in electronic excited
states or in compounds containing trans-actinides.

We briefly discuss the performance of the relativisitic pseudopotential approxi-
mation with respect to all-electron methods, as this is the most widely used relativistic
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approximation in molecular quantum chemistry, and in solid-state calculations as
well. The RPPA can be introduced in an ad-hoc fashion into the molecular electronic
Hamiltonian (in atomic units) [132],

lnv ny 1 ny Nc¢ Qu Nc¢ QﬂQb
Hy — — = 2 - V(1) — =2 == 4.1
y ngﬁ;rﬁzi;[pp(rm) 22 e% wy

Here H, is the valence-electron model Hamiltonian with ny valence electrons and
N, cores (nuclei), and Vpp is the corresponding scalar or two-component relativistic
pseudopotential for the core-valence interaction. The indices a,b run over all cores
(nuclei) and i over all valence electrons. Q, is the charge of core a, that is,
Qu = Z,—nf, n? being the number of core electrons of atom a (for an all-electron
treatment of a specific atom we have Q,=Z,), and the last term in Equation 4.1
describes the classical (point charge) core—core repulsion. Additional corrections to
the last three sums may apply if nonfrozen core effects are taken into account.
Pseudopotential calculations are of course less accurate than all-electron calculations,
but they simulate the results of the latter often surprisingly well, for substantially
smaller computational expenses. Relativistic effects are implicitly considered in the
RPPA through the adjustment procedure to relativistic atomic all-electron calcula-
tions. This eliminates the additional treatment of more complicated relativistic
perturbation operators. Breit and QED corrections can also be included in the
adjustment procedure. There are a number of excellent and more specialized review
articles available on pseudopotential theory and its applications [133-140]. A more
concise treatment and discussion of the RPPA can be found in a recent overview by
Dolg [141] or Schwerdtfeger [131]. Perhaps the most accurate and most widely used
pseudopotentials are the energy consistent pseudopotentials of the Stuttgart group. It
has been shown that energy-consistent pseudopotentials are size-consistent as
well [142]. The smallest choice for the core definition to achieve results of reasonable
accuracy seems to be the Au'®" core for gold, that is, leaving the 19 electrons from the
(5s5p5d6s') space in the valence space. A nonrelativistic 19-valence electron
pseudopotential for Au is also available from Ref. [143]. A newly adjusted scalar
relativistic pseudopotential for gold by Figgen et al. is available from Ref. [144].
Accompanying Dunning-type correlation consistent basis sets for Au are available
from Ref. [145] or from the Stuttgart web-site [146].

AuH and Au, serve as benchmark molecules to test the performance of various
relativistic approximations. Figure 4.7 shows predictions for relativistic bond con-
tractions of Au, from various quantum chemical calculations over more than a
decade. In the early years of relativistic quantum chemistry these predictions varied
significantly (between 0.2 and 0.3 A), but as the methods and algorithms became
more refined, and the computers more powerful, the relativistic bond contraction for
Au, converged and is now at 0.26 A.

Comparing the last two entries in Figure 4.7, the all-electron Douglas—Kroll
coupled cluster result for Agrr. is in perfect agreement with the RPPA [156, 157].
Figure 4.8 shows the relativistic effects in dissociation energies. Here, relativistic
effects are very sensitive to the level of electron correlation and basis sets used. RPPA
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Figure 4.7 Relativistic bond contractions Agre for results from Bastug et al. [150]; Douglas—Kroll
Au, calculated in the years from 1989 to 2001  coupled pair functional results from Hess and
using different quantum chemical methods. Kaldor [151]; LDA and GGA ZORA results from
Electron correlation effects Acro = ro(corr.)— van Lenthe et al. [152]; Douglas—Kroll MP2
ro(HF) at the relativistic level are shown on the results from Park and AIml6f [153]; GGA direct
right hand side of each bar if available. From the perturbation theory results from van

left to the right in chronological order: Wiillen [154]; PP coupled cluster and MP2, and
Hartree—Fock-Slater results from Ziegler Dirac—Hartree—Fock results from Wesendrup
et al. [147]; AIMP coupled pair functional results et al. [155]; Relativistic elimination of the small
from Stomberg and Wahlgren [148]; EC-ARPP  component Becke-88+ OP DFT, Douglas—Kroll
results from Schwerdtfeger [5]; LDA results from GGA and coupled cluster, and PP coupled cluster
Haberlen and Rosch [149]; Dirac—Fock—Slater  results from Hirao et al. [156, 157].

CCSD(T) calculations predict a relativistic increase in the Au, dissociation energy of
78 k] mol ' [155]. In comparison, electron correlation increases the dissociation
energy by 134 k] mol . Spin-orbit effects increase the dissociation energy further by
about 3kjmol~' [158]. Thus we predict a AgD. value of about 80kJmol~'. A
comparison of calculated force constants reveals a similar picture, see Ref. [131].
To summarize, the RPPA is a method that can accurately describe relativistic
effects, even though the relativistic perturbation operator used in the pseudopotential
procedure is acting on the valence space and not the region close to the nucleus, as
this is the case for the correct all-electron relativistic perturbation operator. That is,
relativistic effects are completely transferred into the valence space. These effects are
also completely transferable from the atomic to the molecular case as the results for
Au, show. If relativistic pseudopotentials are carefully adjusted, they can produce
results with errors much smaller than the errors originating from basis set incom-
pleteness, basis set superposition or from the electron correlation procedure applied.
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Figure 4.8 Relativistic increase AgD, in dissociation energy for

Aug, calculated in the years from 1989 to 2001 using a variety of
different quantum chemical methods. Electron correlation effects
AcD, = De(corr.)—De(HF) at the relativistic level are shown on the
right hand side of each bar if available. For details see Figure 4.7.

The error inherent in the RPPA is certainly much smaller than the many approx-
imations used in DFT.

Table 4.4 shows a comparison for various properties obtained from the RPPA for
Au, and its ions using a rather large contracted (8s6p6d4f3glh)/[7s5p5d4f3glh]
valence basis set for Au and different wavefunction and density based methods. The
CCSD(T) results are all in excellent agreement with experimental measurements,
while the various density functionals are less accurate as one would expect [163]. A
comparison between HF and CCSD(T) clearly demonstrates the importance of
electron correlation effects. Also seen from Table 4.4 is that the popular MP2
approximation (second-order Mgller—Plesset perturbation theory) overestimates
electron correlation effects and leads to bond distances too short and dissociation
energies too large for all diatomics shown in Table 4.4. We note that the RPPA results
for Au, are in excellent agreement with the all-electron Douglas—Kroll CCSD(T)
results (34 electrons correlated) of Hess and Kaldor who obtained r.=2.488 A,
D.=2.19€V and w, =187 cm ™' [151], or to the recent large scale Dirac—-Coulomb
CCSD(T) calculations by Fleig and Visscher who obtained r, = 2.477 A, D= 2.29 eV
and w.=192cm ™" [164]. We can also compare to the Dirac (four-component level)
LDA results of Wang and Liu who obtained r, =2.147 A, D.=2.791eV and w.=
300cm ™! [165], or to Engel and co-workers who obtained r.=2.53A and w.=
187 cm ™! using a relativistic PW91 functional at the Dirac level [166].
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Table 4.4 Spectroscopic properties for Auy? (9= —1, 0, + 1) using
ab-initio (Hartree Fock, HF, second-order Mgller-Plesset, MP2,
and coupled cluster, CCSD(T)) and DFT (local spin-density
approximation, LSDA, Perdew-Wang GGA, PW91, and Becke
three-parameter Lee-Yang-Parr functional, B3LYP) methods at the
RPPA level of theory.

Property HF LSDA  PW9l B3LYP MP2 CCSD(T) exp.
Au,t re 2788 2526 2.603  2.647 2547 2593 —
De 1419  3.034 2499 2122 2200  2.095 2324021
Oe 104 170 148 137 161 150 —
Au, e 2595 2444 2507 2535 2422 2477 2.4715
D. 0.813  3.023 2361 2007 2680 2272 2.29+0.02
Oe 157 199 175 168 211 187 190.9
AEp  7.101 10361 9.481 9326  9.903  9.384 9.16+0.10
AEgs 0928 2566 1997 1.904  1.764 1.886 2.0140.01
Au,~ e 2764 2541 2626 2670 2513 2591 2.582 +0.007
D. 1107 2519 1996 1.679  2.168  1.902 1.92+0.15
Oe 105 155 134 125 161 147 149+ 10

Distances 7. are in A, dissociation energies D, in eV (calculated values are not corrected for the zero-
point vibrational energy, harmonic frequencies @, in cm ™", and adiabatic ionization potentials AE;p
and electron affinities AEg, in eV. Experimental values are from Refs. [94, 159-162].

Saue and Jensen used linear response theory within the random phase approxi-
mation (RPA) at the Dirac level to obtain static and dynamic dipole polarizabilities for
Cuy, Ag, and Au, [167]. The isotropic static dipole polarizability shows a similar
anomaly compared with atomic gold, that is, Saue and Jensen obtained (nonrelativ-
istic values in parentheses) 14.2 A® for Cu, (15.1A%), 17.3 A? for Ag, (20.5 A%), and
12.1 A% for Au, (20.2 A%). They also pointed out that relativistic and nonrelativistic
dispersion curves do not resemble one another for Au, [167]. We briefly mention that
Au,”" is metastable at 5 eV with respect to 2 Au" with a barrier to dissociation of
0.3eV [168, 169].

There are numerous calculations on diatomic gold compounds [43, 44, 170]. We
only mention a few important facts on how relativity affects molecular properties in
diatomic compounds. It is obvious that the relativistic 6s contraction leads to
gold-ligand bond distances that are shorter, as one expects from trends down the
Group 11 series of metals [171], as demonstrated above for Au,. However, for
electropositive ligands very large relativistic bond contractions are obtained yielding
gold-ligand bond distances that are even smaller than for the corresponding
copper-ligand bonds, Figure 4.9 [143]. It seems that this relativistic bond contraction
is critically dependent on the electronegativity of the ligand, which influences the
occupancy of the gold 6s orbital. Electropositive ligands (metals like Li or Na) form
inter-metallic gold compounds with increased charge density on gold (M" Au"), as
gold has an unusually high electronegativity of 2.37 due to relativistic effects. Hence
relativistic effects at gold will increase even more, leading to large relativistic bond
contractions. For electronegative ligands (Au™ X ™) the 6s charge density is depleted
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Figure 4.9 Experimental bond distances for selected diatomic
Group 11 compounds (data are from Refs. [34, 159]).

and relativistic bond contractions are accordingly small. Figure 4.10 shows that for
diatomic compounds the magnitude of the relativistic bond contraction correlates
directly with the electronegativity of the attached ligand [143]. This leads to the
empirical relationship between the relativistic bond contraction and the electronega-
tivity of the attached ligand, Agrr.=0.025); —0.271. Obviously, if the ligand is
another heavy element with large relativistic effects, this rather crude formula is

-0.16 250
-0.18 - F 200
- 150
-0.2 A
- 100
-0.22 4
- 50
-0.24 A " L0
[®] s ~
AuLi % ~A
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1 1.5 2 25 3 35 Rl
Figure 4.10 Calculated relativistic bond contractions Agr, in A
(circles and solid line, axis on the left-hand side) and relativistic
change in the dissociation energy AgrD, contractions (triangles
and dashed line, axis on the right-hand side) for various diatomic
compounds as a function of the electronegativity , of the ligand.
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not valid anymore. For example, for Au, this formula gives Agre = —0.21 A compared
with —0.25 A as obtained from relativistic coupled cluster calculations.

We can use Pauling’s empirical formula, which defines the Pauling electronega-
tivity scale, for dissociation energies of a diatomic gold molecule,

De(AuL) = 2 {Du(Au)+ DelL)}+f {a 1) (42)

Equation 4.2 consists of a covalent part (average between the dissociation energies
of molecules Au, and L,), and of an ionic part containing the difference in
electronegativity between atom Au and ligand L. fis a simple empirical factor and
is approximately 1.0 if the energies are taken in eV [143]. Due to the relativistically
increased Au, dissociation energy, the covalent part of Equation 4.2 increases
relativistically. The ionic part therefore determines if the Au—L bond is more or
less stable due to relativistic effects. As ya, increases relativistically, the ionic
contribution decreases accordingly for electronegative ligands, and increases for
electropositive ones. This is indeed found for diatomic compounds as shown in
Figure 4.10. In a slightly different picture, the relativistic 6s stabilization is about
2.1eV for gold (Table 4.2). The relativistic 6s stabilization at the molecular level is
critically dependent on the 6s occupation, that is, compared with the atomic value at
the dissociation limit we have a larger stabilization for electropositive ligands
donating electron density into the Au 6s orbital (the ionic limit is Au”"L"), and a
smaller stabilization for electronegative ligands withdrawing electron density from
the Au 6s orbital (here the ionic limit is Au™L™). Hence, compared with the
nonrelativistic case this leads to a relativistic increase in the dissociation energy for
electropositive ligands and to a relativistic decrease for electronegative ligands [42].
This leads to some interesting consequences.

The Pauling formula (4.2) predicts a strong relativistic increase in the stability of
intermetallic gold compounds [18], which is shown in Figure 4.11. In fact, AuLa and
Aulu show a very strong bond compared with all other intermetallic dimers. Only few
other transition metal dimers with multiple bonding character achieve higher
dissociation energies, for example Mo, with 4.20 £ 0.2 eV [172], Nb, with 5.24+0.1
eV [173], or Irla with 5.9+ 0.1eV [173]. We mention that transition metal gold
dimeric compounds were recently investigated by Wu using DFT [174]. If one goes
along the isoelectronic series AuPt~, Au, and AuHg" , one obtains very similar bond
distances and dissociation energies, and similar relativistic effects [155]. Here the
relativistic increase in the dissociation energy is however largest for AuPt™ as the
negative charge increases substantially the 6s population at gold. Hirao and co-
workers investigated AuPt by four-component MP2 and multi-reference CI and
compared with CuPt and AgPt [175].

An interesting intermetallic gold compound is CsAu, where Au is bound to the
most electropositive metal Cs (ycs=1.2). As a result we obtain an ionic bonding
situation for the semiconductor Cs* Au™ and not a metallic bond as one expects (two
metals do not necessarily form a metallic bond!). Figure 4.12 nicely shows that the
HOMO consists mainly of Au(6s) with much smaller Cs(6s) and Au(d) participa-
tion, while the LUMO is mainly Cs(6s). Saue and co-workers calculated relativistic
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Figure 4.11 Comparison of experimental dissociation energies of
gold intermetallic compounds with those of copper and silver
from mass spectroscopic measurements by Gingerich and co-
workers [18, 159, 173, 176] arranged in group order according to
the periodic table.

effects at the Dirac CCSD(T) level of theory of Agre=—0.308 A, AgD. =1.18 eV (an
almost 100% increase due to relativistic effects) [177]. Moreover, the (Mulliken)
charge on Cs increases significantly from 0.66 at the nonrelativistic level to 0.96 at the
relativistic level of theory [177], thus increasing the ionicity in the Au—Cs bond.
Belpassi et al. studied the whole alkali auride series from LiAu to CsAu with similar
results for the charge transfer to gold [178]. As a result, Cs* Au™ can be dissolved in
liquid ammonia, like several other ionic alkali or alkaline earth halides [49], and the
coordination compound AuCs - NH; has also been isolated recently by Jansen and co-
workers [179]. As a further curiosity, AuBa~ consists of two interacting closed 6s”
shell atoms with a rather large dissociation energy of 1.48 eV [180]. It is therefore the
strongest closed-shell interaction predicted so far and a result of an increased charge
induced dipole interaction at a relativistically decreased bond distance [180]. For
comparison, the s®p® interaction between Au~ and Xe is much weaker
(0.05 eV) [181].

J o

Figure 4.12 Isosurfaces of the highest occupied molecular orbital
(HOMO) on the left and lowest unoccupied molecular orbital
(LUMO) on the right for Cs™Au™.
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For the mostelectronegative ligand, fluorine, we expecta relativistic destabilization
in the Au—F bond, which was indeed determined to be —0.36¢€V at the coupled
cluster level [182, 183]. Nevertheless, AuF has a sufficiently high dissociation energy
of about 3.17 eV and has been identified recently in the gas phase [184]. In solution or
in the solid state it would disproportionate to metallic Au and compounds of Au>"
(AuFj; for the solid). However, a carbene-stabilized Au(l) fluoride was synthesized
only very recently (see discussion in the next section) [185].

Anomalies in force constants in diatomic gold compounds are well documented
and have been identified as due to relativistic effects [42, 46, 159], that is diatomic gold
compounds have relativistically increased vibrational frequencies. In fact, relativistic
effects are so strong for gold-ligand stretching force constants that relativistic
effects often compensate the increase in the reduced mass going down the Group 11
series of compounds, thus leading to anomalies in the vibrational frequencies as
well. For example, the harmonic frequency ®, (anharmonic correction ®cx,) is
199.6cm ! (0.96 cm ') for CuBi, 152.1cm ' (0.41 cm ') for AgBi, and 157.7cm ™!
(0.25cm ™) for AuBi. For comparison, if a lighter element is attached to gold we
obtain 1941.3cm ™" (37.5cm™") for CuH, 1759.9cm ™" (34.1cm™") for AgH, and
2305.0cm " (43.1cm ') for AuH. And for a more electronegative ligand like chlorine
we get 415.3cm™ ! (1.6cm™ ') for CuCl, 343.5cm™' (1.2cm™ ') for AgCl, and
382.8cm ! (1.3cm™ ') for AuCl [159]. Hence, anomalies are observed for both
electronegative and electropositive ligands on gold. For a detailed discussion see
Ref. [143].

The increased electronegativity for gold will also have significant influence on
electric properties such as dipole or higher moments. For dipole moments of
diatomic gold compounds relativistic effects have been discussed in detail in
Ref. [143]. Guichemerre et al. investigated the Group 11 fluorides, chlorides and
bromides using multi-reference configuration interaction (MRCI) including spin-
orbit coupling at the relativistic pseudopotential level and obtained accurate spectro-
scopic properties including dipole moments [186]. Sadlej performed accurate
calculations for the dipole moment of AuH [187] and Salek et al. investigated
the frequency-dependent dipole polarizability of AuH [188]. Relativistic effects
decrease the dipole moment in AuH from 3.1 to 1.6 Debye. Interestingly, the parallel
dipole polarizability remains virtually unchanged because of relativistic effects,
that is, nonrelativistically one obtains 45.8a.u. and relativistically 44.1a.u. [187]
(all calculations have been carried out at the experimental AuH equilibrium dis-
tance [159]). Sadlej and co-workers also investigated relativistic effects in the electric
quadrupole moment in AuH [189]. The nonrelativistic quadrupole moment at the
CCSD + Tlevel of theory is —0.18 a.u., while mass-velocity plus Darwin calculations
gave a value of +2.00a.u. [189].

The inclusion of (nonrelativistic) property operators, in combination with relativ-
isticapproximation schemes, bears some complications known as the picture-change
error (PCE) [67, 190, 191] as it completely neglects the unitary transformation of that
property operator from the original Dirac to the Schrodinger picture. Such PCEs are
especially large for properties where the inner (core) part of the valence orbital is
probed, for example, nuclear electric field gradients (EFG), which are an important
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ingredient in the nuclear quadrupole coupling constant NQCC [103, 192, 193]. For
AuCl it has been demonstrated that the PCE leads to totally erroneous field
gradients [192], and the PCE can even be larger than the relativistic effect itself for
EFGs. An alternative approach has therefore been devised based on modeling the
nuclear quadrupole moment (NQM) perturbation via point charges (the PCNQM
model) [194, 195]. Using the PCNQM model, Schwerdtfeger et al. [196] recently
attempted to re-determine the 197-Au NQM via the electronic route, by EFG
calculations for the diatomic gold halides using all-electron Douglas—Kroll coupled
cluster calculations. However, reliable values for the EFG turned out to be surpris-
ingly difficult to calculate. Even more disturbing, density functionals lead to unreli-
able EFGs, and alarge range of molecules is needed to obtain a reasonable NQM [197,
198]. Very recently, Belpassi et al. [199] carried out Dirac—Coulomb-Gaunt Hartree—
Fock calculations including electron correlation at the coupled cluster level (CCSD-T)
for AuF and AuH, as well as XeAuF, KrAuF, ArAuF, and OCAuF, and obtained
0.5104+0.015 b in good agreement with the atomic value of Kaldor and co-work-
ers [106] as discussed above. Hence the muonic value of 0.547 b [105] remains
currently unchallenged. The importance of relativistic effects in calculations of EFGs
can be nicely demonstrated for AuF where at the nonrelativistic HF level an EFG at Au
of —5.64a.u. is obtained compared with —4.99a.u. at the Dirac-Coulomb HF
level [196]. Electron correlation then brings this value further up by 4.77 a.u. to a
value close to zero [196], which makes the accurate determination of the 197-Au NQM
from known NQCC data almost impossible. Lantto and Varra also calculated large
relativistic effects for the 131-Xe NQCC in XeAuF by [200, 201].

In a recent paper David and Restrepo showed that scalar relativistic and spin-orbit
effects lead to very large changes in the nuclear magnetic shielding constants 6(Au) in
AuF [202]. At the nonrelativistic B3LYP level they obtained 6(Au) = 8627 ppm, while
scalar relativistic effects gave 6(Au)=12325ppm and the inclusion of spin-orbit
effects at the Diraclevel gave a final value of 6(Au) = 31 611 ppm [202]. That spin-orbit
effects are important in nuclear magnetic shielding constant calculations was already
demonstrated by Kaupp and co-workers [203]. Finally we mention relativistic
calculations of AgH and AuH in a cylindrical harmonic confinement potential by
Lo and Klobukowski [204].

4.5
Calculations on Inorganic and Organometallic Gold Compounds

For larger gold compounds the main theoretical method applied is the relativistic
pseudopotential approximation together with DFT [131]. This method is available in
almost all molecular program packages. Another widespread procedure used for
larger gold compounds is the zero-order regular approximation (ZORA) for scalar
relativistic effects within the general gradient approximation in DFT [117, 118]. The
relativistic stabilization of the 6s shell together with the relativistic destabilization of
the 5d shell leads to a substantially decreased (increased) 5d/6s (6s/6p) gap as
demonstrated in Figure 4.13. As a result, 5d-participation in gold-ligand bonding
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Figure 4.13 Excitation energies for the s-d and s-p gaps of the

Group 11 elements. Experimental (Cu, Ag and Au) and coupled
cluster data (Rg) are from Refs. [4, 91]. For the s-p gap of Rg we

used Dirac—Hartree-Fock calculations including Breit and QED
corrections.

becomes more pronounced. As mentioned before, for Rg the 2Dy /2(6d97sz) state is
below the *S, 2 (6d'°7s") state. The availability of the d-electrons in chemical bonding
leads to a stabilization of the higher oxidation states + Il and + V in gold, and even
more so for Rg.

Relativistic effects in gold halide complexes in the oxidation state + 1 for gold have
been studied intensively in the past [205]. Recently, Mishra studied the photodetach-
mentspectra of mixed halide complexes, XAuY ™ (X,Y = Cl, BrandI) [206]. Figure 4.14
shows the stability of all Group 11 fluorine complexes in the higher oxidation states
+III and + V towards decomposition into the lower oxidation states [207]. At the
nonrelativistic level the stability of the oxidation state + III for the fluorides decreases
withincreasingnuclear charge of the centralatom with a slightanomaly for gold, which
is most likely due to the lanthanide contraction effect. This trend is reversed for both
gold and eka-gold due to relativistic effects. The stability for the highest oxidation state
+ 5 increases at both levels of theory. However, CuFs and AgFy~ are thermodynami-
cally unstable, and for both gold and Rg we again see a substantial relativistic
stabilization. Only gold is so far known to form a compound in the oxidation state
+V, AuF4 . Entropy effects will shift the equilibrium further towards decomposition.
The calculations also reveal a substantially increased 5d-participation in the MF bond
when going from Cu to Rg because of relativistic effects [207]. Note that the highest
oxidation state of gold stands at 4 V. The gold compound in the oxidation state + VII,
AuF;, which has been claimed to exist by Timakov et al. [208], has recently been shown
by Riedel and co-workers to be a simple complex between F, and AuFs [209, 210).

For gold compounds in the high oxidation state (e.g., AuCl, , AuFg , AuF; etc.,) we
find rather small bond contractions as the electronegative ligands reduce the 6s
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Figure4.14 Decomposition energies for the Group 11fluorides in
the oxidation state +5 (MFs~ — MF, + F,) and
+3 (MF,~ — MF, + F,). All data are from Ref. [207].

density at Au and 5d participation becomes more important [11]. As a consequence
the crystal structure of Cs,[AuCl,][AuCly] shows one short Au-Cl distance in the
[AuCl,]” unitand one longer distance in the [AuCly] ™ unit [211], which reverses at the
nonrelativistic level of theory [11]. AuF; has been predicted to undergo a Jahn-Teller
distortion from the planar trigonal (D3y,) structure to the T-shaped (C,,) structure [11],
which was confirmed by gas-phase electron diffraction measurements by Hargittai
and co-workers [212]. For AuHj; the situation is slightly different. The most stable
form of AuHj3 is the Y-shaped structure and not the T-shaped due to the rather strong
bond between the two hydrogen atoms, best described as the complex (H,)AuH [213—
215]. Andrews and co-workers identified this complex recently, as well as (Hj)
AuHj; [216]. Relativistic effects for gold-ligand stretching force constants are very
large for all oxidation states similar to the diatomic gold compounds [207].

The strong tendency to undergo gold—gold interaction is called aurophilicity [59,
217-219), and is related to relativistic effects in gold [12, 46, 220]. As described above,
gold undergoes especially strong interactions with electropositive ligands (me-
tals) [18] donating electron density to the relativistically contracted and stabilized
gold 6s-orbital, thus enhancing metallophilic interactions. Table 4.3 shows a large
relativistic increase in the Au™ dipole polarizability, which can increase the dispersive
type of interaction between two Au' (d'’) cores substantially. Such aurophilic
interactions can be as large as 30k] mol . In contrast, cuprophilic interactions are
much weaker (roughly 1/3 of the aurophilic interaction) [221]. Pyykké and co-workers
demonstrated that aurophilic interactions in the model dimer [PH3;AuCl], are of
dispersive nature enhanced substantially by relativity [12, 222-228)]. Hartree—Fock
gave a repulsive interaction and electron correlation is solely responsible for the
interaction between the two gold atoms. The aurophilic interaction is proportional to
~1 %05, at long-range (for oL, see Table 4.3), and thus follows the London type
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dispersion force (r being the distance between the two gold atoms) [227]. Further-
more, if the occupied Au 5d orbitals are omitted in the active orbital space the entire
attraction disappears [222]. Werner and co-workers provided a detailed analysis [228,
229]. The aurophilic interaction correlates with the measured bond lengths, and three
groups proposed empirical formulae [12, 19, 230] [for example, in Ref. [19] the
formula D, = 1.27 x 10%xp(—0.035r,) for the aurophilic binding energy is given with
D.ink] mol " and the Au—Au distance r. in pm]. Pyykks and Zlaeski-Ejgierd recently
performed basis set limit studies at the MP2 level for [PH3AuCl], [231]. However, the
computationally efficient MP2 method substantially overestimates aurophilic inter-
actions, and one has to utilize coupled-cluster techniques to obtain more reliable
results [228, 229]. O’Grady and Kaltsoyannis came to the same conclusion, but they
also pointed out that for [PH3;MCl], (M =Cu, Ag, Au, Rg) the strength of the
metallophilic interaction decreases (most likely monotonically) down the group
11 elements in contrast to the MP2 results, which show a monotonic increase [232].
A recent investigation on {(NHC)MCl}, (M = Ag, Au) shows stronger argentophilic
than aurophilic interaction [233]. This suggests that the aurophilic interaction in
terms of the dispersive bond strength is not so special after all. Density functionals
like B3LYP or BP86 may underestimate metallophilic interactions but also show a
weakening of the metal-metal bond in [PH3MCl], when going from M =Ag to
Au [232]. The B3LYP functional was used recently by Humphrey et al. for studying
aurophilic interactions in [(RNC)AuCl] and [(RNC)AuBz], R = (H3C);N-BH,, where
the calculated Au—Au distances were too long compared with the experimental and
MP2 results [234]. Runeberg et al. demonstrated that ionic contributions (from
double excitations involving excitations from one gold center to the other) in the
aurophilic interaction are also important [228]. This may explain why some density
functionals perform reasonably well. They also showed that relativistic effects
increase the aurophilic interaction by 28% in [PH3AuCl],, and originate almost
exclusively from the relativistic expansion of the two Au(5d) shells [228]. This all
raises the question why metallophilic interactions are so common in gold complexes,
butless soin corresponding copper and silver compounds. Perhaps the answer lies in
the different coordination chemistry of copper, silver and gold compounds.

The tetramers of the group 11 halide phosphanes, (XMPHj3), (M = Cu, Ag, or Au;
X =F, Cl, Br, or I) have been investigated recently by DFT [235]. Copper and silver
halide phosphane tetramers favor heterocubane (MX), structures with PHj3 ligands
externally attached to that cube forming X-M-PH; angles of around 120°. These
structures are between 40 and 50 k] mol ' more stable than the step-cluster struc-
tures. Such structures are well known experimentally [236]. First, phosphine coordi-
nation is much stronger for gold compared with copper and silver, mostly due to
relativistic effects [205]. Hence gold strongly favors linear structures. Second, there is
substantially more charge transfer from the PHj; lone pair to Au due to the
relativistically increased electronegativity of gold. As a result, the gold atom in these
phosphine compounds is negatively charged in contrast to copper and silver [235].
This makes the formation of a (AuX), cube unfavorable. It was shown for the gold
tetramers that they retain their linearity upon oligomerization thus allowing for
aurophilic interactions [235].



4.5 Calculations on Inorganic and Organometallic Gold Compounds

These aurophilic interactions can also be responsible for observed chemilumines-
cent properties in Au(I) compounds [237, 238]. The lifetime and the luminescence
quantum yield of these low-energy emissions often show strong solvent dependence.
Studies on [Au,(dpm),],, [(AuPH;),(i-mnt)] and [Au,(dpm)(i-mnt)] show that the
aurophilic interactions are clearly correlated with electronic excited-state proper-
ties [239-241]. Lower emission energy is usually observed for shorter intermolecular
Au-Au distances [242], and the excited states responsible for the emissions are
attributed to ligand-to-metal-metal charge-transfer (LMMCT). In the case of gold,
excitations out of the 5d shells are involved. As such systems are rather large in size,
the optical properties in excited state calculations are either dealt within a simple
configuration interaction including single excitations only (CIS), which basically is of
Hartree—Fock quality, or within the “time-dependent” approach of density functional
theory (TD-DFT). Both methods give only rough estimates of excitation energies and
oscillator strengths. Furthermore, these calculations still lack the inclusion of spin-
orbit effects, which will significantly change the calculated states and lifetimes. For a
more complete list of excited state calculations in gold coordination compounds see
Refs. [43, 44, 238).

Another interesting example of aurophilic interactions influencing electronic
excited state properties is the unusual photochemical cis to trans conversion observed
in dinuclear goldhalide bis(diphenylphosphino)ethylene complexes, Au,X,(dppee)
(X=Cl, By, I, p-SCcH,CH3), as studied by Foley et al. [243]. We summarize their
findings: The uncoordinated cis- and trans-dppee ligand shows a broad UV absorption
band around 260 nm and they do not isomerize from cis to trans or vice versa under
the applied conditions. In contrast to the uncoordinated species, cis-Au,X,(dppee)
irreversibly isomerizes to the trans product, and irradiation of the trans product does
not produce a detectable amount of cis-isomer. The mechanism of this irreversible
photochemical reaction is related to aurophilic interactions in the excited singlet state
and to relativistic effects [19]. CIS and CASPT2 calculations revealed that the first
intense singlet transition consists of a charge-transfer from the halogen lone pair to
the Au(5d6s6p) orbitals with strong intermixing from phosphorus (sp) orbitals. For
the cis compound, aurophilic interactions allow for mixing with the ethylene C=C r*
orbital, which results in an extra stabilization of the first excited singlet state and a
consequent red-shift in the spectrum together with an enhanced transition proba-
bility, with a shift in the transition from 180 nm to 260 nm for cis-Au,Cl,(dppee). This
does not occur for the corresponding trans compound. Thus, irradiating at around
260 nm only accesses the excited state for the cis compound which can convert into
the trans product as C=C nt* admixture is involved. Nonrelativistic calculations reveal
only a weak bond between the dppee and the Au,Cl, unit, and the compound would
be unstable thermodynamically [19].

There have been a number of theoretical studies on gold coordination and
organometallic compounds, which are cited in Refs. [43, 44]. We only mention a
few recent activities in this area [244]. According to Parr and Pearson the chemical
hardness is defined as m=0.5(AE;p — AEga), where the ionization potential and
electron affinity (both defined as positive values) are given in eV [245]. Taking the first
two ionization potentials for the Group 11 elements [4, 91] we obtain the following
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hardness values for the positively charged ions: 6.28 for Cu*, 6.95 for Ag*, and 5.64
for Au™ . For comparisonm = 21.1 for Na™, and the Group 11 metals are therefore all
considered as soft Lewis acids. In fact Au* has the lowest hardness (therefore is the
softest metal) of all three Group 11 elements. This is clearly a relativistic effect as
nonrelativistic coupled cluster calculations reveal a hardness of 7.19 for Au™ (here we
took the 'S(Au") — 2D (Au*") ionization potential from nonrelativistic CCSD(T)
calculation which gave 21.442 eV). In a recent paper, Hancock et al. investigated the
aqueous chemistry of the positively charged Group 11 metals by using DFT and
showed that the softness follows the trend Rg* >Au™ >Ag’ >Cu™ [246], in agree-
ment with the values above, and both Au" and Rg" are strong Lewis acids.

As Au” isasoft Lewis acid, it binds preferentially to soft ligands like phosphines or
sulfides. Indeed, Schroder et al. determined the binding energies of different ligands
Lto Au™ as L=PH;>CH;SCH;>CH;NC~ NH;~ C,H,~ CH;CN>H,S>CO >
H,0> C¢Fg>Xe [247-249]. Relativistic calculations reveal that the most favored
coordination number for gold is two with either a linear P-Au-P or P-Au-X
arrangement (X is a strongly coordinating ligand like Cl or Br). Once [Au(PR3),]"
or [CIAuPR;] are formed, further coordination by PR; is relatively weak. Relativistic
effects significantly enhance the binding of PR3 to Au™ or AuX [205], but also reduce
the tendency for phosphine coordination beyond two [250]. PR; ligands open up the
5d shell in Au [251, 252] thus increasing their stability and enhancing aurophilic
interactions. It was pointed out by Lauher and Wald that the AuPR; fragment is
isolobal with the hydrogen atom [253]. While the frontier orbitals of H and AuPR; are
substantially different [205], this interesting idea opens up the possibility for the
syntheses of new gold species. Some spectacular examples are [N(AuPPhs),]*, [P
(AuPPhs),]" (see also Ref. [231] for recent theoretical work), [As(AuPPhs;),]" and
[HC(AuPPhs),]" [254-258]. Taking this idea to the extreme limit, one might be
tempted to substitute all hydrogen atoms on a benzene ring to form C¢(AuPR3)e. Ina
recent paper, Riisanen et al. investigated coordination of pyridinethiols in Au(I)
complexes, that is, bis(pyridine-2-thionato)gold(I) chloride and bis(pyridine-4-thio-
nato)gold(I) chloride [259]. They found a perfectly linear S—Au-S arrangement, but
with an agostic C—H - - - Au interaction leading to rather short H-Au distances
between 2.8 and 2.9 A. Very recently, Belpassi et al. studied the bonding between rare
gas atoms and AuF [260]. They found that the formation of the rare gas—Au(I) bonds
is accompanied by a large and very complex charge redistribution pattern affecting
not only the outer valence region but also reaches deep into the core region. Ghanty
studied noble-gas insertion (Kr and Xe) into the Au—X bond (X = Fand OH) [261]and
Zhang et al. investigated bonding in XAuOH (X = Kr, Xe) [262]. Ying and Xue studied
Group 11 Xe compounds of the form MXe, " (M = Cu, Ag, and Au; n=1, 2) [263].
AuXe" and AuXe," show strong relativistic stabilization leading to anomalies in
bond distances, vibrational frequencies and dissociation energies along the Group 11
series.

It has been speculated in the past that it might be possible to isolate the first Au(I)
fluoride LAuF [182], if disproportionation into metallic gold and Au(III) can be avoided
by stabilizing ligands L, such as (PR;3)3AuF [264]. This has just been achieved. Laitar
et al. [185] were able to isolate a compound with an N-heterocyclic carbene ligand
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Figure 4.15 X-ray structure of 1,3-bis(2,6-diisopropylphenyl)
imidazolin-2-ylidene)-gold(l) fluoride [185].

(NHC) coordinated to AuF, (NHC)AuF, see Figure 4.15. The X-ray Au-F distance is
2.028 A and slightly larger than that of gas phase AuF which is 1.918 A [265], and the
fluorine atom is further coordinated by two CH,Cl, solvent molecules. Interestingly,
this compound can be seen as either a Au(I) compound with the carbene lone-pair
playing exactly the same roleas a phosphineligand, ora carbon atom bond covalently to
Au™ throughadouble bond, >C=Au—F, whichimplies the oxidation state 4- 3 for gold.
Anaturalbond order (NBO) analysis gave achargeat Auof + 0.42, which suggests Auis
in the oxidation state + 1. In comparison, we have a much larger charge of + 0.53
at Au in AuF, which implies large charge donation from the carbene to Au. In
comparison, the NBO charge of gold is + 0.90 in (CH3),AuFand + 0.63 in H,C=AuF.
Hence the situation here is far from clear and both descriptions may be used.

Rode and co-workers used ab initio QM/MM molecular dynamics simulations of
solvated Au™ in liquid ammonia [266]. They predicted a very stable linear two-
coordinated [Au(NH3),]". Further coordination results in a second coordination
shell of about 27 NHj; molecules which are in loose order resulting in a mean
residence time of only 7.1 ps. In contrast, the mean residence time of the second
hydration shell of Ag* (2.6 ps) is significantly shorter despite a smaller coordination
number of about 17 [267, 268]. For water we find a very similar situation with two-
coordinated [Au(H,0),]" and fairly rigid rings in the second coordination shell, each
composed of four H,O molecules, and leading to a dumbbell like structure [269, 270].
In contrast, MP2 calculations reveal that Cu™ has five to six water molecules in the
first coordination shell [271]. Urban and Sadlej investigated the interaction of the
neutral Group 11 metals with NH3, H,S and H,0 [272, 273], and Gourlaquen et al.
compared H,O binding and structure amongst the Group 11 and 12 elements with
Au” showing large relativistic effects [274].
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Table 4.5 Calculated bond distances (in A) and dissociation
energies (in eV) for linear AuCN and Au(CN), ™~ (from unpublished

results).
AuCN Au(CN),~
Property
HF MP2 ccsD(T) HF MP2 ccsp(m)
re(Au-C) 2.006 1.862 1.899 2.049 1.959 2.006
7e(C-N) 1.133 1.171 1.165 1.148 1.180 1.169
D.(Au-CN) 3.15 4.27 3.85 3.73 4.72 4.37

For Au(CN), " the dissociation energy is defined as Au(CN),” — AuCN + CN". A scalar relativistic
Stuttgart pseudopotential for Au with a uncontracted (11s/10p/7d/5f) valence basis set and a
Dunning augmented correlation consistent valence triple-zeta sets (aug-cc-pVTZ) for both Cand N,
but with the most diffuse f function removed, was used.

There is considerable industrial interest in gold—cyanide systems, for example in
gold mining, and AuCN and Au(CN),” have been investigated by a number of
research groups in the past using both DFT and ab initio methods [205, 275-279].
There is no better ligand binding to gold than cyanide, and there seems to be no
alternative for gold extraction than cyanide leaching. Cyanide leaching produces
hazardous waste products that must be disposed of and it would be desirable to find
better ligands, which are biodegradable. Table 4.5 summarizes some of our own work
on gold cyanide [280], which shows that the combined binding energy of both CN
groups exceeds 8 eV, which is very high. The results also show that MP2 typically
overbinds. Relativistic effects are only partly responsible for these high binding
energies. At the nonrelativistic CCSD(T) level we get a Au—CN dissociation energy of
3.57 eV close to the relativistic value. Moreover, it was shown that the dissociation
energy for the Au(CN),” — AuCN+ CN™ reaction decreases due to relativistic
effects [205]. Complexation of CN/CN™ to Au" increases the C—N bond length
(compare to the CCSD(T) results for the bare ligands, r.(C—N)=1.176 A for CN
and 1.182 A for CN™), and even more so for Au(CN), . We mention that Dirac—
Hartree-Fock results give r.(Au—C)=1.997A and r,(C—N)=1.172A for AuCN
which implies that spin-orbit coupling leads to a small decrease in the Au—C bond
length. Nonrelativistic results give ro(Au—C)=2.167 A and r(C—N) =1.166 A for
AuCN at the CCSD(T) level, thus a relativistic bond contraction of 0.268 A for the
Au—C bond. For comparison, for CuCN and AgCN metal-CN bond distances of
1.778 A and 2.014 A respectively at the DFT/BPS8G6 level of theory have been obtained
by Frenking’s group [276], thus revealing again a typical anomaly due to relativistic
effects. For AuCN, an NBO analysis shows, besides strong ionic bonding with a bond
order of about 1.2, a rather small amount of t-back-bonding from Au(5d;) to CN(x*).

Frenking’s group showed that the Group 11 isocyanides M—NC (M = Cu, Ag and
Au) are less well bound compared with the corresponding cyanides M—CN [276].
They also studied CO coordination on Cu*, Ag" and Au* with Au(CO)," being the
most stable of all Group 11 dicarbonyl complexes [281]. Vaara et al. demonstrated the
importance of relativistic effects in the 13-C NMR nuclear shielding constant in
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Au(CO)," [282]. Very recently, Tielens et al. studied the electronic structure of
charged and neutral Au—XO (X =C, N, and O) in external electric fields using DFT
and coupled cluster methods [283]. Also Au(N3),  and Au(N3),  have been investi-
gated theoretically [284, 285]. Interestingly, the solid state of [Me,N][Au(N3),] shows
close alternating Au-Au contacts of 3.507 and 3.584 A. B3LYP calculations were not
able to describe these dispersive type aurophilic interactions [284]. The bonding
situation in [Au(Ns)4~ was analyzed employing the topological analysis of the
electron density (AIM method) and of the electron localization function ELF [286].
Antes et al. investigated the structure and binding in CIMCO (M = Cu, Ag and
Au) [287]. CIAuCO is relativistically stabilized resulting in a substantial increase of
about 120kJmol " in the ClAu-CO dissociation energy at the CCSD(T) level of
theory, which explains the unusual stability of this compound compared with its
lighter congeners. Pyykko and Runeberg recently investigated the binding of N-
heterocyclic carbenes to AuCl [288]. Puzzarini and Peterson investigated multiple
bonding to gold in XAuC compounds (X =F, Cl, Br and I) and found very short and
strong Au—C bonds [289].

Hertwig et al. studied Au™ binding to benzene [290, 291]. Au* binds preferentially
in the n'- or n*position, Cu™ in the n®position, while Ag" can change its position
above the whole plane of benzene virtually barrier-free. The binding energies show
the typical relativistic anomaly with D,(Cu™-C4Hg) = 2.68 €V, D,(Ag" -C¢He) = 1.73
eV, and D,(Au"-C¢Hg) =2.79 eV at the CCSD(T) level of theory. From the calculated
bond distances a relativistic contraction for the gold compound is also visible, that s,
at the B3LYP level of theory Dargel et al. obtained for the metal-carbon distance at the
n?-position 2.123 A for Cu™, 2.415A for Ag", and 2.311A for Au" [290]. Au"
adsorption on pyridine was studied by Hsu et al. [292]. Here Au™ binds directly on the
N-atom in the same fashion as H" does [292]. Antes and Frenking studied the
structure and bonding of Group 11 methyl and phenyl compounds, MR (M = Cu, Ag
or Au; R=CHj or CsHg) [293]. MP2 calculations predict that the M—C bond
strengths of the group 11 methyl and phenyl compounds have the order Au> Cu>Ag
due to relativistic effects, while the group 12 compounds M(CH3), have the order
Zn>Cd>Hg [293]. Very recently, [Au(C,H,);]" has been synthesized, and DFT
calculations reveal that the amount of Au to n*(C,H,) back-bonding follows the trend
Au>Cu>Ag, which explains the up-field shifted 1-H and 13-C NMR data [294].
Strong back-bonding was also calculated at the DFT level for the complex [Au(bipy)
(C3H4)](PFe) [295]. Kohler et al. studied the structure and bonding in trigonal planar
coordinated organogold(I) complexes stabilized by organometallic 1,4-diynes [296].
We should mention the recent progress in Au(I) and Au(Ill) catalyzed organic
reactions [24, 297]. A number of groups of theoretical chemists are currently
investigating the reaction mechanisms using quantum chemical methods [298-
301]. Li and Mia published DFT calculations on AusHsX hydrometal pentagons with
Ds), planar pentacoordinate nonmetal centers (X = Si, Ge, P, S) [302]. The introduc-
tion of the nonmetal centers X introduces p aromaticity to MHX complexes.

There are only few theoretical investigations into Au(II) compounds despite the
growing interest in this field [303-305]. Here we mention Barakat and Cundari’s
work, who studied phosphine complexation of Au(II) and their dimers [306, 307].
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The most notable structure in this oxidation state is AuXe,* synthesized in Seppelt’s
research group [308, 309] and investigated by DFT/B3LYP by Berski et al. [310]. The
relatively low stability of this oxidation state for gold (and silver) is seen as the reason
for the absence of high temperature superconductors [311]. Very recently the
research group headed by Craig Hill synthesized rather unusual gold-oxo complexes,
Ky5H,[Au(0)(OH,)P,;W1504g]- 25H,0 and K, H,[Au(0)(OH,)P,W10070(0H,),]-27
H,0 and studied them by theoretical methods [312]. They were not able to assign
a definite oxidation state for Au, which needs further careful investigation. Fackler
and co-workers recently studied dinuclear and tetranuclear Au(II)-Nitrogen com-
plexes of the form [Au,(hpp),Cl,] [313].

We finally mention a recent proposal for using a gold compound in the search of
parity violation (PV) effects in molecules, an electroweak symmetry breaking effect
causing a very small energy difference (in the mHz range) between enantiomers in
chiral compounds [314]. Such PV effects should be measurable by any absorption or
emission spectroscopy provided high resolution is reached, and there are several
attempts to find this tiny energy difference for the first time. As PV effects scale like
Z" (n=5 in most cases), the search for suitable molecules concentrates around heavy
element as chiral centers or attached on a chiral center. Compounds showing
reasonably large PV effects in the C-F stretching mode accessible to the CO, laser
frequency range are (PR3)Au(CHFCIBr) or (PR3)Au(CHFCII) [315].

4.6
Calculations on Gold Clusters

Gold forms a wide variety of cluster compounds quite distinct from the other two
Group 11 members or from the Group 1 metals of the periodic table [48, 316, 317].
The color of these compounds ranges from yellow to orange, red and even green (a
mixture of such cluster compounds is available under the trade name Nanogold) [30].
Gold clusters are stabilized by phosphine ligands [318], and the Au-Au bonding in
such clusters is further stabilized by relativistic effects as outlined above. Properties
of bare gold clusters have been studied intensively in the past both by experimental
and theoretical methods [43, 44, 48, 319, 320], mostly by using DFT, and we can only
describe a few important recent results. We leave out cluster simulations using many-
body potentials, like the Gupta-potential, the glue potential or other schemes [321-
327], which are used for example for melting of large gold clusters or in nucleation
studies [328-332], as these potentials do not correctly describe the many-body effects
in gold clusters [333].

Auj; in D3, symmetry is 2’ state and undergoes a Jahn-Teller distortion into the
2B, and %A, states with C,, symmetry with a typical Mexican hat topology [334].
However, spin-orbit coupling completely quenches this symmetry breaking effect
leading to a high symmetry Dj}, structure, and splitting the electronic states into E3 ),
and Es ), states in double-group symmetry [335, 336]. The relativistic bond contraction
is 0.22 A for Au; and already smaller compared with Au, [334]. Au; ™ adopts a trigonal
planar structure (Dsp,, 'A,), while Au;~ adopts a linear structure (" Zg ) [334].
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It came as a surprise, however, that Aug prefers a trigonal planar D3, structure in the
gas phase [16] and is not octahedral as one might assume, suggesting that gold
clusters do not follow the usual pattern of typical Lennard-Jones, Morse or Gupta
systems, which all favor a maximum number of close atom-atom contacts. The
preferred planarity of small gold cluster compounds is due to relativistic effects [17].
The search for global minimum structures of neutral or charged gold clusters Au,**"
is still an active area of research. Wang et al. find planar structures (2D) up to n=16
from DFT/PW91 calculations, more compact spherical structures (3D) starting
n=16, and flat cage-like structures in-between [337]. 2D triangulated motifs up to
Auyg were studied by Zhao et al.,, and a fitting formula is provided for static
polarizabilities and dipole moments for an arbitrary size [338]. However, Ferndndez
found 2D structures up to Auy; using DFT/GGA (the structure of Auy, is shown in
Figure 4.16), with the transition from 2D to 3D happening at Au;; [339]. The lowest
energy structure for Aug was also found to be planar [340]. Aug was also investigated
by Diefenbach and Kim using coupled cluster techniques, and the basis set
incompleteness was also investigated [341]. In contrast, the 2D/3D structural
transition for Cu and Ag occurs at n=6. Similar trends are found for the cationic
and anionic species [16, 339, 342, 343]. They also studied trends for the cohesive
energy, ionization potentials and electron affinities. Zhao et al. studied the electronic
spectrum mixed Au,,Ag, clusters with m + n =8 [344]. Charged gold clusters up to
Auy, and Auyst have been studied in Ahlrich’s group [345, 346], and for up Auy 4~ to
by Hakkinen et al. [347]. The simulated thermally weighted photoabsorption spectra
showed that Au;” is dominated by planar structures whilst Cu;” and Ag,” give
predominantly three-dimensional arrangements. Hakkinen et al. studied these
negatively charged clusters [17] by relativistic DFT and showed that nonrelativistic
Au;” behaves similarly to the analogs copper and silver [17]. Koskinen et al. studied
the dynamics of Au,  (n=11-14) and showed the co-existence of 2D and 3D
structures at finite temperatures [348]. Wang et al. found by photoelectron spectros-
copy and DFT calculations that Au,, adopts an unusual tetrahedral structure with a
rather large HOMO-LUMO gap (Figure 4.16) [349, 350], which has been recently
confirmed by Apra et al. [351]. In contrast, Cuyg and Agyo show amorphous-like 3D

Figure 4.16 From the left to the right: Planar structure for Aus,
tetrahedral structure for Au,g and icosahedral structure for
W@Au,.
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structures [339]. These differences are all attributed to relativistic effects, which
substantially enhances s-d hybridization in gold [339]. Fa et al. studied gold clusters
up to Auy,g, arguing that the 2D/3D transition occurs between n=13 and 15 [352].
Some studies of larger clusters are also available [353-357]. Idropo et al. studied the
optical absorption spectra and dipole polarizabilities of gold clusters up to Au,, [358—
360]. Pyykko's group showed recently by DFT and MP2 calculations that Auy, could
exist as a hollow nanosphere and can be characterized as an I-symmetric “golden
fullerene” [361]. Doubly negative charged species, Au,”~, have been studied for
example by Yannouleas and Landman [362] and Walter and Hikkinen [363].

Besides these many cluster studies, it is currently not known at what approximate
cluster size the metallic state is reached, or when the transition occurs to solid-state-
like properties. As an example, Figure 4.17 shows the dependence of the ionization
potential and electron affinity on the cluster size for the Group 11 metals. We see a
typical odd-even oscillation for the open/closed shell cases. Note that the work-
function for Auis still 2 eV below the ionization potential of Au,4. Another interesting
factis that the Au,, ionization potentials are about 2 eV higher than the corresponding
Cu, and Ag, values up to the bulk, which has been shown to be a relativistic
effect [334]. A similar situation is found for the Group 11 cluster electron
affinities [334].

While most studies so far concentrate on pure gold nanoclusters of different
structure and size, the discovery of icosahedral mixed gold clusters M@Au;,, like
W@Au;, or Mo@Auy; as shown in Figure 4.16, by Wang and co-workers [364], as
predicted earlier by Pyykko and Runeberg [365], opens up the field to new nanosized
gold materials for applications in many areas like catalysis, with the central atom
“impurity” being used to fine-tune electronic properties. These cluster types are
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Figure 417 lonization potentials (IP) and electron affinities (EA)
of Group 11 clusters M, up to n =23 (in eV). The bulk metal work-
functions for the (100) plane are also shown on the left hand side
in open symbols. Experimental values from Refs. [370-374].
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stable as they fulfill the 18-electron rule, and the peripheral gold atoms are close
enough (about 2.85 A) to undergo stabilizing metallic interactions. Furthermore, the
covalent M-Au interactions are strengthened by relativistic effects [18], as explained
above. For the HOMO-LUMO gap one obtains 3.0 eV at the B3LYP level of theory for
W@Au;, underpinning the unusual stability of this cluster [365, 366]. The finite-
temperature dynamics of W @Au;, using DFT-based Born—-Oppenheimer molecular
dynamics suggest surface-melting between 366 and 512K [367]. Si@Au;s was
studied by Walter and Hikkinen [363], and M@Au;, (M =V, Nb and Ta) by Zhai
and Wang [368].Very recently Wang et al. reported a joint experimental/theoretical
study of group IV atom-doped gold anion MAu;s~ (M = Si, Ge, Sn) clusters [369].
Coating of magnetic clusters by gold atoms for passivation and stabilization of
small metal particles is currently investigated in Rosch’s research group [375]. They
studied magnetic clusters of NigAu, (n =0, 8, 32) and Ni;3Au, (n=0, 6, 8, 14, 24, 30,
and 42) at the all-electron scalar-relativistic DFT level. MAug and MAug ™~ clusters
(M =Ti,V, and Cr) were studied by Li et al. [376]. Pd- and Pt-doped small gold clusters
were investigated using DFT by Sahu et al. [377] and Ge et al. [378]. Density functional
and photo- fragmentation studies on Au,My (M = Sc, Ti, Cr, Fe) were performed by
Janssens et al., and dopant-dependent differences in atomization energy, atomic-
orbital occupancies and local magnetic moments were addressed [379]. Liu et al.
studied AuTl and Au,T1, using a ARPP/CCSD(T) approach [380]. Bonaci¢-Koutecky
et al. used DFT to study the structural and electronic properties of bimetallic
silver—gold clusters [381]. Zhai et al. studied Au,H ™ as a possible impurity in gold
clusters [382]. Hikkinen et al. carried out DFT calculations on phosphine- and
thiolate-protected gold nanoclusters, Ausg(PHj3)14Clg and Ausg(SCH3)y4 [383]. For
Ausg(SCH3)y4 ring-like (AuSCH3) 4 units protecting a central Au, 4 core was predicted.
A number of smaller thiolated gold clusters have been studied as well by this
group [384]. These beautiful structures are illustrated in Figure 4.18. Au;3(SR),
(R=H, CHj3; n=4, 6, 8) has been investigated by Rosch’s group [385]. Very recently,
Sharma et al. studied binding of Au, to size-expanded DNA bases using B3LYP [386].

&.*" 'jf*J 00

Figure 4.18 The optimized DFT structures of Ausg(PH3)14Cle (left) and Ausg(SCH3),4 (right) [383].
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4.7
Calculations on Infinite Systems: from Surfaces to the Solid State of Gold

When moving from an atom or molecule to infinite systems like the solid state, the
quantum chemical description changes radically. In almost all cases one relies on the
adiabatic approximation, that is one works within the Born-Oppenheimer approxi-
mation (as for most of the molecular calculations). This is a very good approximation
indeed for heavy atom systems with high atomic mass. Here relativistic corrections
are more important, which are treated in a similar way to molecular program codes.
However, most codes work with plane-wave functions (with the notable exception of
CRYSTAL [387]), and here the use of ultra-soft relativistic pseudopotentials [388] is
the most popular choice in surface and solid-state calculations implemented in
programs like VASP [389]. Not too long ago there was a strong belief in the physics
community that spin-orbit effects were the most important relativistic effects in
heavy-element-containing solids, as they directly influence the number and position
of electronic bands in band structure calculations [390]. Such effects are more
important in metals or covalently bonded systems because spin-orbit effects are
quenched in strong ionic fields. However, Christensen and Seraphin showed early on
that even scalar relativistic effects for bulk gold lead to a completely different band
structure as compared with the nonrelativistic case [391]. In fact, Loucks pointed out
as early as in 1966 that APW calculations for tungsten show that for most of the
experimental results the relativistic values are in better agreement than the nonrela-
tivistic ones [392]. Moreover, one can argue that the wavefunction is more com-
pressed in the solid state compared with free atoms or molecules, thus increasing the
density near the nucleus where relativistic operators act. Itis interesting that even this
situation seems to be modeled extremely well by the relativistic pseudopotential
approach for solid-state or surface chemistry and physics applications.

In solid-state calculations one faces a number of serious drawbacks (or challenges),
not usually encountered in the calculation of atoms or small molecular systems:
(i) Different structures are often separated by very small energies, for example in
polymorphs of molecular crystals (multiple minima problem). It is often difficult to
know if the method applied predicts the correct energetic ordering of the different
solid-state structures [393]. (ii) Electron correlation in the solid state is difficult to
treat, especially for metallic systems which are highly multi-configurational (free
electron gas) [394]. One speaks of strongly correlated systems [395]. For metallic
systems, LDA often gives reasonable results for solid-state properties. (iii) Density
functionals are problematic in correctly describing transition metal compounds (e.g.,
Mott insulators) and a parametrized Hubbard Hamiltonian is often added (the so-
called DFT + U approach) [396]. (iv) Density functionals are problematic for weak
interactions, that is, for Van der Waals/dispersive type of interactions [397]. (v) The
vibrational problem becomes more difficult to treat (phonon branches, specific heat
calculations) [398]. (vi) Electronic excitations are difficult to treat theoretically and
one requires a many-body treatment, for example, a RPA + GW + Bethe-Salpeter
approach [399]. (vii) Spin-polarized states are often not well described by DFT, for
example, in broken symmetry states, or for magnetic properties [400]. At the
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moment, all so-called first-principles methods including DFT within the relativistic
pseudopotential approach (DFT+ PP) face these difficulties and one should be
aware of this. Nevertheless, there have been many applications of the DFT 4+ PP
method in surface or solid-state calculations involving gold, and we will discuss a few
of these applications.

Christensen and Seraphin pointed out that the shifts and splittings obtained from
augmented plane wave (APW) calculations for fcc Au due to relativistic effects are of
the same order of magnitudes as the gaps [391]. The calculated interband edge in the
optical spectrum is calculated as 2.38 eV in agreement with experimental values. This
compares to 3.7 eV for silver. Romaniello and de Boeij calculate the onset of interband
transitions in gold at 3.5 eV using scalar relativistic TD-DFT, compared with 1.9 eV at
the nonrelativistic level [401]. The low absorption edge for gold is a relativistic effect
and seen as the primary reason for the yellow color of gold. Furthermore, for the bulk
metals the nearest neighbor distances are r(Au-Au) ~ (Ag-Ag), Figure 4.9. Takeuchi
et al. calculated nonrelativistic and relativistic properties for bulk gold [402], which are
summarized in Table 4.6. They also pointed out that the energy differences of the fcc
to the hep and bee structures are very small. Philipsen and Baerends obtained similar
results using DFT/GGA [403]. They also give spin-orbit effects for fcc Au which
increases the cohesive energy by 5% and decreases the lattice constant by 0.4%, while
the bulk modulus changes only little. Theileis and Bross showed that four-component
LDA calculations lead to lattice constants for fcc Au which are too small compared
with the experiment [404]. Souvatzis et al. determined the equation of state, thermal
expansion coefficient, and Hugoniot for fcc Au using the LDA within the full-potential
linear muffin-tin orbital (FP-LMTO) method including spin-orbit coupling [398]. A
comparison between experimental and DFT/GGA results for fcc Au at high pressures
shows rather large deviations [405]. Soderlind predicts a phase change to hcp at about
1.5 Mbar (70% compression of gold) and a phase change to bce at pressures higher
than 4 Mbar [406, 407]. Kirchhoff et al. studied the dynamical properties of gold using
the tight-binding method [408]. They derived phonon-dispersion and density-of-states
curves at finite temperature, and studied the temperature dependence of the lattice
constant.

Alist of recent solid-state calculations is given in Refs. [43—-45]. We mention only a
few of the most recent results discussing relativistic effects. Christensen and Kolar
revealed verylarge relativistic effects in electronic band structure calculations for CsAu

Table 4.6 Lattice constants a, volume V, cohesive energy E o, and
bulk modulus B for fec gold from nonrelativistic and relativistic
pseudopotential DFT calculations (from Ref. [402]).

Au (fec) a[A] VA% Econ [€V] B [Mbar]
nonrel. 4.314 20.072 2.27 0.996
rel. 4.104 17.282 3.46 1.790
exp. 4.079 16.967 3.81 1.732

Experimental values from Refs. [34, 413].
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(which adopts the ionic CsCl structure), with nonrelativistic CsAu being a metal, while
relativistic CsAu is a semiconductor with a gap of 2.6 eV [409]. The charge transfer of
about0.6efrom Csto Au[409,410]is supported by XPS studies [411]. Wangand Zunger
showed that relativistic effects change the enthalpy of formation such that CuAu
becomes a stable metallic solid in contrast to CuAg [412].

Turning to ionic gold compounds, the unusual chain-like tetragonal structures of
AuCl, AuBr and Aul with linear AuX, units and rather short Au—Au distances are due to
relativistic effects[414]. Nonrelativistically, the gold halides would adopt cubic structures
(rocksalt, zinc-blende or wurtzite strucures) similar to AgCl[415]. Doll et al. found thatat
the Hartree—Fock (HF) level the cubic and chain-like structures for AuCl are almost
degenerateinenergy, and electron correlation stabilizes the chain-like AuClwhich offers
analternative explanation [416]. However, for AuBrand Auleven atthe HF level of theory
the chain-like structure is energetically preferred [415]. The predicted thermodynamic
instability of solid AuF isalso due torelativistic effects [182]. However, Kurzydtowski and
Grochalajust showed that solid AuF is stable with respect to decomposition to AuF; and
metallic gold at pressures higher than 22.6 GPa [417]. They suggest that AuF could
survive a careful low-temperature decompression toambient pressures. The moststable
solid-state structure predicted is orthorhombic with infinite one-dimensional AuF
chains and an Au-F-Au angle of 143°. The smallest Au-Au distance is 2.85 A between
the chains, suggesting strong aurophilic interactions [417]. The aforementioned com-
pound Cs,[AuCl,][AuCly] undergoes a phase transition above 5 GPa where the Au-Cl
distances all become equal, which is most likely due to a change in oxidation state to Au
(IT) in CsAuCl; [418]. This has been investigated by DFT, but no definite conclusion was
reached about different phases and structures [419]. Stampfl’s group recently predicted
from DFT/GGA calculations that unknown Au,O adopts a metallic phase, whereas
known Au,0O; is a semiconductor [420]. Very recently, Pyykko and co-workers
predicted new sheet-like structures for Group 11 cyanides, M-CN, containing six-
membered C¢Ng rings connected by Group 11 metals [421, 422]. These structures are
comparable in energy to the experimentally known hexagonal packed infinite chain
(—M—CN—-M—-CN-) structures.

There has been increasing interest in the study of infinite one- and two-dimen-
sional systems of gold, which range from gold chains to gold (or gold doped)
surfaces [423], the latter mainly to study the catalytic activity of gold and related
nanosystems. Gold is one of the very few metallic elements that can be used at the
nanoscale due to its resistance to oxidation. The list of recent theoretical work is
therefore too large to be reviewed in detail here (see Refs. [43, 44, 61, 62, 64, 424]).
For example, CO or O, adsorption on neutral or charged gold nanoclusters
as model systems for gold-doped surfaces have been studied intensively in the
past [25, 60, 425-427]. The exact mechanism of catalytic processes on gold-doped
metal-oxide surfaces is still not accurately known, as the (electronic) structure of such
surfaces including the location of the catalytic center is still a matter of intense
debate [428-430]. Moreover, the application of various DFT approximations to weak
adsorption, like CO on neutral or charged gold clusters or surfaces, remains
questionable as a recent study shows [431]. For the following discussion, we include
adsorption studies on finite sized gold clusters as well.



4.7 Calculations on Infinite Systems: from Surfaces to the Solid State of Gold

Corma et al. pointed out that H, dissociation on a gold surface requires low-
coordinated gold found in nanoparticles or in line defects [432]. Wang and Gong
studied the interaction of H,, CO and O, with Aus, using GGA/DFT [433]. Gordon’s
group published a series of papers on O, adsorption on neutral and charged gold
clusters [434—436]. They found that the bond between O, and gold is strong if the
cluster has an odd number of electrons, and is weaker if the number of electrons in
the cluster is even. This group also studied H, and propene adsorption on gold [437,
438]. The strength of adsorption decreases with increasing number of electrons in the
gold cluster, that is, Au, " > Au, > Au,,~, which is related to charge transfer from the
propene molecule to the gold surface [438]. Further, negatively charged gold clusters
with an odd number of electrons bind O, more strongly than isoelectronic neutral
clusters with an odd number of electrons. All clusters can bind two O, mole-
cules [434]. Kryachko and Remacle studied NH3 adsorption on charged and neutral
gold clusters [439]. They showed that the cage-like Aus; of I, symmetry shows a
higher chemical inertness than the amorphous Aus, of C; symmetry (which is more
stable at higher temperatures) with respect to the interaction with H,, CO and O,.
Cummings and co-workers studied the self-assembly of 1,4-benzenedithiolate/
tetrahydrofuran on Au(1 1 1) surface using two-body interaction potentials in Monte
Carlo simulations [440, 441]. Ford et al. studied the adsorption energetics of
methanethiolate and benzenethiolate monomers and dimers on Au(111) using
periodic DFT [442]. The dissociation barrier of dimethyl disulphide was estimated to
be between 0.3 and 0.35 eV. Single transition metal atoms including gold on oxygen
defects at the MgO(0 0 1) surface were studied theoretically by Neyman et al. [443]. Au
deposited on graphite (000 1) was studied by Akola and Hikkinen [444]. Yang et al.
carried out DFT calculations on supported Au on TiO;/Mo(112) [445]. They
calculated a red shift of 321 cm ™" in the CO vibrational frequencies when chemi-
sorbed on the gold sites. Oxidation of CO on Aug clusters deposited on a MgO surface
was studied by Yoon et al. using DFT [446]. Bonaci¢-Koutecky et al. studied the CO
adsorption on Au,,,O,,~ (m =2, 3; n=1-5) [447]. Ge et al. [378] studied CO adsorption
on Pt-doped gold clusters. Shi and Stampfl performed density-functional theory
calculations to investigate the adsorption of O, at the Au(1 1 1) surface [448]. They
found that atomic oxygen adsorbs weakly on the surface and is barely stable with
respect to molecular oxygen. We note that the anomaly in the O, chemisorption
energy in the Group 11 series of metals as shown in Table 4.1, which is most likely a
relativistic effect (note the destabilizing effects of electronegative ligands to gold as
discussed above). Okumura et al. studied H,O and O, adsorption on gold clus-
ters [449]. Adsorption of methanol on charged and neutral gold clusters was studied
by Marx and co-workers using Car—Parrinello ab initio molecular dynamics simula-
tions [450, 451]. They found that for Au,,* the C—O stretching mode of the adsorbed
methanol molecule increases discontinuously as the underlying cluster structure
changes from 2D to 3D. In the neutral species the CO molecule is weakly bound and
much less sensitive to changes in coordination number and cluster structure. Li and
Hamilton studied the binding of H,S to Au, [452], and Kriiger et al. investigated the
binding of CH3SH to neutral and charged gold clusters [453]. They also investigated
the detaching mechanism of thiolates from copper and gold clusters [454]. They
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found a pronounced and systematic weakening of the S—C bond by over 1 eV upon
increasing the cluster size of Cu,, which is not observed for the corresponding gold
clusters, which is a relativistic effect. CO oxidation on anionic and cationic gold oxide
clusters have been studied very recently by Castleman, Bonaci¢-Koutecky and co-
workers [455]. Kaxiras and co-workers studied chlorine bonding on Au(111) and
found that the bonding of Cl to gold is primarily of covalent character [456]. This is
due to the relativistic increase of the gold electronegativity [5].

The chemistry of superheavy elements has made some considerable progress in
the last decade [457]. As the recently synthesized elements with nuclear charge 112
(eka-Hg), 114 (eka-Pb) and 118 (eka-Rn) are predicted to be chemically quite
inert [458], experiments on these elements focus on adsorption studies on metal
surfaces like gold [459]. DFT calculations predict that the equilibrium adsorption
temperature for element 112 is predicted 100 °C below that of Hg, and the reactivity
of element 112 is expected to be somewhere between those of Hg and Rn [460, 461].
This is somewhat in contradiction to recent experiments [459], and DFT may not be
able to simulate accurately the physisorption of element 112 on gold. More accurate
wavefunction based methods are needed to clarify this situation. Similar experiments
are planned for element 114.

One-dimensional gold nanowires are also the subject of recent intense theoretical
activity, ever since Kondo and Takayanagi discovered unexpected helical struc-
tures [462, 463]. Calculations range from single gold-chains (linear, zig-zag or Peierls
distorted) [464, 465], to gold nanotubes [466, 467], gold nanowires [468—475] and
nanorings [476]. Nanostrips and nanorings of gold-glued polyauronaphthyridines (or
related compounds) were predicted by Pyykko and Zaleski-Ejgierd using DFT/
GGA [231, 477]. Sun et al. found that under appropriate experimental conditions it
may still be possible to synthesize a metastable form of a gold nanoring [476]. Gold
nanowires with light-element impurities have also been investigated using DFT by
Skorodumova et al. [478]. They find that light impurities cause a significant charge
redistribution in monatomic gold wires, thus altering bonding and affecting the
wire structural properties. Geng and Kim investigated AuZn and AuMg nano-
wires [479]. Ning et al. investigated the conductance of a Au/1,4-diaminobenzene/
Au molecular junction using a nonequilibrium Green’s function formalism
together with DFT [480]. The transmission coefficient at the Fermi level was
calculated to be 0.028, in reasonable agreement with recent break junction
experiments (0.0 064). And finally, Zhang et al. studied surface-enhanced Raman
scattering (SERS) of nicotinic acid on gold nanowires using both experimental and
DFT'studies, and found a significantly enhanced Raman spectrum of nicotinic acid
upon interaction with gold [481].

4.8
Summary

We were only able to skim through the many applications of the computational
chemistry of gold in inorganic, organometallic, and physical chemistry, and in
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surface science as well as solid-state physics. The chemistry and physics of gold is
currently undergoing enormous progress and rapid change not seen a decade or two
ago, as gold was previously regarded as an inferior catalyst compared with other
catalytically active metals. The nanoscience of gold has grown into one of the most
active research areas in chemistry and physics. One may even talk about a new
renaissance in gold chemistry. We have seen that the physics and chemistry of gold is
clearly dominated by relativistic effects as pointed out early on by Pekka Pyykko and
co-workers [1, 2], thus giving gold and its compounds some unique chemical and
physical properties. On the theoretical side, the enormous progress in computer
technology together with the development of computationally efficient relativistic
methods such as the relativistic pseudopotential method within DFT now makes it
possible to tackle very large systems including nanosized clusters, surfaces and the
solid state with reasonable accuracy. A future challenge for computational chemists
will be to treat such systems dynamically, modeling catalytic reactions in real time, or
accurately simulating melting of clusters and the solid state from first-principles
quantum theoretical methods. In summary, gold is alive and well. Aurum scientiaque
potestas sunt.
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5
Luminescence and Photophysics of Gold Complexes
Chi-Ming Che and Siu-Wai Lai

5.1
Introduction

The photophysical properties of closed-shell d'® gold(I) complexes have been
widely investigated over several decades, particularly regarding correlation of the
intriguing emission properties of polynuclear gold(I) complexes with aurophilic attrac-
tion [1]. The first report on the photoluminescence of [Au,(u-dppm),]* " (dppm =
bis(diphenylphosphino)methane) was independently documented by Fackler [2] and
Che [3], and the strong and long-lived phosphorescence at Ay, =593 nm (T=21us,
¢ =0.31) in solution [2] was attributed to the Au—Au bonded excited state. Subse-
quently, polynuclear gold(I) phosphine complexes involving Au(I) - - - Au(I) interactions
have been extensively studied and were found to display long-lived emissions in the
visible region that are usually assigned to Au—Au bonded excited states [4, 5].

In general, Au(I)—Au(l) interactions would modify the 5d — 6s/6p transition to a
lower-energy 5dc6* — 6po transition, where 5d6* and 6pc refer to the antibonding
combination of 5dz* and the bonding combination of 6s/6pz orbitals, respectively,
and the Au—Au axis is defined as the z axis [6]. Assignments for the 5d6* — 6pc
transitions of the [Au,(diphosphine),]* " and [Au,(diphosphine)s]* " systems have
received support from resonance Raman experiments [7]. The *[6po, 5dc*] excited
states of [Au,(diphosphine),]* " system were found to be powerful reductants [8], and
can mediate light-induced C—X bond cleavage from benzyl halides [9].

The discriminatory emission properties between two-coordinate d'° gold(I) com-
plexes and their respective three-coordinate counterparts have been demonstrated in
the literature [6, 10-13]. As discussed in the later sections, Che and coworkers have
rationalized that the extraordinarily large Stokes shift of the visible emission of
[Au,(diphosphine),]* " from the [Sd6* — 6po] transition is due to the exciplex
formation of the excited state with solvent or counterions [6]. Fackler [14-16] reported
the photophysical properties of monomeric [AuLs;]" complexes, which show visible
luminescence with large Stokes shifts (typically 10 000 cm ™), suggesting significant
excited-state distortion. Gray et al. [10] examined the spectroscopic properties of
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the three-coordinate [Au,(dcpe);](PFs), (dcpe = bis(dicyclohexylphosphino)ethane)
complex without any Au(I)-Au(I) interaction, and concluded that upon electronic
excitation, shortening of the Au—P bonds results in stabilization of the
} [(5dyw_y2,5dy)(6p,)] excited state, which consequently leads to an intense emission
at Apax 508 nm (t=21.1us, ¢ =0.80) with large Stokes shift from the respective
absorption maximum. Omary and coworkers [17] concluded through computational
calculations that the excited-state distortion of luminescent, three-coordinate mono-
nuclear [Au(PR;3);] " complexes is due to Jahn-Teller symmetry change from the
trigonal planar ground-state geometry to the excited-state T-shaped structure. Eisen-
berg and coworkers explored the reversible change in photoluminescence character-
istics between two- and three-coordinate gold(I) complexes as a signaling mechanism
for the detection of volatile organic compounds [18]. Dramatic color change and
enhanced luminescence were induced upon exposure of linear chain gold(I) dimer
compounds to solvent vapor. It is apparent that perturbation of the coordination
environment at two-coordinate Au(l) site(s) is the key factor which determines the diverse
and complex luminescent properties of gold(I) complexes.

5.2
Spectroscopic Properties of Gold(l) Complexes

5.2.1
Mononuclear Gold(l) Complexes

The photoluminescence properties of discrete, mononuclear two-coordinate gold(I)
complexes mainly originate from electronic transitions of the following: (i) intrali-
gand, (ii) metal-to-ligand charge transfer, (iii) ligand-to-metal charge transfer,
(iv) ligand-to-ligand charge transfer, all of which are affected by ligand coordination
at Au(I) [19-21]. Their emission properties are sensitively perturbed by aurophilic
interaction and/or additional ligand coordination to afford three-coordinate Au(I)
species. Fackler and Schmidbaur reported a change in intermolecular Au---Au
separation upon protonation of [(TPA)AuCl] (TPA = 1,3,5-triaza-7-phosphaadaman-
tane), which in turn alters the emission properties [22]. In the solid form, the
Au - - - Audistance in [(TPA)AuCl] is 3.092(1) A (Figure 5.1), which lengthens to 3.322
(1) A in the protonated species, [ TPAH)AuCI|Cl. Both unprotonated and protonated
species are non-emissive in solution at room temperature. At 77 K, solid [(TPAH)
AuCl|Cl luminesces yellow (Ayax = 596 nm), while the unprotonated species having
a shorter Au---Au separation intensely luminesces red with Ay.,=674nm
(see Figure 5.2 for temperature-dependent emission of [(TPA)AuCl]). The red shift
of the emission band of [(TPA)AuCl] apparently coincides with increased aurophilic
interaction between molecules, which destabilizes the HOMO and decrease the
HOMO-LUMO gap [23].

Besides intermolecular Au - - - Au interactions, visible metal-centered emission
of mononuclear Au(I) complexes is usually associated with trigonal, non-centro-
symmetric coordination at Au(I). For example, mononuclear two-coordinate bis
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Figure 5.1 Thermal ellipsoid drawing of [(TPA)AuCl]-CH;CN in
50% probability. Reproduced with permission from [22].
Copyright (1995) American Chemical Society.

(phosphine) gold(I) complexes, [Au(PR3),] " (R = Ph, "Bu) were reported to be
non- or weakly emissive; no emission was observed from [Au(P("Bu),),|BPhy, and
the weak emission from single crystals of [Au(PPh;),]PFg is attributed to intrali-
gand ' (nn*) fluorescence of the aryl groups. Addition of excess PPh; to [Au(PPhs),]
PF¢ in acetonitrile resulted in intense yellow luminescence at 512 nm with lifetime
of 10 us (Figure 5.3) [14]. The absence of any intermolecular Au - - - Au interaction,
as deduced from the X-ray crystal structure of [Au(PPhs);]BPhy, precludes assign-
ment of the emission to metal-metal bonded excited state. Three-coordinate Au(I)
with loss of centrosymmetric structure, as compared to linear two-coordinate Au(I),
has increased absorptivity for the (5d,6s) — 6p electronic transition. This favors

44 excitation

Flucrescence
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250 ' I T ' 800
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Emission (nm)
Figure 5.2 Temperature-dependent emission spectra of [(TPA)
AuCl]: (a) 78 K; (b) 200 K; (c) 250 K. Emission is quenched at room
temperature. The excitation spectrum was recorded at 78 K.
Reproduced with permission from [22]. Copyright (1995)
American Chemical Society.
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Figure 5.3 Room-temperature emission spectrum of [Au
(PPh3)3] ™ in acetonitrile. Reproduced with permission
from [14]. Copyright (1992) American Chemical Society.

the formation of metal-centered 3[(dez,yz7 5dy)(6p,)] excited state, which is
responsible for the intense visible luminescence. The three-coordinate water-
soluble [Au(TPA);]Cl complex was synthesized and is luminescent both in aqueous
solution (547 nm) and in the solid state (533 nm) [15]. The long-lived and large Stokes
shift (~2000-3000 cm ) for [Au(TPA);]Cl was attributed to a triplet metal-centered
[6p, — (5de_y, 5dyy)] transition.

Laguna [24] reported that molecules of [Au(PPh,C= CH)I] aggregate into dimers
with gold—gold contacts of 3.0625(9) A. A solid sample of [Au(PPh,C = CH)I] shows
an emission maximum at 530 nm with excitation maximum at ~300 nm, whereas an
emission at Ay, ~ 530 nm with a shoulder at 483 nm is observed when the excitation
maximum is changed to 335nm. The higher energy emission at 483 nm was
attributed to the phosphine intraligand transition(s), and the lower-energy emission
to electronic excited states with metal-metal interactions. Dependence of the
emission properties of the [Au(TPA)Br] solid on excitation wavelength has been
observed; the low-energy emission at 647 nm dominates at 78 K when the excitation
wavelength is 320nm, whereas a high-energy, structured emission centered at
450nm is detected upon excitation at 340 nm [23a]. The former was assigned to a
metal-centered triplet excited state, and the latter to a singlet halide-to-metal charge
transfer excited state.

5.2.2
Di- and Polynuclear Gold(l) Complexes with Metal-Metal Interactions

Since the first report on the photoluminescence of [Au,(u-dppm),]* " [2, 3], di- and
polynuclear gold(I) phosphine complexes have received considerable attention,
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particularly those displaying close Au(l) - - - Au(I) contacts and long-lived emissions
in the visible region. Che and coworkers showed that the short gold(I) - - - gold(I)
distances (2.9389(9)-3.0756(6) A) of [Au,(u-dcpm),]* " (dcpm = bis(dicyclohexyl-
phosphino)methane) salts may not necessarily play a decisive role in determining
the emission energy, as the auxiliary counter anion or solvent can dramatically
affect the photophysical properties [6a,b]. Similar observations for doubly-bridged
dinuclear gold(I) derivatives containing an unsymmetric diphosphine ligand,
[AuX,(u-P'Pr,CH,PPh,),] (X=Cl-, Br, I') and [Au,(u-P'Pr,CH,PPh,),]A,
(A =CF;S037, ClO4 ") were reported by Laguna [25].

The crystal structures of [Au,(u-dppm),]°* and [Au,(u-depm),** complexes
reveal close Au(l) - - - Au(l) separations of 2.8 —3.1A [2, 3, 6a, b, 26], which signify
weak metal-metal interactions. These [Auy(P" P),]** complexes (P" P =dppm,
dcpm) show an intense absorption band at 270-310nm, which are assigned to
5dc* — 6po transitions. The 5dc6* — 6pc assignment of the 277-nm absorption
band of [Au,(u-dcpm),]* " was supported by resonance Raman experiments, which
revealed a fundamental Au-Au stretch vibrational frequency of 88 cm ™" with over-
tones using 282.4nm excitation (Figure 5.4) [7a]. The complex [Au,(dmpm);]**
(dmpm = bis(dimethylphosphino)methane) also exhibits an intense absorption
band at 256 nm, attributable to 5d6* — 6pc transition. This assignment has also
been supported by resonance Raman experiments [7b], revealing the intense
fundamental (and overtones) of a 79 cm ™! vibrational mode assigned to Au—Au
stretching frequencies using 252.7 nm excitation. For [Au,(u-dmpp),]* " with the

+
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Raman Shift/cm”’
Figure 5.4 Resonance Raman spectrum of [Au,(dcpm),](ClO,),
in acetonitrile solution at room temperature taken with 282.4 nm
excitation, after intensity corrections and subtractions of the
Rayleigh line, glass bands, and solvent bands. Reproduced with
permission from [7a]. Copyright (1999) American Chemical
Society.
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dimethylphosphinopyridine (dmpp) ligand, the Au- - - Au distance is 2.776 A [27].
The complex [Au,(-dppm),](ClOy), displays luminescence with A, at 575 nm in
acetonitrile [2, 3,9, 28]. Importantly, this emission is substantially red-shifted relative
to the spin- and dipole-allowed '(5dc* — 6pc) electronic transition at 290 nm,
with an apparent Stokes shift of 17100cm ™" (2.1eV). This is an extraordinarily
large Stokes shift, particularly when compared to those (6000-8000 cm ') reported
for the phosphorescence of binuclear d®*-d® compounds relative to their
!(ndo* — (n+41)po) absorptions [29]. The 575-nm emission of [Au,(u-dppm),J*
was assigned to originate from the *[5dc*, 6po] excited state.

Che reported the synthesis, crystal structures and photoluminescence of
[Auy (1-depm),]X, (X =ClO, , PFs, CF3S0;, Au(CN), ,Cl~, SCN ™, 1) [6a, b]. The
bridging dcpm ligand was chosen since its intraligand transition(s) occurs at a much
higher energy than the 5d6* — 6pc transition, and there would be no intraligand rr*
emission in the 400700 nm spectral region. As determined by X-ray crystallography,
the Au—Au distances in these Au(I) complexes (X=ClO, : 2.9389(9), Au(CN), :
2.9876(5), Cl: 2.9925(2), SCN™: 2.9821(7), I": 3.0756(6) A) are within the range
expected for weak Au—Au interactions [30]. For [Au,(U-dcpm),]Cl, (Figure 5.5), one
of the two gold atoms engages in a close Au—Cl contact (2.7755(9) A), which is shorter
than other Au—anion contactsin the series (Au - - - 1 =2.9960(7); Au - - - SCN = 3.011(3);

C46 C47

Figure 5.5 Perspective view of cation in [Au,(U-dcpm),]Cly.
Reproduced with permission from [6b]. Copyright (2001)
Wiley-VCH.



5.2 Spectroscopic Properties of Gold(l) Complexes

1

A
Figure 5.6 Perspective view of [Ausl, (L-P"Pr,CH,PPh,),).
Reproduced with permission from [25]. Copyright (2003)
Royal Society of Chemistry.

Au- - - Au(CN), =3.33(1); Au---OClO; =3.36(2) A). As discussed in Section 5.2.3,
variations in gold-anion contacts have a significant impact upon the solid-state
emission of [Au,(u-dcpm),]X, complexes.

The crystal structure of the dinuclear gold(I) iodide complex with an unsymmetric
diphosphine ligand, [Au,1, (u-P'Pr,CH,PPh,),] displays three-coordinate gold(I) ions
in a T-shaped geometry, with a Au(I)—Au(I) distance 0f 2.9931(6) A and Au-1 distance
0f 3.0999(6) A (Figure 5.6). The triflate derivative, [Au, (1-P'Pr,CH,PPh,),](CF3SOs3),
contains two-coordinate gold centers and a gold—gold distance of 2.9838(5) A [25].
They are intensely photoluminescent in the visible region (A =459-513 nm) at
both room and low temperature in the solid state, but there is apparently no
correlation between emission energies and gold—gold distances. The emission
maximum of the [Auz(p.-PiPrZCHZPth)z](CF3SO3)2 solid featuring non-coordinat-
ing CF3SO5~ anions occurs at 482 and 459 nm at 298 and 77 K respectively. These
spectroscopic data are similar to those of the perchlorate analog. However, the
emission Ay of [Auzlz(u-PiPrZCHzPth)z] with coordinated iodide ligands is red-
shifted to 513 (298 K) and 499 nm (77 K) respectively. Indeed, the room temperature
513-nm emission of the [Auzlz(u-PiPrZCHzPth)z] is similar to the 558-nm emission
of [Auy(dmpm);)** salt having a comparable Au-Au distance of 3.050(1) A, the
emissive excited state of which was assigned to *[5d6*, 6pa] [7b].

A series of dinuclear gold(I)-carbene complexes of imidazolium-linked cyclo-
phanes and related acyclic bis(imidazolium) salts have been synthesized and their
spectroscopic properties were examined by Baker and coworkers [31]. X-ray structural
analysis of the cation in 1 and 2 (Scheme 5.1) revealed intramolecular Au- - - Au
contacts of 3.5425(6) and 3.0485(3) A respectively. The electronic absorption
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Scheme 5.1

spectrum of 2 in aqueous solution reveals an intense band near 200 nm with a
prominent shoulder near 220 nm, which comes from intraligand transitions of
the arene groups. Two additional prominent absorption bands were observed for
2 at 259 and 308 nm (Figure 5.7). Both 1 and 2 are luminous in the solid state, but
only 2 is emissive in solution at room temperature. The emission spectrum of 2
(Aex=260nm) shows a sharp, high-energy emission band at 400nm, and a less
intense and broad low-energy emission band at 780 nm (Figure 5.7). The excitation
spectra of both high- and low-energy emission bands are almost identical and
resemble the absorption spectrum. Photoluminescence of 2 in both the solid state
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Figure 5.7 Room-temperature electronic absorption, excitation
and emission spectra for 2 in aqueous solution. The
excitation spectrum of 2 was recorded by monitoring emission

at 400 nm. Reproduced with permission from [31]. Copyright
(2004) Royal Society of Chemistry.



5.2 Spectroscopic Properties of Gold(l) Complexes

and solution are strongly dependent on the complex anion. Complex 2 with the
shortest Au---Au contact in the series was found to emit intensely at 400 nm,
whereas the other complexes with longer Au- - - Au distances are non-emissive in
solutions at room temperature. The 400-nm emission of 2 could be assigned to
}[5do*, 6po] excited state, although perturbation of this excited state due to exciplex
formation cannot be excluded.

Intermolecular aurophilic interactions usually lead to aggregation of gold(I) com-
plexes with close gold(I) - - - gold(I) contacts, to afford polynuclear and supramolecular
assemblies with novel structural features and intriguing luminescent properties [32].
A two-dimensional array of molecules of luminescent polynuclear gold(I) complexes
with Au(l) - - - Au(l) distances of 2.96-3.13 A has been reported [33]. A one-dimen-
sional gold(I) polymer, [{Au,(2,6-bis(diphenylphosphino)pyridine)(C = CPh),}..] with
intermolecular Au(l) - - - Au(I) separations of 3.252(1) A was reported to be strongly
emissive with A, at 500 nm in the solid state at room temperature [34].

The luminescent trinuclear gold(I) complex [(8-QNS),Au(AuPPhs),|BF,
(8-QNS = quinoline-8-thiolate) (Figure 5.8a), with intramolecular gold(I)- - - gold(I)
distances of 3.0952(4) and 3.0526(3) A, was reported to form the novel hexanuclear
supermolecule {[(8-QNS),Au(AuPPhs),]},(BF,),, featuring close intermolecular
gold(I) - - - gold(I) distances of 3.1135(3) A (Figure 5.8b) [35]. Solvent dependence of
the emission for the dinuclear complex [(AuPPhs),(8-QNS)|BF, was previously
communicated [36], and [(8-QNS),Au(AuPPh;),]BF, emits with peak maximum at
about 440 and 636 nm in CH,Cl,, but only the high-energy emission at about 450 nm
is observed in CH3;CN. The long-lived emission at 636 nm (16.2 us) in CH,Cl, solution
is quenched by CH3;CN and CH;O0H (Figure 5.9) with quenching rate constants of
1.00 x 10° and 3.03 x 10*s~* M, respectively. Disruption of gold(I) - - - gold(I) inter-
actions due to scrambling of [AuPPhs]" units was suggested to account for these
observations.

Catalano reported the luminescent two-coordinate Au(I) dimer, [Au,(dpim),]* *
(dpim = 2-(diphenylphosphino)-1-methylimidazole) [37]. Upon initial formation
of [Auy,(dpim),])**, the presence of a small amount of Cl~ impurity was found to
lead to an orange emission (A =548nm, A.,=336nm) (solid lines in Fig-
ure 5.10). However, upon crushing, heating, or recrystallization, the complex
luminesces blue (A =483 nm, Ao, = 368 nm) (dashed lines in Figure 5.10). The
crystal structure of [Au,(dpim),](BF4),-2CH;CN reveals intramolecular aurophilic
interaction, with a Au(I)-Au(l) distance of 2.8174(10) A. The dependence of the
emission properties of [Au,(dpim),]*" upon the counter anion resembles the
findings for [Au,(dcpm),]* " complexes reported by Che and coworkers [6a]. These
results are consistent with the hypothesis proposed by Che, that the luminescent
behavior of Au(I)-Au(I) dimers can be significantly affected by exciplex formation
with anions or solvent in the local environment. Thus, the unusual orange/blue
emission by [Au,(dpim),]* * is likely a result of the inclusion/exclusion of chloride
ions in the crystal structure.

The Au-Au distances of [Aus(u-dpmp),CL]Cl (dpmp = bis-(diphenylphosphino-
methyl)phenylphosphine) are 2.946(3) and 2.963(3) A, which are shorter than those
(3.0137(8) and 3.0049(8) A) in [Aus(u-dpmp),]* * [38]. The intramolecular Au-Au
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Figure 5.8 (a) Perspective view ofcationin [(8-QNS),Au(AuPPhs),]
BF, (Au(1)---Au(2) 3.0952(4) A, Au(2) - - - Au(3) 3.0526(3) A).
(b) Dimeric aggregate leading to the formation of hexanuclear
gold(l) supermolecule {[(8-QNS),Au(AuPPh;),]},(BF4)2 with
intermolecular Au(2) - - - Au(3A) contact of 3.1135(3) A.
Reproduced with permission from [35]. Copyright (2003) American
Chemical Society.

distances in [Aus(u-dpmp),I,]I are 2.952(1) and 3.020(1) A [4b]. The chloro derivative
displays an intense absorption band at 356 nm with a shoulder at 326 nm, while the
iodo analog shows absorption maximum at 320nm with shoulders at 375 and
420nm. These spectral features are attributed to gold(I)-gold(I) interactions,
which cause a red-shift of the metal-centered 5d — 6s/6p transition(s).
The room-temperature emission spectrum of [Aus(u-dpmp),I,]I solid displays a
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Figure5.9 Spectral changes upon addition of CH;OH to a CH,Cl,
solution of [(8-QNS),Au(AuPPh;),]BF, (7.72 x 10~° M) with
excitation at 320 nm. Inset: Changes in lifetime according to
Stern-Volmer equation. Reproduced with permission from [35].
Copyright (2003) American Chemical Society.
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low-energy emission at 575 nm, while [Aus(1-dpmp),Cl,]Cl shows a relatively weak
emission in the visible region. The low-energy emission of [Aus(i-dpmp),L,]I was
previously assigned to originate from excited states with I~ — phosphine (*)
charge-transfer character, whereas that of [Aus(u-dpmp),CL]Cl was attributed to
Au(d) — phosphine (n*) transition that is perturbed by metal-metal interaction(s).
These original spectroscopic assignments may require re-consideration and we
propose that structural distortion of the 5d — (6s, 6p) excited state modified by
Au(I)-Au(I) and/or Au(l)-halide interactions can account for these emissions.

The trinuclear [Aus(u-dpmp),](SCN); complex with Au—Au distances of 3.0137(8)
and 3.0049(8) A and tetranuclear [Au,(u-dpmp),(SCN),J[SCN]CI complex with
Au-Au distances of 3.057(1)-3.150(1) A were prepared and their photophysical
properties examined [38]. The UV/Vis absorption spectrum of [Aus(u-dpmp),]*
shows a broad absorption with Ap. at 326nm (€=3.16 x 10*M 'cm ') and a
weaker shoulder at ~350nm. The 326-nm absorption band and 350-nm shoulder
were attributed to spin-allowed 5d6* — 6pc and 5d&* — 6pc transitions respec-
tively. Complex [Auy(u-dpmp),(SCN),J* * displays a 5d6* — 6po transition that is
red-shifted to 350 nm. In acetonitrile, complex [Aus(u-dpmp),]*> © displays at room
temperature an intense photoluminescence at 600 nm with an emission lifetime of
3.7 us (Figure 5.11). In view of the relatively small difference in emission energy from
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Figure 5.10 Normalized solid-state excitation (left) and emission
(right) spectra of orange [Aus(dpim),]* T (solid line) and blue
[Au,(dpim),]> " (dashed line), at room temperature. Reproduced

with permission from [37]. Copyright (2003) American Chemical
Society.

that of [Auy(u-dppm);]* " (Aem 570 nm), and the large Stokes shift of the emission
energy from the 5do* — 6pc transition energy, the emitting electronic state for
[Aus(u-dpmp),]* * is unlikely to be *[(5d6*)' (6pc)']. This emission was attributed to
originate from low-lying *[(5d8*)" (6pc)'] state.
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Figure 5.11 Emission and excitation spectra of [Auz(U-dpmp),]
(SCN)3 in degassed acetonitrile at room temperature.
Reproduced with permission from [38]. Copyright (1993) Royal
Society of Chemistry.
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Balch reported the polynuclear ((diphenylphosphino)methyl)phenylarsine
(dpma) bridged gold(I) complexes, [Au,(u-dpma),Cl,]X; (X=PFs , NO3; ) and
[(u-dpma)(AuCl)s] having intramolecular Au—Au contacts of 2.965(1)-3.110(2) A,
and 3.131(1) and 3.138(1) A respectively [39]. Laguna reported a series of trinuclear
and tetranuclear gold(I) complexes [(U-dpmp)(AuX);] (X=Cl", CsFs™), [Aus(u-
dpmp),](CF3S03);, and [Aug(u-dpmp),Cl;](CF3SO3),. The complex [Auy(u-
dpmp),CL](CF3S0s), displays a rhomboidal geometry for the gold atoms with
gold—gold distances of 3.1025(11) and 3.1059(14) A [40]. The trinuclear gold(I)
complexes [(L-dpmp)(AuCgFs)3] and [Aus(u-dpmp),](CF3SO3)3 show absorption
Amax at ~310 and 350nm respectively. The absorption A, of tetranuclear
[Auy(u-dpmp),CL,](CF3S0;), is at ~300nm. The 350-nm band of [Auj(u-
dpmp),](CF3S0s); is characteristic of the 5d6* — 6pc transition of a linear Au
()-Au(I) —Au(I) array. The luminescence of these complexes is related to gold
(I)—gold(I) interactions, and is most intense for trinuclear derivatives (Figure 5.12).
The emission of [Aus(U-dpmp),](CF3SO3)3 at about 600 nm is reassigned here to
originate from a three-coordinate Au(l) site in the excited state, as found in the
analogous derivative, [Au;(u-dpmp),(SCN);] [38].

The trinuclear gold(I) complexes [(AuX);(u-triphos)] (triphos = bis(2-diphenylphos-
phinoethyl)phenylphosphine; X =Cl™, Br~, I, C¢Fs ), where X=Br ™~ and [, were
reported to emit at room temperature with emission energies significantly red-shifted
from that of the free phosphine ligand (2477 cm ™" for Br~ with A, 350 nm; 4482 cm ™"
for I with Ae, 385nm) [41]. The chloro, pentafluorophenyl, and 1,3,5-tris(trifluor-
omethyl)phenyl derivatives do not emit, even at Ao, < 300 nm. The emission properties

Emission intensity (a.u.)
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Figure 5.12 Emission spectra of [(u-dpmp) (AuCeFs)3] ( ,
Aex =370 nm), [Aus(U-dpmp),](CF3SO3)3 (————,
Aex=420nm), and [Aus(U-dpmp),ClL] (CF3SO3); (-,

Aex =370nm) in the solid state at 300 K. Reproduced with
permission from [40]. Copyright (1998) American Chemical
Society.
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Figure 5.13 Solid-state excitation and emission spectra of triphos
(=), [(AuBr)3(u-triphos)] (s—e—e—), and [(Aul)s (ui-triphos)]
(——) at room temperature. Reproduced with permission
from [41]. Copyright (2001) American Chemical Society.

of [(AuX)s(u-triphos)] are dependent upon the halide anions (Figure 5.13), presumably
via stabilization of a three-coordinate Au(I) ion in the excited state, as described for
other trinuclear gold(I) derivatives [4b].

Self-assembly of gold(I) complexes by weak aurophilic interactions have afforded
structurally intriguing supramolecular aggregates, including dimers, trimers, higher
oligomers, and one-, two- and three-dimensional polymers [42]. In many instances,
these polynuclear d'° complexes display interesting photoluminescence properties
affected by the aurophilic interactions [43], where a metal-metal bonded excited state
is typically invoked [42]. Upon introduction of appropriate functional units, these
aggregates can display potential applications as luminescent sensors or catalysts.
Examples of chemosensory applications for gold(I) complexes will be discussed in
Section 2.4.

5.2.3
High-Energy *[5dc*, 6po] Excited State Versus Visible Metal-Anion/Solvent
Exciplex Emission

For di- and polynuclear gold(I) complexes with two Au(l) centers held in close
proximity, alower energy 5d6* — 6pgG transition thatis red-shifted in energy from its
mononuclear counterpart is a spectroscopic signature [2, 7, 44]. Excitation to the
5d6* — 6po transition gives rise to a °[5do*, 6po] excited state having a formal



5.2 Spectroscopic Properties of Gold(l) Complexes

metal-metal single bond, [6a, 7a]. Recent studies by Che and coworkers argued that
the visible emissions of [Au,(dcpm),]** salts, with intramolecular Au(T)- - - Au(l)
separations of 2.92-3.02 A, arise from exciplex formation as a result of complexation
between solvent/counterion and the *[56*, 66] excited-state [6a]. Che also demon-
strated that the solid-state emissions of [Au,(dcpm),]® " salts are affected by the
counterion, with the emission maximum at 368 nm for the ClO, saltand 530 nm for
the I” complex [6a, b].

[Auy(dcpm),]X, complexes with weakly interacting counterions (X=ClO,,
PFs~, CF3SO3~, Au(CN), ") exhibit similar UV/Vis absorption spectra in acetoni-
trile. They show an intense absorption band at 277nm (e=2.6-2.9 x 10°M "
cm ') and a weak shoulder at ~315nm (e~ 400 M ' cm '), which are assigned to
!(5d6* — 6pc) and *(5d6* — 6pc) transitions respectively. The UV/Vis absorption
spectrum of the iodide salt (X =1") differs significantly. Namely, [Au,(dcpm),[;]
displays an intense absorption band at A = 275 nm, which has a similar band shape
and energy to the 277 nm absorption band of the [Au,(dcpm),]* © ion, and can be
assigned to the '(do* — po) transition. At a concentration of 6.0 x 10 °M in
CH;CN, [Auy(dcpm),I;] shows additional intense absorptions with peak maxima
at 323 (e=6136 M 'cm ') and 365 nm (e =1344 M ' cm ') (Figure 5.14). These
two absorption bands are attributed to the coordination of I to [Au,(dcpm),])* * in
the ground state.

The [Au,(dcpm),]X, complexes (X =ClO,, PFs~, CF3SO;™, Au(CN), ") display
intense photoluminescence with A, at 360-368 nm in the solid state at room
temperature and in glassy solutions at 77 K. Solid samples of [Au,(dcpm),](ClO,),
and [Au,(dcpm),](PF), individually display a weak visible emission at Ay, = 564
and 505 nm, respectively, but a similar emission is not detected for [Au,(dcpm),]
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Figure 5.14 UV/Vis spectral changes of [Au,(dcpm)3](ClO4); in
degassed acetonitrile at room temperature as a function of
[NBug]l concentration. Reproduced with permission from [6b].
Copyright (2001) Wiley-VCH.
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Figure 5.15 Room-temperature solid-state emission spectra of
[Au,(dcpm) )X, (X=CF3SO37, Au(CN),~, CI7, and 1) with
excitation at A =280 nm. | =intensity Reproduced with
permission from [6b]. Copyright (2001) Wiley-VCH.

(CF3S0s), (Figure 5.15). Both the high- (360-370 nm) and low- (500-570 nm) energy
emissions have lifetimes in the microsecond time regime, thus implying triplet-
parentage excited states. The high-energy emission was ascribed to intrinsic phos-
phorescence from the *[5dc*, 6pc] excited state. The Stokes shift between the
![5dc*, 6po] absorption at 278 nm and *[5dc*, 6po] emission at 368nm for
[Auy(dcpm),](ClOy), is 8930cm ™', which compares well with that (7793 cm™")
observed for the well-established [Pt,(P,0sH,)4]*~ system [29].

A crystalline sample of [Au,(dcpm),](SCN), shows only one intense emission with
Amax at 465nm at room temperature. Crystalline samples of [Au,(dcpm),]I, and
[Au,(dcpm),]I,-0.5CH,Cl, emitat 473 and 486 nm, respectively at room-temperature
(Figure 5.15). Since the two complexes have virtually the same bonding parameters,
the inclusion of CH,Cl, molecules into the crystal structure of [Au,(dcpm),]l,
account for the slight red shift in the emission energy. The low-energy solid-state
emission of [Au,(dcpm),]I, can be attributed to the excited state associated with the
three-coordinate AuP,I moiety, which is consistent with complex formation
([Auy(dcpm),)* ™ 4 217) as determined by UV/Vis spectrophotometry. For
[Auy(dcpm),]X, with X=ClO,~, PFs, CF3SO; , the Au---anion distances are
significantly longer than that observed for X=1", and consequently the effect of
the counteranion on the *[5d6*, 6pc] excited state of [Au,(dcpm),]* * is diminished.

The Au- - - anion distance of [Au,(dcpm),][Au(CN),], lies between those with non-
coordinating (ClO,~ or PFs ") anions and that of the I~ salt. The visible emission of the
[Au,(dcpm),][Au(CN),], solid at L = 515 nm is more intense than the visible emission
of solid samples of ClO,~ and PFy~ salts of [Au,(dcpm),]* ™ at 564 and 505nm
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respectively, but is not as intense as the 473nm emission of the [Au,(dcpm),]I,
solid (Figure 5.15). A crystalline sample of [Au,(dcpmy),]Cl, displays both high-
energy UV (Apa=366nm) and low-energy visible emissions (Apyax=505nm) at
room temperature (Figure 5.15). The X-ray crystal structure of [Au,(dcpm),]Cl,
shows a close Au---Cl contact for one of the two gold atoms. The ratios of the
intensities of the high-energy UV to low-energy visible emissions were found to
correspond to differences in the Au---anion contact distances, that is, Au---Cl
2.7755(9); Au---1=2.9960(7); Au---SCN=3.011(3); Au---Au(CN),=3.33(1);
Au---0OClO;=3.36(2) A.

[Au,(dcpm),]X, complexes in degassed acetonitrile solutions exhibit intense
phosphorescence with A, ranging from 490 to 530nm (Figure 5.16), which
can be attributed to adduct formation between the triplet excited state and sol-
vent/counterion. The triplet-state difference absorption spectra of [Au,(dcpm),]X;
(X=ClO,~, PF¢, CF3S03;~, Au(CN), ) in acetonitrile show an absorption peak
maximum at 350nm plus a shoulder/absorption maximum at 395-420nm,
the relative intensities of which are dependent upon the halide ion presentin solution.
Binding of the *[5dc*, 6po] excited state with halide species (Y7), to give
[Auy(dcpm),Y] T would account for the lower-energy absorption maximum in the
triplet-state difference absorption spectra. For the iodide anion, [Au,(dcpm),]* "
undergoes photoinduced electron-transfer to give the radical anion I,

Che and coworkers have studied the effect of halide ions on the emission. Initial
addition of a small amount of [NBu,]Y to [Au,(dcpm),](CF;3S03), in acetonitrile led to
enhancement of the emission intensity and red-shifted emission A, from 508 to
510 (Cl7), 514 (Br™) and 530 (I") nm. Further addition of [NBu,]Y resulted in a
decrease in emission intensity. It is reasonable to assign the absorption band
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Figure 5.16 Excitation (left, emission monitored at 500 nm) and

emission (right) spectra of [Au, (dcpm),]X; (X=CF3SO5;™ and |7),

with A at 280 nm, in degassed acetonitrile at room temperature,

and emission spectrum of [Au,(dcpm),] (SCN),, with A, at

280 nm, in EtOH/MeOH (1:4 v/v) at 77 K. Reproduced with

permission from [6b]. Copyright (2001) Wiley-VCH.
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observed for [Au,(dcpm),]I, at 365 nm and the emission in solution at 530 nm to the
same electronic excited state with different spin multiplicities [singlet versus triplet].
This spectral assignment results in a reasonable Stokes shift of 8500 cm ™. Degassed
acetonitrile solutions of [Au,(dcpm),](ClOy),, [Au,(dcpm),](PFs)2, and [Au,(dcpm),]
(CF3S03), give an emission at ~500 nm. We attribute these emissions to adduct(s)
formed between the *[5dc*, 6pc] excited state and the solvent, that is exciplex
formation, as there is no evidence for complexation between the non-coordinating
anions and [Au,(dcpm),]* * in the ground state. Computational calculations revealed
that the excited states of the three-coordinate [AuLs]™ complexes is T-shaped as a
result of excited-state Jahn—Teller distortion, which is in contrast to their ground-state
trigonal planar geometry [17]. The singlet-triplet energy gap decreases and leads to
longer emission wavelengths, thus accounting for the large experimentally observed
Stokes shift. This proposed Jahn-Teller excited-state distortion was also supported by
the computational results for the three-coordinate dinuclear Au(l) complex
[Au,{(Ph,Sb),0}5]* * [45].

Gray and coworkers [10] reported the emission properties of the dinuclear three-
coordinate Au(I) complex [Au,(dcpe)s])* * . Each Au atom is bound to one chelating
dcpe and one bridging dcpe, and each AuP; unit has a distorted trigonal planar
geometry with no intra- or intermolecular Au(I)-Au(I) interaction. The electronic
absorption spectrum of [Au,(dcpe)s](PF¢), in acetonitrile exhibits a weak absorp-
tion at 370nm (e=300M 'cm ' per AuP; unit), which is attributed to a
[(5dxy, 5de_y2) — 6p,] transition. [Au,(dcpe)s](PFe); emits at Apay=501nm in
solid state and at A,,, =508 nm in acetonitrile solution at room temperature
(t=21.1(5) us, ®=0.80(5)) (Figure 5.17). The excitation spectrum of [Au,(dcpe)s]
(PFg), is the same as its absorption spectrum. The large Stokes shift between the
370-nm absorption and 508-nm emission indicates a severe distortion of the AuP;
structure in the excited state.
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Figure 5.17 Excitation (left) and emission (right) spectra of
[Au,(dcpe);](PFe), in acetonitrile at room temperature.
Reproduced with permission from [10]. Copyright (1992)
American Chemical Society.
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Our previous ab initio calculation on [Auz(HzPCHZPH2)2]2+ predicted that its
}[5dc*, 6po] excited state emits at 331 nm in the absence of interaction between Au(l)
and solventmolecule or neighboring anion in the excited state. This calculated emission
energy is much higher than the experimental 575-nm emission of [Au,(dppm),](ClO,),
in acetonitrile. Thus, we contend that the *[Sdc*, 6po] excited state readily forms
exciplexes with acetonitrile molecule(s). The *A_ (s5) — 1Ag (ds+) transition (phospho-
rescence) of the [Auz(HzPCHZPHZ)2~(CH;CN)Z]2 + exciplex was calculated at 557 nm,
which matches well with the 575-nm emission of [Au,(dppm),](ClO4), recorded in
acetonitrile [46]. Based on the computational study, we propose that coordination of
acetonitrile to Au(l) in the *[5dc*, 6po] excited state is primarily responsible for the
visible emission of acetonitrile solutions of [Au,(diphosphine),]* .

5.2.4
Chemosensory Applications

The photoluminescent properties of polynuclear d*° metal complexes are affected by
subtle structural and/or environmental changes, and this phenomenon has been
used to develop chemosensory applications. Several literature examples in this area
are discussed in this section. It should be noted that the emission properties of
polynuclear gold(I) complexes can be very complex and some of the spectral assign-
ments given in the literature may be open to re-interpretation. Eisenberg reported an
unusual luminescence behavior attributed to the structural change of a dimeric
gold(I) dithiocarbamate complex [Au(S;CN(CsH;j1),)]2, induced by exposure to
volatile organic compounds (VOCs) in the solid state [18]. The crystal structure of
the orange, luminescent DMSO solvate of [Au(S,CN(CsHi1),)], shows stacks of
discrete dimers forming infinite chains of Au atoms with short intermolecular
Au - - - Au contacts (2.9617(7) A) along the c axis (Figure 5.18a). The orange CH,Cl,
castfilm of [Au(S,CN(CsHy1),)], exhibits intense emission at 630 nm upon excitation
at460 nm (Figure 5.18b). When the film was heated at 50 °C for 10 s, the orange color
faded and the resultant pale yellow film became non-emissive. The structure of the
colorless, non-emissive form of [Au(S,CN(CsH;i;),)], shows discrete, non-interact-
ing dimers with the shortest intermolecular Au - - - Au distance being 8.135 A. If this
solid was exposed to vapors of polar aprotic solvents, for example, acetone, CH;3CN,
CH,Cl,, and CHCIs, it became orange again and regained its emissive nature. The
inset of Figure 5.18b depicts the high-energy absorption band (294 nm) of the dried
film of [Au(S,CN(CsH11),)], isosbestically splitting into two peak maxima at 284 and
331nm (sh) with concomitant emergence of a peak at 465 nm upon exposure to
acetone vapor at 15- or 30-s intervals. Balch and coworkers observed that when the
colorless trimeric [Au3(CH3;N=COCHj3;);] complex was irradiated with long-wave-
length UV light (366 nm), followed by subsequent contact with chloroform, an
intense yellow luminescence at 552nm developed [47]. The crystal structure
of [Au3(CH3N=COCHj3);] reveales stacks of molecules with an intermolecular
Au(l) - - - Au(l) distance of 3.346(1) A, which is within the range for aurophilic
bonding interaction. The emission was assigned to an excited state arising from
intermolecular metal-metal interactions.
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Figure 5.18 (a) Drawing of the [Au(S,CN of an orange CH,Cl, cast film of

(CsH11)2)]2 molecules in DMSO with two [Au(S2CN(CsH11)2)]2 on a quartz disk;
repeating units of chains in the structure viewed absorption spectrum (————) of heated/dried
perpendicular to the stacking axis. Thermal film of [Au(S,CN(CsH1q)2)]2- Inset: Absorption

ellipsoids are drawn at the 50% probability level. spectra of dried film of [Au(S,CN(CsH11)2)]2
The pentyl moieties have been omitted for clarity. upon direct exposure to acetone vapor for 15- or
(b) UV/Vis absorption (------), emission (—) 30-s intervals. Reproduced with permission
(Aex =460 nm), and excitation (——) from [18]. Copyright (1998) American

(Aem = 630nm) spectra at room temperature ~ Chemical Society.

Yam reported using gold—gold interactions in dinuclear gold(I) complexes to
induce changes in spectroscopic properties as a luminescent probe for potassium
ions [48]. Complexes [Au,(P " P)(S-benzo[15]crown-5),] (P" P =dppm, dcpm) were
synthesized, and upon addition of K ions, the emission spectra of the former
showed a decrease in emission intensity at ~502nm (t<0.1 us) with concomitant
formation of a long-lived and low-energy emission band at 720 nm (t=0.2 ps). The
ionic radius of K * is too large to fit into the cavity of benzo[15]crown-5, so the K ion
tends to sandwich between two crown ethers and bring two Au(I) centers into close
proximity. A red shift in emission energy was assigned to thiolate-to-gold charge
transfer transition modified by Au(I) - - - Au(I) interaction. Similar findings were also
observed for the dcpm derivative.
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Scheme 5.2 Equilibrium between [Au(P" P)]™ and PPh; in solution.

Perturbation of metal-metal bonded excited states, through interaction with
neighboring solvent molecules or anions which leads to exciplex formation, gives
rise to emission in the visible region. The sensitivity of the photoluminescence of two-
coordinate d'® metal complexes to metal-ligand coordination provides an entry to new
classes of luminescent sensory materials for substrate-binding reactions. The forma-
tion of strongly emission three-coordinate Au(I) as a consequence of metal-substrate
coordination in the course of chemosensory processes was illustrated by Che and
coworkers [12b]. The two-coordinate [Au(P" P)]* (P P = 1,8-bis(diphenylphosphi-
no)-3,6-dioxaoctane) complex is non-emissive in solution. However, upon addition of
one equivalent of PPh;, an intense emission at A, =500nm is “switched on”
(Scheme 5.2), and ground-state complexation of [Au(P" P)]* by PPh; to give the
emissive [Au(P" P)PPhs] " species was proposed and demonstrated (Figure 5.19).
Yam and coworkers [49] reported that the reaction of the gold(I) alkynyl complexes
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Figure 5.19 Room temperature emission spectra of [Au(P" P)]
(ClO,) in the presence of PPh; in degassed acetonitrile solution.
Molar ratio of PPhs: [Au(P" P)] " = X:1. Inset: a plot of the emission
intensity of [Au(P" P) (PPh3)] ™ vs. X:1 (concentration of [Au(P" P)]
(ClO4) = 107> mol dm™?). Reproduced with permission from
[12b]. Copyright (1998) Royal Society of Chemistry.
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[(R3P)Au{C= CC(=CH;)Me}] (R = Ph, p-Tol) with copper(I) or silver(I) ions led to
the formation of luminescent m*-alkynyl mixed-metal complexes, [{n*(R;P)Au
{C=CC(=CH,)Me}},M]PFs; (M=Cu*, Ag™). The non-emissive [(1-dppf)Au,
{C=CC(=CH,)Me},] (dppf= 1,1"-bis(diphenylphosphino)ferrocene) became highly
emissive at about 565-583nm upon copper(I) or silver(I) encapsulation to give
[(u-dppf)Au,{n*-C=CC(=CH,)Me},M|PFs M=Cu™, Ag™).

In other cases, the changes in emission properties of polynuclear d'® metal
complexes upon exposure to volatile organic compounds were due to other factors
apart from metal-metal interactions. Eisenberg [50] reported that the reversible
luminescence tribochromism from dimeric gold(I) thiouracilate complexes can be
related to two different structural motifs interconverted by protonation of the
uracilate ligand. Fackler and coworkers [[23]b] reported a dramatic increase in
emission intensity upon grinding non-emissive crystals of the linear one-dimen-
sional chain compound [(TPA),Au][Au(CN),]. This phenomenon was attributed to
the generation of lattice defects near the crystal surface. Mills and coworkers [51]
reported the incorporation of luminescent three-coordinate mononuclear gold(I)
complexes, namely bis{u-(bis(diphenylphosphino)octadecylamine-P,P’)}diiodo-
digold(I) and 1,1,1-tris(2-diphenylphosphenitomethyl)ethane gold(I) chloride, into
thin plastic films as luminescent sensors for the detection of oxygen. In polystyrene
film with thickness of 20 um, these complexes exhibited response and recovery times
of 23-26 and 71-100s respectively.

5.3
Spectroscopic Properties of Gold(lll) Complexes

Tremendous efforts have been devoted to photophysical studies of gold(I) systems,
whereas reports on luminescent gold(III) complexes are sparse in the literature. In
1994, Che and coworkers reported the synthesis, photoluminescence and excited
state properties of the cyclometallated gold(I1l) complexes [Au(C"N"N-dpp)ClJX
(HC"N”N-dpp = 2,9-diphenyl-1,10-phenanthroline; X=C;H,SOs~, ClO,7) [52].
The crystal structure of [Au(C"N"N-dpp)Cl]C;H,SO; consists of pairs of cations
with stacked molecular planes and an intermolecular Au - - - Au separation of 3.6 A.
Strong absorption bands in the 222-310 nm region (¢>10*) are assigned to intra-
ligand transitions, whereas those at A=384-427nm (e>10%) may have metal
character. The [Au(C"N"N-dpp)Cl]" complex is weakly emissive in solution with
quantum yields of ~10*and lifetimes of 0.4-0.7 us. Its luminescence is insensitive
to solvent polarity and the emission spectrum recorded in glassy methanol solution at
77 K displays highly structured bands with vibrational progression of ~1400cm ™,
which is close to the skeleton vibration frequency of aryl rings. The emission
maximum of [Au(C*N"N-dpp)Cl] * shows a small red shift of 1400 cm ™' in emission
energy from that of free dpp, suggestive of a metal-perturbed intraligand *(nn*)
emissive electronically excited state (Figure 5.20).

The estimated excited-state reduction potential E°*(Au""") of 2.2V (versus NHE)
suggests that the excited state of [Au(C"N"N-dpp)Cl]™ is a powerful oxidant.
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Figure 5.20 Emission spectra of dpp (———), [Pt(C"N"N-dpp)

(NCCH3)] ™" (-++-+) and [Au(C"N"N-dpp)Cl] * (—)
(Aex=355nm) in 77 K methanol glass. Reproduced with
permission from [52]. Copyright (1994) American Chemical
Society.

Photoinduced oxidation of 1,4-dimethoxybenzene (DMB) and tetrahydrofuran
(THF) by [Au(C"N"N-dpp)Cl] ™ in acetonitrile upon UV/Vis irradiation have been
observed. The time-resolved absorption spectrum recorded 12 us after excitation of
[Au(C"N"N-dpp)Cl] " with a laser pulse at 355 nm showed the absorption band of the
DMB ** radical cation at ~460nm, whereas upon excitation at 406nm in the
presence of THF, a broad emission characteristic of the protonated salt of 2,9-
diphenyl-1,10-phenanthroline (Hdpp ™) developed at 500 nm.

Further examples of emissive cyclometallated gold(I11) complexes are [Au(L)Cl] *
(L=tridentate carbanion of 4’-(4-methoxyphenyl)-6’-phenyl-2,2'-bipyridine) [53], as
well as mono- and binuclear bis-cyclometallated gold(III) complexes, namely [Au
(C*N"C)L']™* (C"N"C =tridentate dicarbanion of 2,6-diphenylpyridine; I = depro-
tonated 2-mercaptopyridine (2-pyS~), n=0; L' = PPh; or 1-methylimidazole, n = 1)
and [Au,(C*N"C),(P " P)](ClO,), (P" P = dppm, dppe) respectively [54]. The crystal
structures of the binuclear derivatives show intramolecular interplanar separations
of 3.4 A between the [Au(C*N"C)]" moieties, implying the presence of weak 7-1
interactions. The mononuclear complexes show absorption with vibronic structure at
380—405nm (e>10° M ' cm '), attributed to metal-perturbed intraligand transition.
The absorption bands of the binuclear complexes are red-shifted compared to the
mononuclear analogs, and this is attributed to intramolecular m-n interactions
between C"N"C ligands in solution (Figure 5.21a).

The gold(IIT) complexes, [Au(C*"N"C)L']*" and [Au,(C"N"C),(P " P)](ClO), are
emissive in acetonitrile at low temperature. The frozen-state (77 K) emission spectra
of the mononuclear complexes [Au(C*N*C)L']* " show well-resolved vibronic struc-
tures with spacings in the 1100-1300 cm ™' range, which correlate with the skeletal
vibrational frequency of the tridentate C*N"C ligand. By comparing the emission
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Figure 5.21 (a) 298 K UV/Vis absorption spectra, and (b) 77 K
emission spectra of [Au(C"N"C)PPh;]CIO, ( ),

[Auz(C"N"C) (-dppm)] (ClO) (———) and [Auz(C"N"C),
(u-dppe)](ClOy); (-+++++) inacetonitrile. Reproduced with permission
from [54]. Copyright (1998) American Chemical Society.

spectra with those of the free and protonated forms of 2,6-diphenylpyridine, we
tentatively inferred that the emission of [Au(C*"N"C)L']" " originates from a metal-
perturbed *nn* state [52, 53]. The emission maxima of [Au,(C" N/ C),(dppm)](ClO.),
and [Au,(C*"N*C),(dppe)](ClO,), are red-shifted from that of [Au(C"N"C)L']**,
presumably due to excimeric n-n interactions (Figure 5.21b).

Yam [55] and coworkers recently reported the synthesis and electrochemical, photo-
physical, and computational studies of a class of luminescent cyclometallated alky-
nylgold(III) complexes, namely[Au(C"N"C)(C = CR)] (HC"N"CH = 2,6-diphenylpyri-
dine; R = C¢Hs, CgH4Cl-p, CcH4NO,-p, CsH4OCHj3-p, CcH4NH,-p, CHy (CoHis)-p,
CeHj3), [Au(‘BuC*N*C'Bu)(C = CC4Hs)] (H'BuC"N"C t-BuH = 2,6-bis(4-tert-butylphe-
nyl)pyridine), and [Au(C"NTol"C)(C= CCsH4(C¢H13)-p] (HC"NTol"CH = 2,6-diphe-
nyl-4-p-tolylpyridine). Electrochemical studies revealed that the first oxidation wave
is an alkynyl ligand-centered oxidation, while the first reduction couple was
ascribed to a ligand-centered reduction of the cyclometallated ligand with the
exception of [Au(C"N"C)(C=CCzH4NO,-p)], in which the first reduction couple
was assigned to an alkynyl ligand-centered reduction. In dichloromethane solu-
tions at room temperature, the low-energy absorption bands are assigned to n-r*
intraligand (IL) transitions of the cyclometallated (C"N"C) ligand mixed with
[r(C=CR) — ©*(C*N"C)] ligand-to-ligand charge transfer (LLCT) character. The
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Figure 5.22 Emission spectra of [Au(C"N"C) (C=CC¢Hs)] (red),
[Au(C"N"C)(C=CCeH4NH,-p)] (pink), [Au(*BuC"N"C'Bu)
(C=CCqHs)] (green), and [Au(C"NTol'C) (C=CCeHy4(CeHrs)-pl
(blue) in degassed CH,Cl, at room temperature. Reproduced with
permission from [55b]. Copyright (2007) American Chemical
Society.

low-energy emission for all complexes, with the exception of [Au(C"N"C)
(C=CC¢H4NH,-p)], were ascribed to originate from the n—n* IL transition of the
cyclometallated C*"N*Cligand. In the case of [Au(C"N"C)(C = CC¢H,NH,-p)], the low-
energy emission band at 610 nm was found to show a significant red shift and ascribed
to a [m(C=CCgH4NH;) — n*(C"N"C)] LLCT excited-state origin (Figure 5.22).
Applications of these luminescent cyclometallated alkynylgold(III) complexes for
the fabrication of organic light-emitting diodes have been described [56].

Laguna and coworkers have reported the synthesis and spectroscopic properties of
di- and trinuclear gold(III) complexes with a triphosphine ligand, [{Au(CsFs)s}n
(u-triphos)] (n=2, 3) [41]. The absorption spectra of these gold(III) complexes in
dichloromethane showed, in addition to the phenyl absorption at 232 nm, an intense
absorption at about 256 nm with tailing up to 300 nm. The dinuclear gold(III) complex
[{Au(CeFs)s}2(1-triphos)] emits neither at room temperature (77K), nor low tempera-
ture, whereas the trinuclear [{Au(CgFs)s}3(u-triphos)] complex emits at both tempera-
tures. When compared with the spectrum of the free phosphine ligand, the excitation
and emission spectra of [{Au(CgFs)3}3(lt-triphos)] are red-shifted, and the number of
tris(pentafluorophenyl)gold(II) units significantly affects the luminescent properties.

5.4
Photoinduced Electron Transfer Reactions of Gold Complexes

There are few photochemical studies on dinuclear and polynuclear gold (I) and (III)
complexes in the literature. The *[(n + 1)po, ndc*] excited states of [Au,(dppm),]**
are powerful reductants, with an E° value of —1.6(1) V vs. SSCE (saturated sodium
chloride calomel electrode) [3, 4a, 9]; however [Au,(diphosphine),]** systems do not
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Figure 5.23 Structure of ZnPQ-AuPQ™ PF¢~ dyad (Ar=3,5-'Bu,C¢Hj).

react with saturated C—H bonds under photochemical conditions. [Au,(u-dppm),]**

was reported to catalyze the photochemical cleavage of C—X (X =halide) bonds from
benzyl halides, affording the bibenzyl C—C bond coupling product with turnover
number of 172. This photochemical reaction was found to take place by an electron-
transfer mechanism rather than an atom-transfer mechanism [9]. The apparent lack
of reactivity of the °[5dc*, 6po] excited state towards C—H activation was attributed
to the fact that the form exists as a solvent/anion exciplex in solution, which renders
the gold(I) less accessible towards interaction with C—H bonds.

As described in the previous section, luminescent cyclometallated gold(III) com-
plexes are capable of oxidizing THF upon light excitation. In general, gold(III)
complexes are powerful photo-oxidants. The excited states of gold(III) porphyrin
complexes with lifetimes of hundreds of picoseconds or nanoseconds have proven
to be strong oxidants [57]. In a recent report on the electron donor-acceptor dyad
system containing linked gold(IIl) and zinc(II) porphyrins, ZnPQ-AuPQ* PF4~
(Figure 5.23), along-lived charge-separated state with a lifetime of 10 us in non-polar
solvent such as cyclohexane (dielectric constant=2.02) was observed upon light
excitation [58]. The ESR spectrum of a toluene solution of ZnPQ-AuPQ* at 143K
under photo-irradiation showed a broad signal attributed to Au(II) species, revealing
that the site of electron transfer is at Au(Ill) rather than the porphyrin ligand.
The long-lived charge-separated state may result from small reorganization energy
for the metal-centered electron transfer reaction of AuPQ * in non-polar solvents.

Studies on the effect of porphyrin ring substituents towards the first reduction
of gold(Ill) porphyrins were undertaken (see Figure 5.24 for structures) [59].
Through electrochemical and spectroelectrochemical investigations in non-aqueous
media, the first reduction step of (P-H)AuPFs, (P-NH,)AuPF4 and (PQ)AuPF, were
found to be metal-centered, giving a Au(Il) porphyrin. However, for (P-NO,)AuPFg,
the site of electron transfer is at the porphyrin macrocycle, giving rise to a gold(III)
porphyrin m-anion radical.

5.5
Concluding Remarks

This chapter provides an overview of spectroscopic investigations into the photo-
physics of luminescent mono- and polynuclear gold(I) and -(III) complexes.
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R=H, (P-H)AUPFg (PQ)AUPF
R=NO,  (P-NO,)AuPFg
R=NH,  (P-NH,)AuPFg

Figure 5.24 Structures of hexafluorophosphate[5,10,15,20-
tetrakis(3,5-di-tert-butylphenyl) porphyrinato]gold(l11) and
derivatives.

The propensity for perturbation of a two-coordinate Au(l) site either by Au(I)-Au(I)
interaction or Au(I)-ligand coordination is highlighted. The existence of Au(I)-Au(I)
interaction in [5dc*, 6po] excited states of di- and polynuclear gold(I) complexes could
be inferred by the existence of an intense red-shifted absorption attributed to the
[5dc* — 6po] transition, the assignment of which was substantiated by resonance
Raman spectroscopy. For the di- and polynuclear Au(I) complexes, the intrinsic
}[6po, 5d6*] emission occurs in the UV region. Metal-ligand coordination in both
ground and excited states would stabilize the * [(5de_y, 5dyy), 6p,] state of a three-
coordinate Au(l) site, which is emissive and lower in energy than the *[6pc, 5do*]
excited state. Perturbation of the emission properties of gold(I) complexes due to
subtle changes in the local environment, induced either by Au(I)-Au(I) interaction or
Au(l)-substrate coordination, could be useful for developing chemosensory
applications.

There is an impetus to develop new classes of metal photocatalysts for light-
induced atom transfer and excited-state substrate-binding reactions after the
seminal work on [Pt,(P,0sH,)4]* . In this context, photoluminescent d'® gold(I)
phosphine complexes have become a target for photochemical studies. The
[Au,(diphosphine),]** system has vacant coordination sites at the metal atom and
long-lived and emissive *[5dc*, 6po] excited state in fluid solutions at room
temperature. It has been established that the *[5dc*, 6po] triplet excited state has
a formal metal-metal single bond and is a powerful photoreductant. Photoinduced
C—C bond coupling from alkyl halides by the excited state of [Au,(dppm),]** in the
presence of sacrificial electron donors has been demonstrated. In general, gold(III)
complexes are powerful photo-oxidants though intriguing photochemical reactions
have yet to be unearthed.
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Gold Compounds and Their Applications in Medicine
Elizabeth A. Pacheco, Edward R.T. Tiekink, and Michael W. Whitehouse

6.1
Introduction

Metallic gold has been admired for its inert and aesthetic qualities throughout human
history, but only in the last few decades has there been much interest in gold
biochemistry, arising in the most part from the use of gold-based pharmaceuticals.
The modern medicinal use of gold finds its beginnings in the pioneering work of
German physician and microbiologist Robert Koch (Nobel laureate in Medicine,
1905). He reported that gold cyanide exhibited antibacterial effects against tubercle
bacilli [1]. This discovery led to subsequent experimentation with various gold
derivatives for the treatment of tuberculosis. In 1929, a French physician, Jacques
Forestier, reported the anti-arthritic activity of gold complexes 2, 3]. After World War II,
the Empire Rheumatism Council in the UK initiated double-blind multicenter
trials that showed that gold drugs might provide an effective treatment for many
(not necessarily all) patients suffering from rheumatoid arthritis. In spite of these
favorable findings, research into the biochemistry of gold was not pursued exten-
sively until the 1970s, allied to a push to study the emerging field of bioinorganic
chemistry. Since that time, research has continued to include not only the prolonged
use of gold complexes to treat rheumatoid arthritis, but has also expanded to
investigate its possible utility as antitumor, anti-HIV agents, and so on. This chapter
focuses on the chemistry and biological disposition of the gold complexes currently
used medicinally. The clinical properties, that is, efficacy and side effects, of these
drugs are fully discussed elsewhere [1].

6.2
The Aqueous Chemistry of Gold Compounds

Gold has oxidation states ranging from —I to + V. Gold(0) is metallic gold, the form
mostcommonly thought of as “gold.” Gold(I) and gold(III) are the forms used in most
biological gold research. They are stable in aqueous solution, rendering the gold(I)
and gold(III) states suitable for medicinal purposes. Other known oxidation states,
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—I, +1I, +1V, and + V are of interest for chemical reasons but not important for
medical purposes, as they are probably not involved in biological processes.

6.2.1
Structures of Gold(l) and Gold(Ill) Complexes

Gold(I) has a 5d'° outer shell electron configuration. Its complexes are similar to
those of silver(I), copper(I), and mercury(Il) with two-, three-, or four-coordination
exhibited when coordinated with ligands, the latter two coordination motifs occur-
ring less frequently than for copper(I) or silver(I). The gold to ligand bond lengths
vary from donor atom to donor atom but for a given ligand, the bond lengths of gold(I)
will generally increase as the coordination number increases.

Two-coordinate gold(I) complexes are the most common forms of gold(I) encoun-
tered in biological systems. An example of the tendency of gold(I) to favor two
coordination is [Au(CN),] ™. Only di-cyano gold has been successfully isolated while
di-, tri-, and tetra-cyano complexes have been isolated for both copper(I) and silver(I).
Two-coordinate gold(I) complexes are made with ligands that will coordinate to a soft
metal, that is, containing soft donor atoms. The complexes can be neutral, positively-
or negatively-charged, depending on the ligands and have bond angles that are
usually virtually linear. Some ligands of pharmacological interest include thiolates,
thioethers, phosphines, cyanide, and alkyl groups as well nitrogen donor ligands
such as amines and heterocycles.

Three-coordinate gold(I) and four-coordinate gold(I) complexes are much rarer.
Three-coordinate gold complexes generally contain atleast one neutral ligand such as
phosphine and have trigonal planar geometry. Four-coordinate gold(I) complexes
exhibit tetrahedral coordination often with some distortion due to steric hindrance.

Gold(IIT) has a 5d° outer shell electron configuration. It is isoelectronic with
platinum(II) and rhodium(I) ions, and forms almost entirely four-coordinate, square-
planar complexes [4-7]. The gold(IIl) to ligand bond lengths are generally shorter
than for comparable gold(I) to ligand bond distances. A wide array of ligands forms
stable complexes with the gold in the + III oxidation state. Because of this variety of
ligands, gold(I1I) complexes are able to exhibit a wide range of physical and chemical
properties. The overall charge of gold(III) complexes can vary considerably. For
example, with four neutral ligands, such as NHj, the resulting complex has a +3
charge while with four negative ligands, such as CN~, the charge is —1. Variance of
charge by ligand exchange reactions occurring in vivo can greatly influence the
hydrophilicity and the lipophilicity of gold(III) complexes and hence their stability
and biodistribution.

6.2.2
Oxidation—-Reduction Reactions

Both gold(I) and gold(III) are easily reduced to elemental gold.
Au'" +e” =Au(0)  Ep= +1.68volts (6.1)
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AWT +3e” =Au(0)  Ey= +1.42volts (6.2)

Due to the large, positive values of Eq, both gold(I) and gold(III) are capable of being
reduced by mild reducing agents. Gold(III) is reduced under biological conditions to
gold(I) or gold(0) by many natural occurring reductants, of which thiols, thioethers,
and disulfides are examples.

The reduction potentials are dependent upon ligation of the gold species. Stabili-
zation of either gold oxidation state can occur with suitable ligand choice [8, 9] (CyS™
is cysteinato):

AuCl; +1e” = Au(0) +2Cl~ Ep = +1.15volts

AuBr, +1e” = Au(0) + 2Br~ Ep = +0.959 volt (63)
Au(SCy); +1e” = Au(0) +2CyS~ E; = —0.14 volt '
Au(CN); +1e” = Au(0)+2CN~  E; = —0.48 volt

AuCl; 4 3e™ = Au(0) +4Cl~ Eo = +1.00 volt

AuBr, +3e” = Au(0) +4Br~ Ep = +0.85volt (6.4)

Au(CN), +3e~ = Au(0) +4CN~  E; = —0.10volt

The halide complexes of gold(I) and gold(III) have large positive reduction
potentials and are still powerful oxidants. Ligation with cyanide of both gold(I) and
gold(III) and ligation with cysteinato of gold(I) stabilizes their oxidation states.

6.2.3
Ligand Exchange Mechanisms

The exchange of monodentate ligands bound to gold(I) and gold(IlI) is generally
rapid. Exchange occurs via an associative mechanism whereby gold(I) goes through a
three-coordinate transition state and gold(III) goes through a five-coordinate transi-
tion state. Sometimes intermediates are formed. Ligand exchange for gold(I) bound
ligands is generally faster than for gold(III) bound ligands when comparable ligands
are involved. An example of this tendency is the exchange of Me;P at trimethyl
gold(I1l) and monomethylgold(I) [10]:

MesP* + Me;PAuMe = Me;P*AuMe + Me; P (6.5)

Me; P* + ME3PAU.MG3 = Me3P*AuMe3 + Me3 P (66)

The gold(I) exchange occurs rapidly on the NMR time scale. The phosphine
dependence of the signal collapse establishes an associative mechanism. By contrast,
the gold(III) exchange occurs slowly on the NMR time scale.

Gold(I) ligand exchange has been determined to occur via an associative mecha-
nism by second-order associative rate laws and negative entropies of activation for the
reactions. The entropies of activation are negative for the self-exchange of thiol
ligands at bis(thiolato)gold(I) in the following equilibrium [11]:

RS*H + Au(SR), ==RS*AuSR™ + RSH (6.7)
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When N-acetylcysteine and thiomalate were studied in a mixed ligand system, the
respective activation entropies were found to be AS*= —141 and —151Jmol "K'
[11]. Increasing the pH accelerated the reactions, which indicates that the thiolate
RS is the active nucleophile.

The facile exchange of ligands in two-coordinate gold(I) species can be explained in
terms of the three-coordinate transition states and intermediates. There are empty,
low-lying p, and p, orbitals in the linear complex. The availability of these orbitals
facilitates re-hybridization to a trigonal geometry necessary to accommodate the
entering ligand. Consequently, many stable three-coordinate gold(I) complexes have
been isolated. The stability of these complexes demonstrates that trigonal complex
formation, during the interchange of ligands between two-coordinate structures, is a
viable stable reaction intermediate. An example is [(Ph;P),AuCl] which is the
expected intermediate for the associative displacement of chloride from Ph;PAuCL:

Ph;PAuCl + Ph;P = [(Ph;P),Au] * +Cl~ (6.8)

The intermediate [(Ph;P),AuCl] has been crystallized and shows two independent
molecules in the crystallographic asymmetric unit which differ slightly in bond
angles and lengths. The systematic changes in bond lengths and angles along the
reaction coordinate are as expected for the linear and trigonal species. As the
P—Au—P bond angle increases, the Au—Cl bond length increases and concomitantly
the Au—P bond lengths decrease. The Au—Cl bond length increases from 227 to
250 pm, while the Au—P bonds of the trigonal complexes are on average 10 pm longer
than in the linear chloride and 5 pm than in the bis(phosphine) cation, which is
consistent with their retention in the final product [12-14]. Other reaction mechan-
isms have been observed for organogold(I) species, but the coordination required
almost certainly precludes them from functioning in physiological systems.

The exchange mechanism of square-planar gold(III) complexes with monodentate
ligands have been thoroughly studied. In complexes with four monodentate ligands,
the reactions are associative and often rapid. The stepwise conversion of AuCl, ™ into
AuBr,~ goes through a series of complexes including cis- and trans-AuBr,Cl, . All
forward and reverse step of the reaction is described by second-order kinetics:

Rate = k;[AuL4][X] (6.9)

Typically, square planar platinum(II) substitution reactions involve a solvolysis
term thatis not necessary for this rate law. In spite of this, the reactions of gold(III) are
generally several orders of magnitude faster than their platinum(II) analogs and
strongly depend on the nature of the entering nucleophile. There is a linear
relationship between the free energies of activation and the free energies of the
overall reaction [15]. This is consistent with the formation of five-coordinate inter-
mediates, even though few stable penta-coordinate gold(III) species have actually
been characterized crystallographically. This indicates that the reactions probably
involve labile transition states instead of intermediates.

The previous reactions all involved monodentate ligands. Ligands with higher
denticity often reduce the thermodynamic driving force for ligand exchange and/or
increase the activation energy, causing slower reactions. This can result in greater
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stability of the bidentate and multidentate complexes in aqueous solution [16]
compared with monodentate complexes. Kinetic studies of gold(III) reactions with
ethylenediamine and related ligands show that the initial displacement of one end of
the chelate is most often followed by rapid reclosure of the ring, rather than
displacement of the second bond to the metal ion [15].

6.3
Medicinally Important Gold Complexes, Their Analogs and Reactions

The earliest use of gold complexes in medicine primarily involved gold thiolates,
which being yellow or even gold-colored in solution, led to their designation as
chrysotherapy (chrysos is Greek for gold).

6.3.1
Oligomeric Gold(l) Thiolates and Analogs

Gold(I) thiolates in the thiolate : gold ratio of 1:1 or 2: 1 were the first chrysother-
apeutic agents to be used. They are administered intramuscularly and not orally
because they cannot be readily absorbed from the gut and by other tissues. Table 6.1
lists some chrysotherapy agents that will be discussed, with their formulae and
Figure 6.1 shows chemical structures for some important thiolate ligands.

The ratio of available thiolate : gold will determine the structure formed. The gold
(I) centers will be bridged by thiolate ions. If the gold : thiolate ratio is exactly 1: 1 a
cyclic structure will ensue. This occurs to preserve two-coordination of the gold(I). If
excess thiolate is present, the structure of the formed oligomer will either be (a)
alternating gold to thiolate linkages yielding an open chain with the excess thiolate
capping its ends, or (b) an equilibrium between a cyclic structure and a bis-thiolato
gold complex:

TmS-[Au(STm)], =[AuSTm], , + Au(STm), (6.10)

The solubility of these oligomers is important for their practical use in medicine. In
the 1:1 reactions, the nature of the thiolate is important since the solubility of the
resulting oligomer is affected by substituents on the thiolate moiety. Polar groups

Table 6.1 Medicinally important chrysotherapy complexes. Adapted from Shaw [17].

Name Trade Name Formula
Gold sodium thiomalate Myochrysine Na,AuSTm
Gold thioglucose Solganol AuSTg

Gold sodium thiosulfate Sanochrysin Na3Au(S,03),
2,3,4,6-Tetra-O-acetyl-1-thio-B-p-pyranosato- Auranofin Et;PAuSAtg

S-(triethylphosphine)gold(I)
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Figure 6.1 Structures of various thiolates discussed in this
chapter. Abbreviations: CySH = cysteine; GSH = glutathione;
AtgSH = tetra-O-2,3,4,6-acetyl-1-B-b-thioglucose; TgSH = B-1-0-
thioglucose; H,S,0; = thiosulfuric acid; and TmSH = thiomalic
acid.

such as carboxylates and hydroxyls on the thiol ligand usually increase aqueous
solubility while unsubstituted aromatics and aliphatic groups will lead to relatively
insoluble compounds [18]. Many complexes of gold(I) with biologically relevant
ligands such as cysteine, N-acetylcysteine, glutathione, and penicillamine have been
synthesized and characterized [19-23] but there are surprisingly few reports about
their respective biological activities.

One of the most studied, yet least understood of the gold(I) drugs is aurothio-
malate, AuSTm (Myocrysine). AuSTm is prepared with a slight excess of thioma-
late [24-26] and also about a third of a mole of glycerol. The glycerol appears to be
necessary in order to obtain a precipitate. Because of the excess thiomalate used,
AuSTm is assumed to comprise open-chained oligomers with the excess thiomalate
capping the ends. Due to its composition, AuSTm is better represented Au,,(STm),, 1~
or Au,(STm),,.

The first and only single crystal X-ray structure of a gold(I) thiomalate, resembling
myocrysine, with the structure Na,CsAu,(TmS)(TmSH), where TmS is the thioma-
late trianion [0,CCH,CH(S)CO,]*>", has been reported [27]; see Figure 6.2. In the
solid state, it is polymeric with the gold—sulfur backbone consisting of two inter-
penetrating spirals that have approximate fourfold helical symmetry, Figure 6.2.
A racemic mixture is formed with S-thiomalate forming left-handed helices and
R-thiomalate forming right-handed helices. The symmetric unit contains two
different gold atoms. The Au—S distances are experimentally equivalent with Au;—S
being 228.9(8) A and Au,—S=228.5(7)pm, consistent with the findings from
previous EXAFS spectroscopic studies [20, 27, 28]. The bond angles of the two gold
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Figure 6.2 Two views of the polymeric chain in Na,CsAu,(TmS)
(TmSH) highlighting the (a) polymeric structure and (b) the
fourfold helical symmetry.

atoms differ with the first being essentially linear with a S—Au;—S bond angle of
178.9(5)°. The second gold atom is distorted with a S—Au,—S bond angle of 169.4(4)°.
The Au—S—Au angle was found to be 99.2(3)° [27].

Soluble RSAu oligomers have been observed to form bis(thiolato) gold(I) com-
plexes in the presence of thiols [11, 29-33]:

RSH + 1/n/RSAuln==Au(SR), +H™" 6.11
2

These reactions forming bis(thiolato) complexes provide model systems to study
reactions likely to occur in vivo between gold drugs and proteins including various
enzymes. Many thiols can cleave thiolate bridges in these oligomeric aurothiolate
complexes to form monomeric bis(thiolato) complexes [11, 29-33]. The reaction is
pH dependent, but is usually rapid and complete at physiological pH. The extent of
the reaction depends on the affinity of the thiol for gold(I) [11]. This may not hold
true though when the ability of a thiolate to bridge two gold(I) ions is similar to its
affinity to coordinate terminally. An example is provided by the equilibrium constants
found for Equation 6.11 when RSH = CySH [29] and TmSH [32]. For these thiols, the
equilibrium constants are comparable, even though the two thiol ligands have
different affinities to gold(I) [33]. A notable exception is ergothioneine which exists
in a tautomeric equilibrium between a thiol (RSH) and a thione (R = S). The thione
having lower affinity for gold(I) than the thiolate tautomer [29, 34].
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The cysteine ligand forms an unusually insoluble gold(I) oligomer, [(AuSCy),,]. The
formation of this insoluble product can displace the equilibria of a number of
reactions of biological significance including those with AuSTm [29, 35-38]:

CySH + Au(CN); + H* — 1/n[CySAul, + 2HCN (6.12)
CySH + 1/n[AuSTm], — 1/n[CySAu], + TmSH (6.13)
CySSCy+ 1/n[AuSTm]|, — 1/n[CySAu], + TmSSCy (6.14)

However, [CySAu],, is found to redissolve when a large excess of CySH is present.
This is due to the formation of the bis(cysteinato)gold(I) complex, [Au(SCy),] ~, which
at pH 7.4 is favored. This is an example of bis(thiolato)gold(I) formation.

Gold(I) thiolates also undergo reactions with disulfides. An example is 2,2-dithio-
bis(2-nitrobenzoic acid) (ESSE) used as a kinetic probe of sulfthydryl reactivity in
metallothioneins [39-42]. ESSE is readily attacked by metal-bound thiolates. The
reaction with the open chain form of AuSTm seems to occur in two stages. The first
attack involves the terminal sulfides and the second attack involves the bridging
thiolates [19]:

RS-[AuSR], -AuSR~ + 2ESSE — ES~ [AuSR], -Au-SE~ + 2RSSE (6.15)

ES-[AuSR], -Au-SE~ + nESSE — ES-[AuSE] -Au-SE~ + nRSSE (6.16)

AuSTm also reacts with cystine, the oxidized form of cysteine, forming the insoluble
(AuSCy), oligomer [36].

Although for many metal ions chelation is an important part of complex formation,
tri- and tetrakis-(thiolato)gold(I) complexes and their cyanide analogs are not easily
formed. Thus, chelation via traditional five- and six-membered rings is not observed
with bis(thiolato)gold(I). Structural analyses of the cysteinato and penicillamine
complexes of gold(I) [18, 21] showed oligomeric structures with bridging thiolates
and no gold chelation via the sulfur or nitrogen atoms.

6.3.2
Bis(thiolato)Gold(l) Species

These bis(thiolato)gold(I) complexes are useful models for providing insights into the
chemistry of the end products of the reactions between 1:1 gold thiolates and any
excess (including other) thiol, including some reactions with proteins in vivo.
Aqueous solutions of the sodium salt, Nas;[Au(S,03),], are used medicinally under
the generic name sanochrysin, an example of a truly “inorganic” drug, that is,
containing no carbon. This bis(thiosulfato) complex of gold(I) has been crystallo-
graphically examined on multiple occasions [43, 44]. It is a linear complex where the
thiolates are terminally coordinated to the gold center with a Au—S bond distance of
227 pmand a bond angle of S—S—Au of 104° [43, 44]. The MOssbauer parameters are
consistent with the AuS, coordination environment [18, 21]. Two related complexes,
[Au(SCgH,iPr3),] and [Au(SPh),]”, with the similar [Au(SR);] coordination, have
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been characterized crystallographically and found to have Au—S bond lengths of 229
and 227 pm, respectively.

6.3.3
Dithiocarbamates

Dithiocarbamate complexes of gold and their derivatives have been increasingly
studied in recent years, being prepared with both gold(I) and gold(III). Complexes
have been made featuring both monodentate and bidentate dithiocarbamate ligands.

Gold(I) dithiocarbamate complexes are interesting because their structures
sometimes contain short intermolecular Au - - - Au distances [45] that can aggregate
into chains also with short intramolecular Au - - - Au distances [46]. Recently mono-
nuclear, dinuclear, and hexanuclear gold(I) complexes have been made with (aza-15-
crown-5)dithiocarbamate. A hexanuclear complex, [Aug(S,CNC1oH;004)6] has been
characterized, that contains six gold atoms arranged in a chair-like conformation
held together by a zig-zag system of bridging dithiocarbamates [46]. This is the first
reported cyclohexane-like geometry in gold cluster chemistry. The Au- - - Au dis-
tances of 293 pm are found as well as Au---Au---Au bond angles of 117°. The
molecular structure, with the hexagold layer being sandwiched between two crown-
ether layers, pushes the sulfur and gold atoms apart preventing the gold atoms from
aligning in a planar conformation [46].

Gold(III) dithiocarbamate complexes have also been synthesized. Stabilization of
the gold(III) oxidation state by nitrogen-donating groups has focused particular
interest on preparing gold(IIl) dithiocarbamate derivatives with similar structures to
cis-diamminedichloroplatinum(Il), cisplatin [47]. In vitro cytotoxicity testing have
indicated that many gold(III) dithiocarbamates are sometimes up to four orders of
magnitude more cytotoxic than cisplatin [47, 48]. However, gold(III) dithiocarba-
mates may be difficult to bring into solution which at present is a hindrance to their
being used pharmacologically.

6.3.4
Auranofin and Other Phosphine(Thiolato)Gold(l) Species

The most recent gold-based anti-arthritic drug to be introduced was auranofin
(Ridaura), a two-coordinate gold(I) complex containing the anion derived from
2,3,4,6-tetra-O-acetyl-B-1p-thiolglucose and triethylphosphine as ligands [49]. The
Au—S and Au—P bond distances are 229 and 226 pm, respectively and the S—Au—P
bond angle is 174° [50]. The bond angle is slight distorted from linear due to steric
effects. The bond angle Au—S—C; is 106° [50]. Auranofin was specifically designed
to be lipophilic to ensure effective absorption from the intestine after oral
administration.

As auranofin demonstrates both anti-arthritic and antitumor effects, many analogs
differing in the thiolate and the phosphine residues have been characterized
[18, 21, 51-53]. Like auranofin, these complexes are generally linear at the two-
coordinate gold center. Di-u-(diethylphosphinoethylthio)digold(I) is a complex that
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demonstrates the tendency to retain two-coordination even though ligands favorable
for chelation are present [54].

Auranofin contains both a thiolate and a phosphine in the same simple monomeric
unit. Because these two ligands have different reactivities, the chemical behavior of
auranofin can be quite complex. When reacted with other thiols in aqueous or
alcohol/aqueous solution, auranofin and its analogs undergo ligand exchanges with
only the thiolate ligand. The phosphine ligand is more strongly coordinated and
remains gold bound in aqueous solution:

Et; PAuSAtg + RSH = Et; PAuSR + AtgSH (6.17)

Like the gold(I) thiolates discussed earlier, the position of the equilibrium depends
upon the affinity of the thiols for gold(I) with the established sequence being
AtgSH >TgSH > GSH >TmSH. This sequence corresponds to increasing pKgy [12]
or by decreasing *'P NMR chemical shifts for the Et;PAuSR complex in aqueous
solution [55].

In contrast to the equilibrium established with thiols, excess phosphine will
displace the thiolate of auranofin or its close analogs to yield a bis(phosphine)
complex.

Et;PAuSAtg + Et;P + H,0 — (Et;P),Au™ + AtgSH + OH~ (6.18)

If cyanide is present, both the thiolate and the phosphine ligand can be dis-
placed [56]. While the mixed thiol environment displacement is an equilibrium
process, the right-hand reaction is much more favored in the reactions of phosphine
and cyanide.

In acidic solutions auranofin undergoes deacetylation to form the thioglucose
complex [57]:

Et; PAuSAtg — Et;PAuStg + 4 HOAc (6.19)

The final product after complete deacetylation contains the thioglucose ligand.
This product was considered for medicinal use, but itis extremely hygroscopic giving
it a short shelf-life.

There is some evidence that auranofin may also be biologically de-acetylated
during its absorption from the gut [58]. It is unfortunate that so many in vitro studies
to determine possible mechanisms for the anti-arthritic activity of auranofin have not
considered (tetra) desacetyl-auranofin as the first likely “active metabolite,” with its
far greater hydrophilicity than the administered auranofin (which is only a pro-drug).

6.3.5
Au—S Bond Length Comparisons

Some comparisons of the Au—S bond length within some complexes are possible
with those complexes having the stoichiometries [AuSR]s, [Au(SR),]” and
[Ph;PAuSR] for a single ligand, RSH = 2,4,6-triisopropylphenylthiol [53, 59].
Table 6.2 compares their Au—S bond lengths and selected bond angles with those
of the complexes used as anti-arthritic agents. There are no significant changes in
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Table 6.2 Selected bond angles and lengths of medicinal gold(l)
thiolates and 2,4,6-triisopropylphenylthiolatogold(l) analogs.
Adapted from Shaw [17].

D Angle Angle

Compound (Au—S/P) (S—Au-S/P)  (Au—S—C/S) Ref.
Oligomeric thiolates, —[-AuSR—]—:

[Au(SgH,iPr3)] 229 176 108 [59]
Au,STm,, 230 [60]
Bis(thiolato)gold(I), [Au(SR),]

[Au(SPhiPrs),] 229 176 105 59]
[Au(S,03),] 228 177 104 59]
Phosphinegold(I)thiolate, R';PAuSR:

Ph;PAuSPhiPr; $229,P226 176 105 53]
Et;PAuSAtg $229,P226 174 106 [50]

bond length between terminal and bridging Au—S bonds or when the ligand opposite
a terminal Au—S is changed from thiolate to phosphine. More remote chemical
changes in the molecular structure have apparently little effect on the thiol and sulfur
cores.

6.3.6
Complexes of Diphosphine Ligands

Diphosphine ligands are a class of compounds developed from the search for new
gold complexes with antitumor activity. The complexes are named for the bis
(diphenylphosphino)ethane (Ph,PCH,CH,PPh,, dppe) ligand and other related
“diphos” ligands they contain [61-64]. These ligands can chelate a single gold(I)
ion or bridge two gold centers [65]. In serum, a rearrangement occurs to form bis
(diphos)gold(I) cations from digold complexes [22]:

2(u-dppe) (AuX), — [Au(dppe),] " X + 3AuX (6.20)

This demonstrates the inherent stabilization of the complex provided by chelation.
The cationic complex formed is stable for 25 hours in serum and eight days in
the presence of glutathione [16]. It does, however, react with copper(Il) to form
[Cu(dppe),]* . Structure—function studies have shown that diphosphines which
complex copper(Il) are active, and those that do not are inactive [63]. An example is
[Au(dppe),]Cl, bis[1,2-bis(diphenylphosphino)ethane]gold(l) chloride, that is a cat-
ionic, four-coordinate tetrahedral gold(I) phosphine complex with chelating dipho-
sphine ligands [66]. This complex is much more stable than the previously discussed
gold(I) complexes in terms of ligand exchange. This decrease in exchange reactivity is
important because it confers more stability in the presence of serum proteins, thiols,
and disulfides, compared with auranofin [66]. Another potential advantage of gold(I)
diphosphine complexes is the ability to use appropriate substituted diphosphine
ligands to adjust the complexes’ lipophilicity and hydrophilicity [66, 67]. This has led
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to some selectivity among these complexes for intoxicating cancer cells rather than
normal cells [67].

6.3.7
Gold(l) Cyanide Complexes

Aurocyanide, also known as dicyanogold(I), [Au(CN),] ", was highlighted by Robert
Koch for its bacteriostatic properties [68]. [Au(CN),] ™ has subsequently been identi-
fied as a common metabolite of both oligomeric gold(I) thiolates and auranofin [69],
present in serum and excreted in the urine. It has been proposed that [Au(CN),]~
mighthave arole as a therapeutic agent (see below). The anion is linear and the Au—C
bond length is 212 pm [70]. The cyanide ion has an extremely great affinity for gold(I)
with an association constant estimated to be 10°® [71]. Despite this high affinity, the
bound cyanides undergo rapid exchange with free cyanide ions [72], which exem-
plifies the difference between thermodynamic affinity and kinetic inertness.

Cyanide, in vivo, should react with auranofin. When the stoichiometry of cyanide is
less than 1:1, the thiolate ion is displaced:

Et; PAuSAtg + HCN — Et; PAUCN + AtgSH (6.21)

When there is an excess of cyanide, both the thiol and the phosphine will be
displaced in the next step:

Et; PAUCN + HCN — EtsP + [Au(CN),] " + H* (6.22)

A study of patients being treated with aurothiomalate showed that gold was being
taken up by red cells (erythrocytes) of smokers at a much greater level than by non-
smokers [71]. The reason was found to be the HCN found in cigarette smoke at the
level of 1700 ppm [71, 73] and readily absorbed from the lungs. This reacts
with circulating serum protein-bound gold or oligomeric gold thiolates to form
[Au(CN),] ", which is responsible for gold uptake into red blood cells.

The equilibrium constant at pH7.4 for the cyanolysis of AuSTm to yield
[AU(CN),] is 6.0 x 10> M. The equilibrium constant for the competition of cyanide
and cysteine for gold(I) is 1.67 x 10*M ", Although strictly these constants cannot
be compared due to the different forms of oligomeric AuSTm and monomeric
[Au(SCy),] , it can be shown that in the presence of equimolar quantities of cyanide
and thiol, the cyano complex will be favored. Excess thiol is more likely than excess
cyanide under normal biological conditions, so the equilibrium may be one in which
cyanide complexes are decomposed by thiols.

However, the situation may be completely different in a pathogenic context,
particularly when cyanide is locally generated within a site of inflammation, for
example in arthritic joints. Here, leukocytes, recruited by inflammagenic chemotac-
tic factors, are able to generate cyanide endogenously from plasma thiocyanate
(a normal detoxication product of exogenous cyanide). Consequently, there may be a
high local cyanide concentration, more than sufficient to liberate gold(I) from non
cell-permeating thiolate complexes in the circulation. The [Au(CN),]” now produced
locally as an “active metabolite” can then be taken up by activated leukocytes and other
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inflammatory cells, to down-regulate their hyperactivity by a type of Trojan-horse
therapy/strategy. Within these cells, where thiols are in excess, the reverse transfor-
mation can occur that s, thiolysis. The [Au(CN),]” now being decomposed to liberate
endocellular cyanide — a known potent intracellular toxin.

This mechanism only requires [Au(CN),]” to be a highly transient “metabolite”,
generated locally from administered gold drugs and in turn perhaps largely metabo-
lized/decomposed locally.

[Au(CN),] " inhibits the oxidative burst of polymorphonuclear leukocytes and the
proliferation of lymphocytes in vitro (both types of cells actively participate in the
development and maintenance of inflammatory processes of rheumatoid dis-
ease) [71]. Itis also far more toxic than gold(I) thiolates to bacteria, plants and animals.

6.3.8
Heterocyclic Carbenes

Gold(I) N-heterocyclic carbenes (NHC) have been known since 1989, but have
attracted much recent interest because of some similarities between NHC and
phosphine ligands [74]. Gold(I)-phosphine complexes have been studied for their
antitumor properties. Gold(I)-NHC complexes are now being synthesized and
studied not only as an alternative ligand to gold(I) phosphines, but also to gain
more understanding of the role that phosphine ligands may play in conferring
antitumor activitiy [75]. The neutral or cationic complexes are made in a variety of
methods, often from easily synthesized imidazolium salts and have formulas of
(NHC)AuX and (NHC),AuX [74]. Like the diphosphine ligand class, NHC can be
synthesized to have variable hydrophilic and lipophilic properties depending on
ligand substitution [67, 75].

6.4
Gold—Protein Reactions and Complexes

In vivo, gold(I) binds predominately with proteins and low-molecular weight thiols.
Reactions involving selenols, present for example in the enzyme glutathione peroxi-
dase are also important. Gold(I) appears to not interact significantly with DNA or
RNA. In general, gold(I1I) which can bind to nucleic acids (cf. platinum(I)) in vitro
may not do so in vivo as it is probably reduced to gold(I) before it can enter cell nuclei.
The next section surveys some reactions of gold compounds with selected proteins
and enzymes.

6.4.1
Serum Albumin

Serum Albumin is the most abundant plasma protein in humans (and other
mammals) with a concentration of about 600 uM in healthy humans. Around
80-90% of the extracellular gold in the circulation is bound to albumin and about
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10-20% is bound to immunoglobulins [76-79]. Only trace amounts of free gold are
present in serum. Gold is so prominently bound in this manner because albumin is
the primary source of extracellular thiols in the blood, with a circulating thiolate
concentration of about 400 uM. The protein is folded into three domains with each
domain having two sub-domains. The tertiary structure is stabilized by 17 disulfide
bonds. There are 35 cysteines overall but Cys-34 is the only cysteine present in the
reduced form and rarely forms a disulfide linkage with any external ligand, for
example, only perhaps after therapy with p-penicillamine. The Cys-34 site is located
in a fold between helices h2 and h3 in sub-domain IA [80]. The pKsy; is extremely low
at biological pH indicating that it is in effect deprotonated at physiological pH [81].

Cys-34 is blocked forming disulfide species, usually with glutathione or cysteine,
in about 30% of circulating albumin molecules [82]. These natural disulfides formed
with Cys-34 have little affinity for gold but develop avidity for gold if reductively
cleaved. Gold compounds have been shown to react with Cys-34 by ligand exchange
reactions [22, 23, 82-90]:

AIbS™ + Et; PAuSAtg + H™ — AIbSAuPEt; + AtgSH (6.23)

AIbS™ + 1/n(AuSTm), — AIbS(AuSTm); — AlbSAuSTm™ (6.24)

These gold exchange reactions are prevented by prior alkylation of this protein
thiol. Because of its lower affinity for gold when Cys-34 exists as a disulfide species,
gold-to-sulfhydryl and gold-to-total albumin ratios are considered when analyzing
data. Albumin with the Cys-34 blocked by alkylation is often used.

Using the complex AuSTm, up to six or seven equivalents of gold could be bound to
the protein. Radiolabeling of the gold in AuSTm was carried out to track the fate of its
associated ligand which was found to be retained upon gold binding. EXAFS studies
showed that the gold retains AuS, coordination environment with normal Au—S
bond lengths around 228-230 pm [63]. When protein is in excess, there is binding of a
single AuSTm at Cys-34, but an oligomeric species binds with an excess of AuSTm
present [22]. The AuS, coordination environment for AIbS(AuSTm)e_ is consistent
with the formation of an open chain oligomer and not with the binding of single
AuSTm groups to the histidine residues.

It was shown that *'P NMR was a good tool for investigating the formation of
protein adducts [84, 85]. The reaction of albumin with Et;PAuSAtg and with
Et;PAuCl was followed with *'P NMR. One resonance only was observed for both
complexes that corresponded to AIbSAuPEt;. A further reaction of Et;PAuCl at the
histidine groups occurs, forming adducts with up to Et;PAu™ 17 groups bound. The
reactions at the histidine groups are probably physiologically irrelevant, because they
require the Cys-34 sites to be saturated first.

The albumin-binding of auranofin and a tri-iso-propylphosphine analog have also
been analyzed. They each reacted rapidly with Cys-34 [91]. With excess auranofin, a
rate-limiting rearrangement of the albumin molecule occurred which can be used to
study the kinetics of the system. The rate-limiting step is the first one in a three step
mechanism and involves a conformational change of the albumin where a crevice is
opened surrounding Cys-34. The second step has auranofin binding to albumin with
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the AtgS™ ligand leaving. Finally, a closure of the crevice around the gold is observed
in the third step. The kinetic process is governed most likely by one of two processes
or perhaps a combination of both. The first is attributed to the opening of a crevice
surrounding Cys-34 [80]. The second has been described as a rearrangement of the
Cys-34 residue, monitored by an allosteric effect on His-3 associated with the gold
binding and disulfide formation [89]. !P NMR reveals a much faster second-order
exchange of R;PAu " between AtgSH and Cys-34. This is governed by the second step
of the mechanism and occurs frequently with Cys-34 in the exposed position. The
mechanism is completed by closure of the crevice around the bound gold.

In vivo, the albumin concentration nearly always exceeds the gold concentration by
morethan anorder of magnitude and so, the reaction can be treated as pseudo-first order:

rate = kpf,[auranofin] (6.25)

The half-life is short, about 2 seconds, which is consistent with the rapid separation
of AtgSH and Et;PAu* in vivo [92]. This indicates that auranofin is short-lived in vivo
and should preferably be studied using the albumin adducts of it (and other gold
compounds) instead of the drug itself. Unfortunately, many model studies of the
effects of gold thiolates described in the literature deal with their effects upon isolated
cells in vitro but have neglected to include a physiological concentration of albumin.
Combination with albumin effectively “buffers” the level of free (more toxic) gold
ions and diminishes the likelihood of observing toxicities that are in fact artifacts,
such as irreversible damage to cell membranes.

The harmless metabolite, Et;PO, is formed when the phosphine of auranofin is
oxidized in vivo. AIbSAuPEt; is used to model the formation of Et;PO from
phosphine. AlbSAuPEt; is stable for over a week in the absence of thiols [83].
However, if thiols like GSH or AtgSH are present, it is slowly oxidized over a 24 hour
period [86]. The reaction is anaerobic indicating that oxygen is not a necessary
oxidant [86]. However, when the reaction is carried out aerobically in 7 O-enriched
water, Et; P70 is produced [87]. AIbSAuPEt; reacts rapidly with cyanide to release
Et;PO [93]. A reaction scheme depicting the equilibrium between the reactants
Et;PAu™, serum albumin, and cyanide combined in varying forms has a common
three-coordinate intermediate with gold coordinated to CN™, PEt; and AlbS™ [93].
This scheme shows that cyanide sourced from smoking or otherwise (see 6.3.7) may
determine the metabolism of chrysotherapeutic agents. [Au(CN),]” anions bind to
serum albumin predominantly by the formation of adducts without the displacement
of cyanide [94]. The ions bind tightly to albumin independent of the oxidative state of
Cys-34. The equilibrium constant values for [Au(CN),]” binding to serum albumin
are similar to values for other gold complexes that bind to albumin. This indicates that
albumin can act as a carrier for transporting [Au(CN),]” in the bloodstream.

6.4.2
Metallothioneins

Metallothioneins (MTs) are small proteins with an especial affinity for the binding of
various heavy metals active in a wide range of reactions [95-97]. Besides their role in
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metabolism of the essential metals copper(I) and zinc(II), these proteins are known
to protect against oxidative stress. Metallothioneins help detoxify against four
general classes of cytotoxins: (i) metals accumulated from the environment such
as cadmium(II) and mercury(lI); (ii) reactive oxygen species (ROS); (iii) alkylating
agents such as chlorambucil and streptozotazin; and (iv) therapeutic heavy metals
particularly gold(I) and platinum(II) liberated from anti-arthritic and antitumor
drugs [95-98]. This section considers only the reactions of MTs with gold complexes.
The metallothionein proteins that are gold-bearing are sometimes called aurothio-
neins. The reactions of gold complexes with metallothioneins depend upon the initial
ligation of the gold.

Mammalian MTs have two domains with a total of 61 amino acids, 20 being cysteine
residues. Each MT can bind up to seven zinc(II) or cadmium(II) ions [98, 99]. The
N-terminal B-domain of MT has an M;3SCyy arrangement and the C-terminal
o-domain has an M,SCy;; arrangement. In each of the domains is a crevice
which exposes the metal-coordinated thiolates to solvent and low-molecular-
weight solutes [99]. Metallothioneins react with a wide range of electrophiles
including disulfides, alkylating agents and metal ions [100]. The cysteine thiolate
groups exposed at the crevice may be involved in the initial attack of metallothi-
oneins. If no metal is bound to the protein, it lacks structure and is a random
coil [101].

A considerable amount of the gold that accumulates in the kidneys and liver of
mammalian species is bound to MTs. This buildup of gold in the kidneys is
accompanied by elevated levels of renal copper to form copper-rich, gold-bearing
MTs. In cell lines that overproduce MT, there is commonly a resistance to the
cytotoxic effects of gold compounds. This resistance is also seen often in parent lines
that have been repeatedly exposed to gold complexes. The mechanisms of resistance
include but are not limited to enhanced biosynthesis of MT [102].

There are four possible ways that gold(I) binds to MTs. Two motifs use two-
coordinate binding of gold to cysteine residues. In bidentate chelation, a gold ion will
be bound to two thiolates giving adducts with the general formula (Au;¢S;0)-MT. The
thiolate-bridged model also involves two-coordinate gold in an AuS environment.
In this model, gold ions will bind two thiolates with an alternating gold-thiolate chain
forming. A general formula for this particular adduct is (AuyS;0)-MT. With mono-
dentate coordination, gold is bound to one cysteine of the MT and to another
exogenous ligand giving a general formula of (LAuS),o-MT. The final proposed
binding mode is termed isomorphous substitution. For isomorphous substitution
to occur, gold(I) would need to displace zinc(Il) or cadmium(II) and adopt a tetra-
thiolate coordination environment to form an adduct with the general formula
(Au;S;0)-MT. Isomorphous substitution is not seen although the other binding
modes have all been observed. If excess AuSTm is present, it will displace all
M?* ions to form MT(SAuSTm),,. The thiomalate ligand is retained upon
displacement. EXAFS has established an Au—S coordination number of two and
bond lengths of 230 pm [20, 103]. Thus, the product entails monodentate coordina-
tion of AuSTm moieties to the cysteines [20, 103]. This is similar to the binding of
AuSTm at Cys-34 of albumin.
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If the thiomalate ligand is not present in excess, it is completely displaced. When
gold binds, the M** ions are displaced in the gold : metal ratio of 3 : 2, which suggests
bidentate coordination. EXAFS data shows AuS, coordination with Au—S bond
lengths of 229 pm [20, 103]. In the presence of both cadmium and zinc, zinc is
preferentially displaced which is possibly a consequence of thermodynamics as
Zn;MT and Cd;MT react at comparable rates.

Unlike AuSTm, the phosphine-containing complex of Et;PAuSAtg does not react
with M,-MT [83, 104]. The Et;P and AtgSH ligands have much greater affinities for
gold than TmSH, which is easily displaced. When the MT protein is free of bound
metal, Et;PAuStg will react [83] due to the changes in thermodynamics of the
reaction. Around 80% of the Et;P ligand and all of the AtgSH will be displaced [83].
Because some phosphine is retained, it suggests that gold is bound in the mono-
dentate mode. Et;PAuCl will react more readily than the thiolate, displacing zinc in
preference over cadmium [105].

Metallochromic dyes have been used to study the kinetics of aurothionein due to
the lack of intrinsic and distinctive chromophoric changes during reaction [105].
The reaction of the holo-protein with AuSTm occurs in two phases with each step
showing first-order dependence on the MT concentration but independent of
AuSTm [105]:

ratepolo = ke[MT] + ks [MT] (6.26)

The rates are essentially independent of the distribution of metal in the MT with
similar rates between Zn;—MTm (Cd, Zn);-MT, and Cd;—MT. The values of the rate
constants are ky=6.9(+0.9) x 10 *s™! and ke=2.7(+1.2) x 10 *s™" for the holo-
protein. The slow rate constant is similar in magnitude to the first-order protein-
dependent steps observed for reactions of DTNB (5,5'-dithiobis(2-nitrobenzoate)),
EDTA (ethylenediamine tetraacetate), cisplatin, and other reagents, which has been
attributed to a rearrangement of the protein. The fast step is more rapid by an order of
magnitude, which suggests that other mechanisms are prevailing.

The o- and B-domains have been isolated in order to study their role in the two
reaction phases. The slow reactions occur predominately with the B-domain while the
fastreaction is associated entirely with the o-domain [106]. This pattern follows other
circumstances where the o-domain is more reactive than the -domain. However, the
B-site has Cd® " ions that are thermodynamically less tightly bound and more labile to
inter-site exchange.

Some interesting biological consequences stem from the physiochemical proper-
ties of aurothioneins. It has been noted that typically only a third of the gold
accumulated in cells and tissues is actually bound to MT, unlike cadmium which
is more extensively bound. Structural changes arising from the differences in
coordination environment of gold(I) ions and zinc(II) or cadmium(II) ions [103]
have been invoked to explain the rapid degradation of aurothioneins (half-life of about
0.75 hour) compared with Cd;—MT (24 hours) and Zn;—MT (10 hours) [107, 108].
While aurothionein formation is rapid [20], the uptake of gold into the kidneys and
livers of test animals is usually rather slow [106], indicating that the kinetics of gold
binding to MT is not the rate-determining step for gold accumulation within organs.
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6.4.3
Selenium-Dependent Glutathione Peroxidase

Glutathione-peroxidase (GSH-Pxase) is an enzyme found in erythrocytes and other
tissues that has an essential selenocysteine residue involved in the catalytic decom-
position of reactive oxygen species. In the erythrocyte, hydrogen peroxide is the
principle reactive oxygen species available.

The effect of aurothioglucose (AuSTg) on GSH-Pxase has been studied both
in vitro [109] and in vivo [110, 111]. The catalytic mechanism of the protein entails
the oxidation of the active-site selenocysteine residue which is reduced in two steps
by glutathione through a mixed selenium-sulfide intermediate. AuSTg competi-
tively inhibits GSH-Pxase by forming an inactive seleno-gold complex with an
inhibition constant, K; of 2.3uM. Thiomalate is a non-competitive inhibitor of
GSH-PXase. Because of this, the ability of AuSTm to inhibit the reaction could not
be determined. The glutathione complex of gold, AuSG, inhibits GSH-Pxase
competitively when studied in vitro [109] with an inhibition constant of 2.8 £+ 0.4 mM.
This value is similar to the inhibition constant with AuSTg value which has a
K; of 2.4+ 0.5mM [110, 111]. The close similarity of these K; values confirms a
postulate of Chaudiere and Tappel that the 1mM excess of GSH used in this
experimental study actually displaces thioglucose from gold, so the actual inhibitor
is probably Au(SG), :

AuSTg+2GSH =Au(SG), +TgSH+H™" (6.27)

Oligomeric [AuSG], reacts with excess glutathione to form the same inhibitor
Au(SG), . The K; values for Et;PAuSAtg and Et;PAuCl have also been determined
being, 11.6 £ 0.8 and 10.8 4 0.5 mM, respectively. The values are around four times
larger than the values for AuSG and AuSTg, indicating that the former two (with
the Et;Pligand) are less effective inhibitors. The phosphine complexes exhibit similar
K;values although the observation that the chloride and ATgSH ligands differ greatly
in affinity for gold(I) indicates both ligands are displaced in the presence of GSH,
forming a phosphine-gold(I)-glutathione complex:

Et;PAuX + GSH = Et;PAuSG + X +H ™ (6.28)

This type of in vitro study is relevant because it mimics likely physiological
conditions. Red cells contain 1-2mM GSH so the formation of glutathione com-
plexes would be a likely consequence when auranofin metabolites enter red cells [112,
113]. Compared with typical in vivo gold concentrations of 10-15 uM observed in
patients, the K; values for the four gold complexes are less than anticipated. This
indicates that chrysotherapy can greatly depress GSH-Pxase activity in vivo so the
normal cellular redox balance would be displaced, favoring the accumulation of H,0,
and possibly GSH [3, 79, 114].
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6.4.4
Gold(l) Oxidation of Insulin and Ribonuclease

Insulin and ribonuclease have been used as model systems for examining the
chemical and immunological effects of their oxidation by gold(IlI). Being a powerful
oxidant, gold(IIl) readily oxidizes thiols to disulfides and thioethers, for example,
methionine to sulfoxides. Gold(III) can even oxidize disulfides to higher oxidation
states, RSO, ~, n=1, 2, 3 [115]. Formation of gold(III) derivatives in vivo may be
responsible for both some of the immunological-driven adverse reactions but could
also help deliver some of the benefits of gold therapeutics [116-118].

Insulin, a small protein of molecular mass 6000 daltons, is composed of two chains
designated A and B. There are no reduced cysteine residues in insulin, butit contains
three essential disulfide bonds; two that crosslink the A and B chains, and one
internal to the A chain to stabilize the overall tertiary structure. These disulfide bonds
are cleaved in the presence of excess AuX, ", leaving A and B chains that have cysteine
residues that have become oxidized to sulfonic acids [119]. With smaller amounts of
AuX, ", a single disulfide bond will be attacked to form sulfinic acid [119]. The
reaction is second order for AuCl,” while AuBr,  reacts too quickly for accurate
monitoring.

Ribonuclease (RNase) is larger than insulin and has a number of methionine
residues as well as two histidine residues at the active site [120]. RNase is shown to be
inhibited when treated with AuCl, ™ at pH 5.6 [121], the methionines are oxidized to
sulfoxides at this pH with concomitant aggregation of the protein. The protein is
partially unfolded atlower pH. At the site of unfolding, the reaction is more rapid and
the loss of activity somewhat greater [121]. Gold(III) ions may also bind to the
histidine catalytic center. In another study, gold(III) ions were noted to bind to both
histidine and methionine residues, inhibiting RNase A activity and inducing a
conformation change in the enzyme protein. However, with the addition of thiourea,
which forms stable complexes with gold ions, RNase A was able to refold indicating
that the gold-induced denaturation was largely reversible [120].

6.4.5
Enzyme Inhibition

Gold complexes have been extensively investigated for their ability to inhibit enzymes
that is, act as cellular poisons in the course of providing therapeutic benefits [122].
Examples include effects on proteolytic (auto) digestion of joint tissue, formation of
pro-inflammatory arachidonic acid metabolites (eicosanoids) and the protein kinase
C signal transduction pathway. Auranofin has caused some serious gastrointestinal
side effects (diarrhea, even fibrosis) attributed to an initial inhibition of gut wall
ATPases. While many enzymes have been postulated as targets for gold complexes,
some require mM levels of gold for ICs, while the maximum circulating levels of total
gold in vivo is less than 20 M. This circulating concentration is misleading, because
most gold is “held up” in the albumin. For enzyme inhibition to be effective from
gold agents, the K; values for the enzymes must be less than 20 uM. Table 6.3 lists K;
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Table 6.3 K; or ICsq values for biologically important enzymes and
gold complexes. Adapted from Shaw [17].

Enzyme Complex K; or ICs (1M) Ref.
Ribonuclease AuCl,~ IC50=40puM [121, 123]
Glutathione Peroxidase AuSTg Ki=23puM [109]
AuSG K=2.8uM [112]
Et;PAuSAtg K=11.6uM [112]
Et;PAuCl K;=10.8uM [112]
Myelperoxidase AuSTm Ki=180uM [124]
Et;PAuSAtg Ki=6.2uM [124]
Cathepsin-B; AuSTm ICy5 =6.8uM [125]
Et;PAuSAtg ICy5 =54 UM [125]
AuCl,~ ICy5 =20 UM [125]
Cathespin-D AuSTm ICy5 =46 UM [125]
Et;PAuSAtg ICy5 = 540 M [125]
Na, K-ATPase Et;PAuSAtg [Cs9 =200 uM [126]

or ICsq values for biologically important enzymes and gold complexes. Even this
circulating concentration is misleading, because most serum gold is transported in
the form of an albumin complex.

6.4.6
Zinc finger Proteins

The zinc finger proteins are regulatory elements for protein expression. The
coordination of cysteine to zinc in these structures is analogous to that in metallo-
thionein polypeptides. Itis thought that these particular proteins might likewise react
with intracellular gold. With coordination environments of Zn(SCy), or Zn
(His),(Cys),, they play an important role in stabilizing DNA binding elements. It
has been verified that gold compounds can interact with the particular zinc finger
proteins for the cJun and cFos proteins, both important regulators of immune
response [127].

A study was performed using DNA binding assays to assess the interaction of
gold(I) thiomalate with two different zinc finger transcription factors, TFIIIA and
Sp1[128]. Both of these factors have multiple Cys,His, zinc finger domains and play a
role in stimulating cell growth. Gold was found to dissociate from the thiomalate
complex and the free gold(I) ions could then bind to the zinc finger structure,
effectively replacing the Zn> " ion. It was found that Au' * ions exchanged between
the zinc finger domains much more slowly than Zn®>" ions indicating a higher
affinity for gold [129]. The zinc finger motifs are present in a wide variety of regulatory
proteins and are in turn regulated by the release or binding of zinc. If gold(I) ions are
able to disrupt this homeostasis due to their greater affinity, this property could also
contribute to the overall therapeutic efficacy of gold(I) complexes [128].
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6.4.7
Hemoglobin and Interprotein Gold Transfer (“Transauration”)

Hemoglobin, the major protein of the red blood cell, has two cysteine residues near the
surface (Cys-B93) and four cysteine residues that are buried (Cys-0:104 and Cys-B112)
in a tetrameric structure, o,,B,. When treated with Et;PAuCl, Et;PAu™ was found to
bind to the Cys-B93 residues of Hb as well as GSH in red cells [85]. The cysteine
residues of hemoglobin are thought to have a lower affinity for gold(I) than the Cys-34
residues of albumin. This is attributed to the fact that the reactions of Et;PAuCl are
more complete than those of Et;PAuSAtg.

Under physiological conditions, transfer of Et;PAu ™ from hemoglobin to albumin
has been observed. The transfer is direct and does not require a low-molecular weight
thiol such as GSH as an intermediary and indicates that inter-protein transfer of gold
can occur spontaneously. The rapid and efficient manner of establishing this
equilibrium (for “transauration”) could determine many of the effects of intracellular
and extracellular chemistry of gold.

6.4.8
Mitochondrial Thioredoxin Reductase

Thioredoxin reductases, belonging to the same enzyme family as glutathione
reductase, are a class of selenium-containing oxidoreductases that catalyze the
NADPH-dependent reduction of thioredoxins, a family of disulfide reductases that
maintain many proteins in their reduced state. Thioredoxin reductases have wide
substrate specificity. This is due to a second redox-active site on a C-terminal
—Cys—SeCys— (where SeCys is selenocysteine), that is not present in glutathione
reductase [67]. Thioredoxins have many roles including regulation of redox signaling
and acting as electron donors for some enzymes. Thioredoxin reductases may also
have a pathophysiological role in some cancers and for rheumatoid arthritis making it
a potential drug target [67].

Gold(I) containing drugs, particularly auranofin, are potent inhibitors of thiore-
doxin reductase, almost certainly reacting with the selenocysteine within the catalytic
site. By contrast gold(I) is a poor inhibitor of glutathione reductase which lacks this
particular amino acid [67, 129]. Inhibition of mitochondrial thioredoxin reductase
may explain some of the therapeutic/toxic effects of gold(I) drugs as antitumor
agents, given the emerging role of mitochondria as a key participants in the apoptotic
process (inducing cell death).

Auranofin and other gold(I)-phosphines induce apoptosis via selective inhibition
of mitochondrial thioredoxin reductase [67]. At submicromolar concentrations of
gold(I) phosphines, in the presence of calcium ions, mitochondrial permeability
transitions (MPT) are observed in rat liver cells including mitochondrial swelling and
loss of membrane potential. These changes have little effect on the mitochondrial
electron transport chain or glutathione reductase, but are associated with the selective
inhibition of mitochondrial thioredoxin reductase [67, 129]. After treatment with
Et;PAuCl, isolated rat heptocytes showed changes in their mitochondria, decreased
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ATP levels and oxygen consumption [66]. Et;PAuCl treatment also reduced the
potential difference across the inner mitochondrial membrane releasing sequestered
calcium from mitochondria [66].

6.5
Physiological and Cellular Biochemistry

6.5.1
Biological Ligand Exchange

In both patients and laboratory animals, gold(I) drugs are rapidly metabolized.
The carrier ligands and gold suffer different fates, not surprising in view of the
lability of the gold complexes [24, 130-133]. This occurs by exchange of ligands
between those which are exogenous, that is, present in the administered drugs,
and the many endogenous ligands. This mechanism is indicated by the lack of
free gold ions after chrysotherapy. If a dissociative mechanism was involved, then
free gold ions should be present after the carrier ligands were lost and
metabolized.

While the metabolism of gold(I) drugs is generally rapid, gold is generally
retained in vivo much longer than the original dosed agent. When radiolabeled
auranofin, Et;*'P-'Au-*SATg, was given to dogs, each component of the drug
was quickly distributed with differing fates. The half-lives of excretion for *'P and
35S being eight and six hours, respectively, while the halflife for excretion of
gold is 20 days [132]. The same triply radiolabeled auranofin was also added to
whole blood and the observation was that bond cleavage occurred much more
rapidly [132]. This in vitro experiment demonstrated that rapid ligand exchanges
occurred for each component of auranofin. Thus, within 20 minutes the gold had
primarily moved into the red cells, the acetylthioglucose was mainly bound in the
serum, and the phosphine distributed between the red cells, low-molecular
weight species, and to a lesser extent extracellular proteins [132]. A similar
study indicated the rapid displacement of radiolabeled **STm from *®Au*STm
administered to rats [133] and *STg from *®Au**STg given to mice [131]. Gold
evidently will remain in the organs much longer than the *°S label. In patients
receiving chrysotherapy, free thiomalate can be detected in the blood after the
administration of gold thiomalate [24].

These experimental findings indicate that gold drugs, as administered, probably
act as pro-drugs. The ligands present in the (original) chrysotherapeutic agents are
quickly displaced in vivo by protein and low-molecular-weight thiols and are merely
acting as carriers for introducing the gold into the body. The phosphine and
acetylthioglucose constituents of auranofin are certainly readily displaced as these
portions of the drug move freely into and out of red blood cells. Because these
“carrier” ligands are so easily displaced, the actual exposure of cells and tissues to
the intact original drug is very short-lived. Subsequently, protein-bound metabolites
are the dominant species in vivo.
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6.5.2
The Sulfhydryl-Shuttle Model

The hydrophilic gold(I) drugs which need to be injected such as AuSTm and AuSTyg,
cannot easily move into most cells. Instead, they bind to cell surfaces where they can
alter membrane transport and affect the overall cell metabolism [115, 134].

The drug auranofin on the other hand, being much more lipophilic, readily enters
many cells [135-137]. A mechanism named the sulfhydryl shuttle was invoked to
explain the uptake and efflux of auranofin metabolites from cultured macro-
phages [137]. According to this shuttle hypothesis, the AtgSH ligand is displaced
before entering the cell. The remaining “SAuPEt;” complex is transported into the
cell by a process that involves sulfthydryl-dependent membrane proteins (MSH).
These MSH proteins promote the movement of Et;PAu™ across the cell membrane
although much of the triphenylphosphine ligand may be oxidatively lost in the
membrane before the gold is shuttled into the cytoplasm. Once inside the cell,
EtsPAu’ is transferred to various proteins and low-molecular-weight sulfhydryl
species from which Et;P can be displaced and oxidized to Et;PO by further reaction
with intracellular thiols. The inward transfer (import) of gold can be blocked by
alkylation of surface cysteine residues with agents such as N-ethylmaleimide (NEM)
or oxidation to a disulfide by Ellman’s reagent (ESSE) [135-137]. This important
process is not energy-dependent and therefore not a form of active transport. Nor is it
a process of simple diffusion since modifying the cell surface thiols inhibits gold
uptake, implying that the process is nevertheless a mediated one [135].

Red cells provide a useful model for studying the likely movement of gold into and
out of cells. It was shown that Et; PAuCl moving into red cells binds to glutathione and
hemoglobin [84, 85] providing ancillary evidence for the sulfhydryl shuttle. Similarly,
[Au(CN);] has been shown to enter red cells by the sulfhydryl shuttle and its uptake
can be blocked by alkylation of membrane thiols [32].

The export of cellular gold can be done with or without Et;P bound to it. If the
complex still exists as Et;PAu ™", it can move out of the cell on the same carriers that it
entered. However, if Et;P is oxidized, gold bound to glutathione may be removed via
the same transport proteins that specifically transfer organic conjugates of GSH out
of the cell. The efflux of gold from a red cell is accompanied by an efflux of
glutathione [138]. AIbSAuSG, analogous to AIbSAuSTm and AIbSAuSAtg, is a ternary
complex of extracellular albumin with both gold and glutathione associated. It has
been suggested that AIbSAuSG could be the primary circulating metabolite generat-
ed after displacement of the carrier ligands [138].

6.5.3
Equilibration of Intra- and Extracellular Gold

Excluding gold complexes that cannot transverse the membrane such as AuSTm,
intracellular gold concentrations must approach equilibrium with extracellular
gold concentrations if active transport is not at work. The balance of gold between
the environment of a cell and within the cell will depend on the ligands available.
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In vitro Raw 264.7 macrophages and B16 melanoma showed decreased uptake of
auranofin in the presence of increasing quantities of serum albumin [137, 138].
Friend leukemia cells had a reduced of uptake of Ph3PAu(tTP) (tTP = 8-thiotheo-
phyllinate) under similar conditions [51]. Given that the cells are rather varied, the
trend is general and notlimited to specific cell types. The albumin in the medium also
reduces the cytotoxicity of auranofin to B16 melanoma cells and of 5-thiotheophyl-
linato(triethylphosphine)gold(I) to Friend leukemia cells [51, 131, 139].

For gold accumulation in cells to be an equilibrium process, it should be seen that
the equilibrium is reversible and that the efflux of gold should be dependent on
extracellular ligands. Red cells exposed to serum albumin lose more gold than cells
exposed to buffered isotonic saline [138], the enhanced efflux occurs due to the
presence of extracellular binding sites with a high affinity for gold. This finding
supports the concept of an equilibrium between intra- and extracellular gold.

6.5.4
Cytotoxicity and Antitumor Activity of Gold Complexes

Many gold compounds have been tested for their potential antitumor activity by
examining their cytotoxicity against cell lines in culture. This avoids barriers that
arise in vivo due to uncertain absorption, restricted distribution, and variable
metabolism of drugs.

Table 6.4 lists a number of gold compounds tested against B16 melanoma in vitro.
The results cannot be applied universally across all cell lines due to varying
characteristics of individual cell types. However, in general the presence of a
phosphine ligand is important for activity. Much less activity is observed for the
binary thiolate complexes, or those with carbon or nitrogen donors [140, 141]. One
example of this tendency was demonstrated in a study of 6-mercaptopurine (6-MP)
and Ph;PAuCl. While individually, the thiol ligand and Au-phosphine, that is,
Ph;PAuCl, were potent, the combined complex, that is, Ph;PAu(6-MP), was most

Table 6.4 Cytotoxcitiy and antitumor activity of selected gold
complexes on B16 Melanocytes and P388 leukocyte. Adapted
from Shaw [17].

B16 Melanoma P388 in vivo
Complex ICso (M) in vitro ILS max (%) Ref.
[AuSTml, 60 24 [64]
[AuSTg],, 166 15 64]
[AuSAtg], 150 14 [64]
Et;PAuCl 1 36 [64]
Et;PAUCN 0.4 68 64]
Et;PAuSAtg 15 70 [64]
Et;PAuSTg 2 68 64]
dppe(AuCl), 8 [63]
dppe(AuCls), 15 [63]

dppe 60 [63]
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potent [140]. Due to this tendency, auranofin analogs have shown much greater
potential as antitumor agents than the binary gold(I) thiolates previously discussed. A
difference in the two classes is that gold—phosphine complexes can enter cells while
the oligomeric thiolates cannot, and therefore, do not accumulate in cells. Table 6.4
also lists some gold compounds tested against P388 leukemia cells in vivo. The
response of the cells to treatment in vivo depends not only on the pharmacokinetics of
the specific compound and whether it accumulates in the cell, but also whether the
cells develop resistance to gold’s cytotoxicity.

Currently cisplatin in the most widely used cancer drug. Because of its time-tested
efficacy, itis used as a standard against which new potential cancer drugs are tested.
Gold(I) and gold(III) complexes, especially those with diphosphine or dithiocarba-
mate ligands, have shown promise in cell line studies. Gold(I) dithiocarbamates and
to a greater extent gold(IIl) dithiocarbamate complexes show cytotoxicity in many
cisplatin-resistant cell lines. A similar trend is observed with many gold(I) and
gold(I1l) diphosphine complexes showing activity in cisplatin-resistant cell lines.
Significant in vivo activity was observed for [Au(dppe),] © in mice with P388 leukemia,
M5076 reticulum cell sarcoma, and mammary adencarcinoma [141].

6.5.5
Oxidation States in Vivo

Gold(I) is the expected and most prevalent form of gold in vivo. There is yet no
chrysotherapeutic agent designed to specifically deliver gold(IlI). Nevertheless, the
ligand exchange reactions and interactions of proteins with gold complexes discussed
previously all indicate that the gold in the + 1 oxidation state is favored and under
some conditions, preserved biologically. Aurosomes, that is, lysosomes that accu-
mulate large amounts of gold, have been isolated from rats treated with gold(III) and
found to contain predominately gold(I) [20, 28]. Peptide and protein methionine
residues as well as disulfide bonds all reduce gold(III) to gold(I) [115, 119, 121].

Even under these conditions, the potential for gold(III) to be formed in vivo has
been explored and predicted. After AuSTm was administered to mice for some
weeks [116, 117] it was found that gold(III) in vitro elicited a hyper-reactive response
in the popliteal lymph node assay (PLNA) although AuSTm, the gold(I) species orig-
inally given, does not. The PLNA is useful because it can distinguish between the
effects of adrugorany of its metabolites which may beimmunogenic. This observation
leads to the conclusion that in vivo gold drugs can be transformed to a gold(III)
metabolite that initiates some of the immunological side effects of chrysotherapy
[130, 142]. Further clinical studies confirmed that T-cells from arthritis patients
receiving chrysotherapy could become sensitized to gold(III) but not gold(I) [119].

Oxidation of gold(I) to gold(IIl) can occur during oxidative stress, particularly
when HOCI is produced by myelperoxidase from activated leukocytes. HOCI can
oxidize gold in AuSTm, AuSTg, auranofin, and [Au(CN),]~ to form gold(III) com-
plexes [71, 142, 143] by the following reactions:

AuSR + OCI~ — AuCl; +RSO; (6.29)
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Et;PAuSAtg 4+ OCl™ — AuCl, + AtgSO; + Et;PO (6.30)

[Au(CN),]” may be oxidized to [Au(CN),]  [84] but this gold(III) complex is
reduced back to [Au(CN),]~ by glutathione. However, [Au(CN)4]” is much more
stable than other gold(III) complexes, and may perhaps diffuse from its site of
synthesis to exert its pharmacological or toxic effects, before being reduced back to
[Au(CN),] .

There appears to be a disparity between the observation that gold is present
predominantly as gold(I) in vivo but that an oxidative burst (associated with
leukocyte activation) can generate gold(III) and that T-cells can become sensitized
to gold(III) but not to the gold(I) drugs themselves. These facts can be reconciled if a
redox cycle develops [94] in which the administered drugs first form a protein—gold
(I)-ligand complex. Then during the oxidative burst this complex can be converted
to Au(III)X,~ that may be converted back to the gold(I) form by thiols, disulfides,
thioethers, and so on. This cycle accounts for the observations that metals, thiols,
proteins, and so on are seen in much greater concentration in tissues than is
stoichiometrically expected compared with the low concentration of gold adminis-
tered during chrysotherapy.

6.5.6
Immunochemical Consequences of Gold(lll)

RNase has been used as a model to investigate the possible role of gold(I1I) on peptide
presentation [111]. The immune system first subjects proteins to proteolytic diges-
tion by antigen-presenting cells (APCs), such as macrophages in order to distinguish
between “self” and “non-self.” Peptide fragments generated during the digestion are
then bound to the multi-histocompatibility complexes (MHC molecules) and trans-
ferred to the surface of the APC, where T-cells react to non-self-peptide sequences. In
auto-immune diseases, T-cells react to self-proteins not usually presented. These
proteins are called cryptic because they are not usually presented nor recognized, but
are still part of the self-protein. When a mouse is challenged with normal RNase, it
will develop T-cells that react against the peptide segment 74-88. However, challeng-
ing the same strain of mouse with gold(III)-treated RNase led to the establishment of
several CD4 " T-cell hybridoma lines responsive to gold(II1)-treated RNase, but not to
the native protein. When tested against different peptide segments of RNase,
peptides 7-21 and 94-108 elicited responses, that is, were cryptic peptides elicited
with gold(III)-treated RNase but not by native RNase. The ability of the oxidized
metal species to generate cryptic peptides may both underlie some of the adverse
(immunological) side effects experienced during chrysotherapy but also perhaps
sustain some of the beneficial effect of gold(I) therapy.

6.5.7
Anti-HIV Activity

In the context of treating AIDS, there has been recent excitement from the research of
anti-HIV properties of gold complexes. Reverse transcriptase (RTase) is an enzyme
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that converts viral RNA into DNA in the host cell. AuSTg, a reported RTase
inhibitor [144], shows activity in cell-free extracts [141], but is unable to actually
enter cells where RTase is active. [Au(STg),] can be generated in situ from AuSTgand
TgSH but appears to act in a different manner [145]. It inhibits the infection of MT-4
cells by HIV strain HL4-3 without inhibiting the RTase activity in the intact viroins.
Cys-532 on gp160, a glycoprotein of the viral envelope, has been identified as the
critical target site [145]. [Au(STm),] " is also active, but oligomeric AuSTm and AuSTg,
auranofin and many other compounds were found to be inactive.

[Au(CN),]™ is taken up into H9 cells, a T-cell line susceptible to HIV infection and
retards the proliferation in these cells. At low concentrations, as low as 20 ppb, it is
well tolerated in arthritic patients and may serve well as an adjunct alongside existing
HIV treatments [146].

6.5.8
Gold Nanoparticles

These are not strictly compounds but being charged particles they may be associated
with counterions when formulated as hydrosols for medicinal use. Recently, nano-
particles have become of great interest in the scientific community for their unique
properties, especially those containing gold [147]. Metallic gold (Au’) nanoparticles
are readily generated by the reduction of gold(III) complexes such as HAuCl, [139].
Many methods have been developed for attaching amino acids, peptides, proteins,
and so on onto the nanoparticles in order to stabilize the particles, prevent aggrega-
tion, and even help them become more soluble.

Bulk metallic gold and its alloys appear to be relatively biologically inert, many
studies showing they are not cytotoxic and do not elicit stress-induced secretion of
pro-inflammatory cytokines [143]. Consequently, gold nanoparticles have been used
as carriers of bioactive agents in gene delivery programs and shown to cause little
damage to targeted living cells and tissues with no toxic results [143]. Gold nano-
particles (27 nm) have also proven useful as a potential anti-arthritic treatment, in one
rat study showing activity 1000 times that of gold thiomalate [143]. This raises the
interesting questions as to whether Au’ is:

(i) the ultimate pharmaco-active species formed from labilized gold(I) complexes
in vivo by dismutation, that is, 3Au(I) giving 2Au® and Au(III); or

(ii) a pro-drug, needing to be locally oxidized (again involving active leukocytes) to
the actual bioregulant species (gold(I) or gold(III)) [148].

6.6
Conclusions

Gold biochemistry has seen much development in recent years. The interaction of
gold complexes with proteins and mitochondria, the possible role(s) of gold(III)
invivo, and the potential for developing future therapies using gold nanoparticles are
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all exciting prospects. Various gold complexes can generate common transformation
products (“metabolites”) in vivo which still need to be studied further as they may be
either the active species or be converted into it/them. How chrysotherapy “works” is
still elusive after decades of study. It is a continuing challenge to see if the use of gold
complexes as potential arthritic treatments can be refined, perhaps based on the
concept that the present drugs are only precursors or pro-drugs that somewhat
inefficiently deliver their therapeutic effects via far more potent intermediaries. Even
more exciting and still needing much further study are the potential antitumor and
anti-HIV activities attributed to gold complexes in the last few decades.

Yet, while we have many facts, there is still little understanding about the real
significance of the various transformations that gold complexes undergo in vivo. It is
not always helpful to consider these transformations as either useful or toxic, since
some of the clinical benefits may actually derive from controlled/selective toxicities
with one example being the local generation of [Au(CN),]” and potential restricted
delivery of cyanide within an inflammatory locus. A more helpful approach may be to
consider such local transformations, particularly those such as cyanolysis of the
Au—S bond or oxidations of gold(I) to gold(III) that may be initiated by certain
activated cell populations, for example, reactive leukocytes within an inflamed tissue
(as in arthritis) or proliferating, perhaps mutated, cells in the absence of normal
feedback controls (as in cancer).
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7
Nanoscience of Gold and Gold Surfaces
M.B. Cortie and A. McDonagh

7.1
Introduction

This chapter focuses on the phenomena that come to the fore when working with
nanoscale gold particles or structures, and their surfaces. As we will show, very
small gold structures possess physical and, in some cases, chemical properties that
can be quite different from those of the bulk phase. There are several existing
reviews of the field [1-9] usually focused on various specialized aspects of the
overall topic. The papers of Daniel and Astruc [9] and Glomm [1] are especially
comprehensive. Here we provide only an overview, seeking mainly to highlight
the latest information and insights on this subject. Furthermore, we will bias
our review towards the chemical and physical aspects of the science of nanoscale
gold and its surfaces, but will not delve into any detail into specific technological
applications.

The field of nanotechnology, which links chemistry, physics, materials science,
electrical engineering, and biotechnology, has catalyzed a strongly interdisciplinary
theme in much of current science. Metallic gold in the form of bulk surfaces,
nanoparticles, or fabricated nanostructures is widely used in this emerging
technology. This is because of gold’s chemical stability, useful surface chemistry,
and unique optical properties, which are simultaneously associated with a very
convenient range of processing technologies [6, 10, 11]. Gold is not only the most
electronegative (i.e., “noble”) of metals, it is also a good conductor of heat and
electricity, and has a face-centered cubic (fcc) crystal structure which makes it soft
and ductile. As a consequence of these properties, it is arguably easier to work with
gold at the nanoscale than with any other metal. Naturally, these same attributes
also make bulk gold an interesting element to exploit in niche macroscopic
applications such as electronics and dental prostheses. However, additional inter-
esting properties come to the fore in nanoscale gold structures. For example, gold’s
natural affinity for sulfur has stimulated much scientific interest, since it makes
gold a very convenient substrate on which to assemble ordered monolayers of a
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wide range of organic molecules containing the —SH group [10]. These are usually
termed SAMs (self-assembled monolayer)s and have been the subject of a very
prolific literature since they were placed on a scientific footing by Nuzzo and Allara
in 1983 [12].

Nanoscale coatings of organic molecules can also be formed on the surface
of colloidal gold nanoparticles, although, in this case, the coating would not
normally be called a “SAM” since it would be somewhat disordered. Such com-
posite structures are easy to synthesize in polar and non-polar media [9] and their
availability opens up a large number of interesting possibilities. The pioneering
development of immunogold labeling in 1971 [13] has inspired the use of gold
nanoparticles in many biological applications, including fluorescent biological
labels, detection of pathogens or proteins, blood immunoassays, and DNA analy-
ses [14-16]. Historically, there has also been considerable use of gold colloidal
particles in Chinese [17] and Indian [18] traditional medicine as well as in quack
Western “medicine” [9, 19]. The revolutionary work of ]. Forestier set the scene for
the rational use of gold thiolates for some types of theumatoid arthritis over fifty
years ago [19]. Recent developments suggest that colloidal gold particles may also
have applications in modern therapeutic medicine [20]. In particular, they have
been used to target and destroy cancer cells [15], macrophages [21], and patho-
gens [22]. In general, the idea is that a nanoparticle of gold, being immune to
corrosion in physiological environments, can be safely targeted to specific cells or
regions of the body, at which point some destructive action is triggered [23]. The
action might involve release of a cytotoxic compound previously conjugated to the
surface of the gold nanoparticle [24], or the generation of heat caused by a plasmon
resonance of the nanoparticle [15].

As mentioned previously, one reason for the widespread interest in gold for
nanoscale technologies is that very small, oxide-free components of it can be
fabricated. If an unoxidized (“naked”) metallic surface is required under ambient
conditions then gold and platinum are among the few viable material options.
Furthermore, since room temperature oxidation of metals normally produces an
oxide layer of at least several nanometers if not microns in thickness, it follows that
nanoscale electrically-conducting structures of most other metallic elements would
normally be rapidly destroyed by oxidation. In this particular case, the use of gold
in nanotechnology does not exploit any special nanoscale property; it is merely
based on a combination of oxidation resistance and some bulk property (such
electrical conductivity) scaled to the nano-domain. However, it is the appearance
of new and unexpected material properties at the nanoscale that has attracted the
greater interest in the field, and the situation with respect to gold is no exception.
The localized plasmon resonance of gold nanoparticles is a well known example of
such a unique nanoscale property, which we will discuss later in greater detail.
However, it is less well known that very small clusters of gold can be semi-
conducting in nature [25], photoluminescent [26] or even magnetic [27]. These
attributes are completely unexpected in an element such as gold, and are the result
of the onset of new and interesting physical and chemical phenomena that only
appear in the smallest of structures.
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7.2
Forms of Gold at the Nanoscale

7.2.1
Clusters and Nanoparticles of Less than 5 nm Diameter

We will consider the very smallest of gold nanoparticles first: clusters which consist
of at most a few hundred Au atoms. An approximate relationship between number
of atoms and size is plotted in Figure 7.1. The best of the currently available
transmission electron microscopes can detect a particle of about 2 nm diameter,
which would contain a few hundred Au atoms. Smaller clusters cannot normally be
directly imaged and are usually characterized using indirect methods such as mass
spectrometry [28] or Mossbauer spectroscopy [29]. Such small clusters are not
stable in naked form in aqueous environments, and must, for example, be produced
and collected in vacuum, or protected from aggregation by a surface layer of
capping ligands. There are several examples of ligand-capped clusters, of which
Auss[(CeHs)3P]12Clg is perhaps the best known [30]. Another cluster worth mention-
ing is Auyg, for which there is a surprisingly stable naked tetrahedral form [31].
The Au,, tetrahedron is estimated to be about 0.7 eV more stable than any of its
isomers [32], and even the Auy9 and Auy; clusters derived from it by subtracting or
adding an Au atom respectively enjoy a special, although somewhat diminished,
lowest energy status [33]. Such entities are probably most correctly considered to be
large molecules and, as such, the question of their internal “crystalline” structure
does not arise.

However, as the cluster becomes larger there comes a point at which it becomes
more accurate to consider it to be a nanoparticle, possibly with an exterior coated
with a layer of capping ligands. We consider a diameter of 1nm to be a reasonable
although arbitrary value for differentiating between “clusters” and “nanoparticles.”

hemisphere.

T

d clugters MM

sphere

10 100 1000 10000 100000
Number of Au atoms
Figure 7.1 Approximate size of nominally spherical and
hemispherical clusters of Au,, Redrawn from Cortie and van der
Lingen [34], Copyright (2002) Materials Australia.

323



324

7 Nanoscience of Gold and Gold Surfaces

ORQ

(a)
Figure 7.2 Comparison of (a) truncated octahedron,
(b) icosahedron, (c) Marks decahedron and (d) cuboctahedron.
Note the re-entrant facets in the truncated octahedron and the
Marks decahedron. Reproduced from Cortie and van der
Lingen [34], Copyright (2002) Materials Australia.

(d)

The internal atomic arrangement of the Au atoms in nanoparticles between 1 and
5nm diameter is both complex and very interesting. Of course in the bulk, that is,
macroscopic, form gold has the fce structure, and macro- or even micro-crystals of
gold exhibit the highly symmetrical cubic, octahedral or rhombododecahedral forms
associated with this crystal structure. However, it turns out that the very smallest gold
nanoparticles do not necessarily possess the fcc structure, a point which has attracted
a fair amount of discussion in the literature [35]. The problem is amenable to various
theoretical approaches and there have been several studies in which the lowest energy
structures of very small nanoparticles have been predicted or determined [36-38]. To
date, however, there is certainly not yet a complete agreement between calculation
and experiment. Conflicting claims have been made for icosahedral or decahedral
quasi-crystal structures, amorphous structures, or octahedra, cuboctahedra and
truncated octahedra based on fcc packing (Figure 7.2). In any case, it is generally
agreed that the energies of these structures are all very similar, making differentiation
in numerical or experimental work quite ambiguous [36, 37]. Nevertheless, itis found
that clusters or nanoparticles containing certain “magic” numbers of Au atoms are
more stable than others [39]. We have already mentioned Auss, while a mixture of
Marks decahedra with about 70, 110 or 140 Au atoms dominate some experimental
preparations [35].

The Auy; cluster is the smallest possible member of the sequence of icosahedral
particles and, in principle, larger icosohedra containing 55, 147, 309, 561, 923 or
more atoms are possible [40]. Both icosahedral and decahedral clusters have five-fold
symmetry and for nano-scale particles, the icosahedron yields an efficient com-
promise between surface area and packing density which, however, is only about
69% [40] (compared with the 74% expected for a fcc structure). The Marks decahedron
on the other hand has a somewhat lower strain energy [35]. In fact, cuboctahedral
clusters with fcc packing can be assembled from the same series of magic numbers
than the icosahedra [40], and, in addition, very few of these clusters (whether
decahedral or octahedral) are defect-free [30, 37, 39, 41, 42], which somewhat blurs
the classification of their atomic arrangement. Furthermore, structure types may
change as result of a change in temperature [38, 39]. It has been shown,
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that icosohedral particles of up to 12 nm diameter will transform to the decahedral
structure when heated [38].

7.2.2
Nanospheres

The topic of gold nanospheres attracted the interest of several famous nineteenth
century scientists such as Michael Faraday, Richard Zsigmondy, and Gustov Mie [43].
Interest diminished in the mid-twentieth century although some excellent contri-
butions were made by Turkevich [42, 44], Frens [45], and Brust [46] in that period
regarding the controlled preparation of nearly monodisperse colloidal suspensions.
A good review of the topic was provided by Daniel and Astruc in 2004 [9]. From a
synthetic point of view the emphasis was (and still is) very much on controlling the
diameter of the nanoparticles produced. Although gold nanospheres of various
diameters can be separated to some extent by means such as chromatography,
fractional crystallization [35], diafiltration [47], isoelectric focussing, centrifugation,
or selective precipitation, it is obviously far better to directly synthesize a monodis-
perse population of the target size. Of course, the gold nanoparticles thus produced
must be stabilized against agglomeration (reversible coalescence into loosely bound
units by weak forces of attraction) or aggregation (irreversible coalescence into bound
units by chemical or metallurgical bonding) [48].

From a structural point-of-view the “bulk” metallic state, that is, fcc lattice (with
varying densities of defects such as twins and stacking faults) is generally established
in gold nanoparticles of about 10 nm diameter and upwards. However, such par-
ticles still display many unusual physical properties, primarily as the result of
their small size. Shrinking the size of gold particles has an important effect: it
increases both the relative proportion of surface atoms and of atoms of even lower
coordination number, such as edge atoms [49] and these atoms in turn are relatively
mobile and reactive.

There are very many papers in the literature that address some aspect of gold
nanospheres. In particular, their plasmon response (see Section 7.3.1.1) has been
well studied, as has their agglomeration [50-52] and the manner in which they can be
assembled into highly ordered colloidal crystals [50, 53, 54]. The latter are interesting
and will be further discussed in Section 7.3.8.2. Conjugation of gold nanospheres
with proteins and antibodies, for use as a stain in microscopy [55] or possibly, in
medical applications [23], is another rich field.

7.2.3
Nanoshells

Hollow gold spheres or core-shell particles consisting of a gold shell on a core of some
other material have recently attracted attention. This is because they have interesting
and tunable optical extinction properties [56]. These can be readily calculated using
Mie theory [57], and there had been some scattered early interest in these shapes as a
result [58, 59], but the versatility and properties of these particles only became widely
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Figure7.3 Absorption efficiencies fora 50 nm diameter nanoshell
with varying aspect ratios. Reproduced from Harris [72], Copyright
(2006) American Chemical Society.

appreciated after a series of landmark publications [15, 60-64] and patents [65] by
the group of N. Halas in the USA. This group also coined the term “nanoshell” to
describe the morphology, although some in the field prefer the term “core-shell
particle” [66, 67]. The tunability of gold nanoshells is illustrated in Figure 7.3. Note
that the peak optical extinction of the particles can be tuned to match the so-called
tissue window [68], the part of the near IR spectrum in which our bodies are the most
transparent. Itis evident that, in principle, the core-shell particle morphology offers a
versatile platform on which to build diverse technological applications in the medical
therapeutic [15, 63] and diagnostic [62, 69] areas, as well as in spectrally selective
coatings [70] or even as the basis of a “smart” particle that can regulate its own
temperature [71].

There are three main wet chemical methods by which gold nanoshells have been
synthesized. The first involves the formation of an Au shell on an Au,S core [58, 60].
However, there has been controversy in the literature regarding the efficacy of this
technique, and it has been claimed that, to some extent, the resulting optical prop-
erties are simply those of aggregated gold nanospheres [51, 73]. The second method
involves the functionalization of some dielectric core, for example, silica [61, 67] or
latex [74], so that very small gold nanospheres become attached. Thereafter the gold
nanospheres are coarsened in a suitable growth solution so that they coalesce to form
a continuous shell. Although this technique has been claimed in a series of patents by
the Halas group [65], it is possible that they had been preceded by Mulvaney [75].
Finally, gold nanoshells or other shapes can be readily produced by galvanic reaction
with cores of a more reactive metal, most commonly, silver [76, 77].
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7.2.4
Nanorods

Gold nanorods represent another, highly tunable shape of gold nanoparticle that is
currently receiving attention from researchers. Although they have been produced
and studied since the mid 1980s [78], interest was limited until the discovery of batch
methods by which they could be synthesized in high yield, and with a controlled
aspectratio in 2001 [3, 79]. More recently, continuous synthesis techniques have been
reported [80], indicating that scale-up of production will not be difficult. Interest in
the science and applications of these particles is now quite lively. Like nanoshells,
they can be readily tuned to have peak optical extinction across a range of wavelengths
(Figure 7.4) and as aresult they too have been investigated as biomedical markers [81]
for medical treatment against cancer [82, 83], macrophages [20, 84] or invading
pathogens [22], as spectrally selective [84] or dichroic [85] coatings, or as SERS
substrates [86], to name only a few of the possible applications. There is little to
differentiate nanorods and nanoshells from one another as far as the efficiency of
their optical response (in terms of quantity of gold used) is concerned [87], but there is
now no doubt that rods can be more readily synthesized than nanoshells.

The lower symmetry of nanorods (in comparison to nanoshells) allows additional
flexibility in terms of the tunability of their optical extinction properties. Not only
can the properties be tuned by control of aspect ratio (Figure 7.4a) but there is also
an effect of particle volume (Figure 7.4b), end cap profile (Figure 7.4c), convexity of
waist (Figure 7.4d), convexity of ends (Figure 7.4e) and loss of rotational symmetry
(Figure 7.4f).

7.2.5
Other Nanoparticle Shapes

While nanorods, nanoshells and nanospheres receive the bigger share of interest
at present, there are several other interesting particle shapes such as triangles [89],
cages or boxes [76] or semi-shells [90]. These generally have more complex optical
extinction spectra due to their lower symmetry. Triangles (and spheres) have been
produced by reducing Au salts with brews or mixtures of vegetable substances [91],
but it is hard to see what advantage such a route offers since synthesis with pure
reagents should generally give better reproducibility. Cages and cubes are made by
galvanic replacement of a more active, usually silver, template [76, 92]. Finally, while
semishells can be produced by wet chemistry [93], it is also convenient to prepare
them by physical vapor deposition [90]. In this case both arrays [94, 95] and discrete
semi-shells [90] can be produced by careful control of the deposition parameters.

7.2.6
Mesoporous Sponges

There has been some interest in mesoporous sponges of gold [96, 97]. These struc-
tures combine the electrical conductivity of gold with a very high surface area.
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Reproduced with permission from Xu and
Cortie [88], Copyright (2006) Wiley-VCH.

Possible applications include optical coatings [98], catalysts [99-101], substrates
for Surface Enhanced Raman spectroscopy [102] or biosensor electrodes [103].
Mesoporous gold can be prepared by de-alloying a suitable precursor such as a
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Figure 7.5 Two topologically distinct types of mesoporous gold
sponge, each with 50 volume % gold. (a) Swiss-cheese
morphology produced by de-alloying, (b) aggregated particle
morphology produced by sintering of nanoparticles.

gold-silver or gold-copper alloy [98, 104] or an Au—Al intermetallic compound [99, 105],
or by aggregation and partial sintering of gold nanospheres. It is important to note,
however, that de-alloying produces a sponge with very different topology to that
produced by the sintering of particles. This is illustrated in Figure 7.5, which shows
blocks of two sponges, each with the same volume fraction of gold, but produced by
the two different techniques. In general, percolation is achieved at a far lower volume
fraction of gold in the sponge produced by de-alloying, and this has a dramatic
influence on the optical and mechanical properties.

7.2.7
Thin Films

Films of gold with a thickness of more than about 50 nm are basically no different in
their physical and chemical properties to bulk gold. One of their attributes that has
proved to be very useful in a scientific sense, is that the gold crystallites tend to take
up a strong (111) crystal orientation with respect to the plane of the substrate. In
particular, thin films of gold on mica, prepared by physical vapor deposition followed
by gentle annealing, display large, flat (111) domains that are ideal for the self-
assembly of ordered monolayers of diverse organic molecules. There is an extensive
literature which addresses this phenomenon, and we will provide an overview of it
in Section 7.4. Films which are thinner than about 50 nm have some interesting
“nanoscale” properties. One aspect that has attracted commercial attention in the past
is that such films are moderately transparent to visible light, yet reasonably reflective
with respect to the near infra-red. This is an ideal combination of properties for solar
filters, as applied for example, to windows [106]. Simulations of the transmission of
light through a series of thin films of gold applied to glass are plotted in Figure 7.6.
The thinnest continuous coatings that can be produced are in the range 15 to 20 nm
thick. If less than that amount of gold is applied the coating is no longer continuous
and its optical properties change significantly. In particular, it develops localized
plasmon resonances (see Section 7.3.1.1) with light in the 530 to 650 nm region of the
spectrum, while reflectivity in the near infra-red becomes negligible [106, 107].
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Figure 7.6 Simulations of the transmission of light through
continuous thin films of gold. Data courtesy of Dr A. Maaroof,
University of Technology Sydney.

7.2.8
Assemblages of Nanoparticles

7.2.8.1 Disordered Aggregates

The coalescence of colloidally suspended gold nanoparticles into agglomerates or
aggregates is a nuisance for some and an opportunity for others. Generally, workers
seek to avoid the collapse of their sols, a process which necessitates the use of pure
starting materials and clean glassware. On the other hand, there is a color change
accompanying the collapse, and the sol changes from burgundy red, through purple,
blue and on to black. This has been used as the basis of a colorimetric sensor [108] for
analytes as diverse as DNA [16] and lead [52]. The agglomeration process can also be
detected by non-optical methods [109]. Further information may be found in some
other recent publications on the subject [110)].

7.2.8.2 Colloidal Crystals

If the process of agglomeration is allowed to take place slowly in a dispersion of
monodisperse gold nanospheres, then highly ordered structures known as colloidal
crystals, supracrystals, or artificial solids may form, Figure 7.7. These crystal-like
structures may have a size of up to several microns and contain nanospheres
arranged in a closest-packed configuration. In general they are believed to be fcc
or, less often, hexagonal close packed, however in either case the “crystal” has a large
number of stacking faults [50, 54, 111]. The process of colloidal assembly is driven by
dispersive forces, and the Hamaker constant of Au-to-Au across the intervening
medium is an important parameter. It is worth noting that the Au-water-Au, for
example, has one the highest of the known Hamaker constants (40 x 102°J, to
be compared with polystyrene-water-polystyrene of ~1 x 10 2°J [112)). It is also
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Figure 7.7 Colloidal crystal formed from oleylamine-stabilized
gold nanoparticles, Reproduced with permission from Harris et al.
[53b], Copyright (2007) Institute of Physics.

possible to assemble supracrystals using ligand-ligand bonding, for example, face
centered, body-centered and simple cubic structures have been formed this way from
gold-DNA conjugate particles [113].

7.3
Onset of New Phenomena

7.3.1
Optical

7.3.1.1 The Plasmon Resonance

The electromagnetic waves of light can only penetrate several tens of nanometers into
gold before being completely attenuated. This is however sufficient to generate some
very interesting phenomena. In the case of bulk gold or thin gold films, light of an
appropriate frequency can be coupled onto the surface where it becomes confined as
a traveling wave known as a surface plasmon polariton [114]. These can propagate
some tens of microns along the surface before being dissipated [115]. While various
“plasmonic” devices have been proposed to exploit this particular phenomenon, it
is its application in surface plasmon resonance spectroscopy (SPR) that may be of
greatest value currently, and which is the basis of many commercially available
instruments. In this technique a laser beam is coupled onto the surface of a gold film,
which in turn is functionalized to selectively capture an analyte molecule. The nature
of the reflected beam is affected by any change in the localized refractive index
in the near-field above the gold film. This technique allows the exploitation of the
unique surface chemical properties of gold films to be combined with a plasmonic
phenomenon to yield a sensitive technique for detecting the binding of organic
molecules such as proteins [116].
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A related phenomenon, localized surface plasmon resonance, occurs only in
discrete nanostructures. In this case, light of an appropriate frequency causes the
“free” electrons of gold (and those of a few other elements such as silver, copper,
aluminum and sodium) to resonantly oscillate in the electric field of the light. As a
result, much of the energy of the light at the resonant frequencies is absorbed or
scattered. The resulting extinction peak in, for example, colloidal suspensions of the
nanoparticles, causes them to exhibit strong and beautiful colors in transmission.
Gold nanospheres of between 10 and 50 nm diameter selectively absorb the blue and
green light with a peak extinction at wavelengths between 520 and 540 nm, causing
suspensions or coatings of such particles to have a burgundy red color since that is,
the predominant color of the light remaining. Two useful accounts of the phenome-
non are available elsewhere [2, 117].

The important points to note here are that (i) spherical gold nanoparticles are the
most stable form, because that shape offers the minimum surface area for a given
volume, (ii) the optical extinction for nanospheres of gold peaks at around 520 nm
(green light) and (iii) extinction is due to the additive effects of absorption and
scattering (Figure 7.8). However, the overall optical extinction for particles of less than
100 nm diameter is dominated by absorption rather than by scattering. The absorbed
light is converted to heat, which is the basis for some of the proposed technological
applications of gold nanoparticles.

The principles of SPR spectroscopy described earlier can be extended to exploit
the localized plasmon resonance in nanoparticles of gold [108, 119] in the technique
known as localized surface plasmon resonance spectroscopy (LSPR). However, this
is not yet in the commercial mainstream. Other applications of gold nanoparticles
for chemical analysis depend on optical effects caused by the surface enhanced
Raman effect [120], particle aggregation [16, 52], a shift in peak resonance [121], or
resonant fluorescent enhancement [122]. The tunability of the optical extinction in
nanorods and nanoshells has suggested their use for new medical treatments [15,
23, 82], medical imaging [64, 81], solar glazing [84, 123], solar thermal harvest-
ing [70], spectrally and angularly selective coatings [93, 94], dichroic and polarizing
filters [85], decorative applications [124], plasmonic wave-guides [125, 126],
plasmonic “circuits” [126, 127], and for the basis of building metamaterials
(with negative refractive index [128], “invisibility” [129], or super-lensing [130]
capabilities).

7.3.1.2  Manipulation of the Plasmon Resonance

The plasmon resonance in gold nanostructures can be modulated or shifted in
diverse ways, and this flexibility is part of the reason for the great interest in these
systems. We have previously mentioned that the peak extinction can be controlled by
the aspect ratio of gold nanoshells and nanorods. However, the absorption peak can
also be red-shifted to the top of the visible by aggregating the individual spheres,
with the resulting material possessing a deep blue color in transmission [51]. The
wavelength at which maximum absorption occurs can be controlled by varying the
interparticle spacing or, equivalently, the volume fraction of gold.
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Figure 7.8 Optical properties of solid gold spheres of indicated
diameters, (a) absorption, (b) scattering. Redrawn from Cortie
et al. [118], Copyright (2005) Society of Photo-Optical
Instrumentation Engineers.

7.3.1.3  Fluorescence and Luminescence

The light emitting properties of very small gold nanoparticles (<2 nm in diameter)
has also been the subject of some interest. It has been claimed that such particles
of gold behave like semi-conductor quantum dots, with an analogous fluores-
cence [26, 131]. On the other hand, while it is certainly true that preparations
of gold-containing organic compounds fluoresce [132, 133], the origin of the light
emission may lie in the molecule rather than any nanoscale gold cluster as such.
Light emission from gold-containing molecules is not strictly a nanoscale phenome-
non and so this will not be discussed further here. On the other hand, genuine
luminescence of a different kind from naked gold surfaces and metallic nanoparticles
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is certainly possible, albeit with a very low efficiency [134]. The two-photon lumines-
cence of gold nanoparticles can be quite efficient [135] and that of gold nanorods has
been demonstrated as a biomedical contrast agent [136]. These are topics that would
warrant further investigation.

732
Physical

7.3.2.1 Depression of the Melting Point
Very small particles of a substance have a depressed melting point relative to the bulk
due to the curvature of their surfaces, which may be expressed as [137, 138]:
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where Tp,(r) and T, () are respectively the melting points of a particle of diameter d
and the bulk, L is the molar heat of fusion, p is density, y is surface free energy, d the
diameter, and the subscripts sand I refer to solid and liquid respectively. The situation
for gold has been both measured and modeled, and the melting point of 1.5 nm gold
spheres was found to be in the range 600 to 650K [39, 137]. It is reasonable to
extrapolate the melting point of even smaller nanospheres downwards, perhaps to as
low as 470K, or even below that [138]. Therefore, it is possible that the very small
gold nanoparticles used in catalysis might, in some cases, be molten at their service
temperatures- a factor thatis, very seldom considered. On the other hand, atleast one
prediction has appeared in the literature that the melting point of a few, especially
stable clusters might disobey this general trend. Au,, for example, appears to be very
stable, and it has been predicted that it would melt sharply at about 1200 K[139]. This
implies that this cluster should be treated in a physical, thermodynamic and chemical
sense as a quite distinct phase to bulk gold and in the other nanoscale structures
discussed here.

7.3.3
Chemical

7.3.3.1 Heterogeneous Catalysis

It is now well known that nanoparticles and nano- or mesoporous sponges of gold
have catalytic properties, and the oxidation of carbon monoxide has been particularly
well studied in this regard. The reports of Hutchings [140] and Haruta [141] in the
1980s were influential in this field in so far as they described very positive results with
gold, but there had even been a few older reports in the literature, see Ref. [142]. The
scientific understanding of catalysis by gold is evolving rapidly and the topic has been
reviewed several times in the last decade [4, 5, 8, 49, 142-144]. Here we will confine
discussion to the points most salient to nanotechnology. The central question is of
course the nature of the mechanism responsible for the catalytic efficacy of gold. In
the case of the most studied reaction - the oxidation of CO —a widely held view is that
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“activation” of the O, absorption and perhaps the oxidation reaction itself occurs
at the perimeter of a hemispherical gold nanoparticle attached to a suitable oxide
substrate, while adsorption of the CO occurs at corners, edges and other lowly
coordinated sites of the nanoparticle. Both discrete gold nanoparticle and the
oxide support are required to produce an enhancement of reaction kinetics in this
view [142, 144]. It was claimed that the rate of CO oxidation scaled in proportion to the
length of perimeter available. However, it has been shown elsewhere that improbably
precise measurements of particle size and reactivity would be required to prove this
point from a plot of activity versus particle size alone [34]. It was mentioned before
that very small Au nanoparticles lose their metallic character, becoming semi-
conductors [25]. Might this be the explanation for the catalytic efficacy of very small
Au nanoparticles? In this view the gold nanoparticles become catalytically active
when they acquire a particular value of band gap. The idea is intriguing but is rejected
by the mainstream [144].

In any case, it is interesting to note that catalytic efficacy has been observed
with nano- or mesoporous gold sponges [99-101, 145] suggesting that neither a
discrete particle nor an oxide support is actually a fundamental requirement for
catalysis. An alternative mechanism invokes the nanoscale structural effect noted in
Section 7.2.2, and proposes that the catalytic effect of nanoscale gold structures is
simply due to the presence of a large proportion of lowly-coordinated surface atoms,
which would have their own, local electronic configurations suitable for the reaction
to be catalyzed [34, 49, 146] A recent and readily available study by Hvolbaek et al. [4]
summarizes the support for this alternate view.

7.4
Surface Chemistry of Gold

In this section, the surface chemistry of non-metals adsorbed as thin layers, films or
SAMs on gold surfaces is discussed. Although attachment by a sulfur atom is by far
the most predominant binding motif, many other elements may be used to bind to
gold. Particular focus is given here to surface binding through atoms other than those
already extensively covered in the literature.

7.4.1
Hydrogen

The hydrogen molecule does not chemisorb onto clean sintered gold surfaces at
or above 78 K [147] but on unsintered films, a small amount of H, is chemisorbed if
gold surface atoms of low coordination number are present [148]. Stobinski [149]
found that H, can also chemisorb on thin sintered Au films if the surface is covered at
low temperatures with a small amount of gold equivalent to 1-3 Au monolayers prior
to H, exposure. This suggests a fundamental role of surface Au atoms of low
coordination number in the chemisorption process. Deuterium molecules also
chemisorb in a similar fashion on gold films at 78 K and isotope effects were
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observed during the desorption process [149]. Eberhardt et al. report molecular
hydrogen adsorbed onto Au at 4 K and their observation that the molecule is very
weakly bound and desorbs at about 15K suggests a physisorbed, rather than
chemisorbed, molecule [150]. Although H, does not generally dissociatively adsorb
on gold due to the high energy barrier and relatively weak chemisorption state [151],
dissociative adsorption was reported for H, on thin Au(111) films grown on Ir
(111) [152]. This may be a function of local surface features such as defects or steps
providing H, dissociation sites. Atomic hydrogen can be adsorbed onto gold if the
molecules are pre-dissociated [153, 154], for example, by use of a hot filament at
temperatures up to 150 K [155]. The adsorbed hydrogen atoms desorb to give H, at
temperatures around 216 K.

7.4.2
Halogens

There are few reports that describe the interaction of molecular fluorine F, with gold
surfaces. Metallic gold is quickly dissolved when exposed to F, at room temperature
in the presence of anhydrous hydrogen fluoride containing an alkali fluoride to
give the alkali salt of the AuF,  anion [155]. Arutyunov and Chaikin describe the
interaction of fluorine atoms produced by a microwave discharge in a mixture of F,
and He with gold to yield the species AuFs [156]. Exposure of a gold surface to F, or
XeF, gas gives not more than a monolayer of adsorbed fluorine, which is contrast to
silver surfaces where fluorine is taken up to form silver fluoride films [157]. NF; may
be molecularly adsorbed on Au(1 1 1) surfaces but desorbs below 80 K. In monolayer
regions, NF; is adsorbed via the N atom, directing fluorine atoms away from the
surface [158].

In the early 1970s, Kishi and Ikeda reported that chlorine gas formed an adsorbed
species on gold [159]. Spencer and Lambert investigated chlorine adsorption on the
gold (11 1) surface at 298 K and suggested the formation of a surface chloride species
AuCl [160]. Kastanas and Koel subsequently proposed that gaseous molecular
chlorine dissociatively adsorbs to Au(1 1 1) above 120 K [161]. No molecular chlorine
adsorbs at or above 120 K but rather chemisorbed chlorine adatoms are formed and
not surface chloride compounds, as previously suggested. Two desorption events, at
790 and 640 K, involve desorption of Cl g  and Cl ), respectively, and no desorption of
AuCl species was observed. The estimated dissociation energy of the Cl—Au bond is
~225k] mol ™, which is at least 80k] mol " smaller than that of chlorine on Ag.
Friend et al. [162] demonstrated that chlorine disperses clustered Au—O complexes
on Au(111), redistributing the oxygen on the surface. The presence of chlorine alters
the Au—O bonding, which may relate to the observation that chlorine has a dramatic
effect on the selectivity for olefin epoxidation on Au surfaces [163]. Chlorine co-
adsorbed with oxygen on Au(1 1 1) inhibits combustion, formation of organic acids,
and the deposition of residual carbon. Chlorine adsorption on the reconstructed Au
(00 1) surface changes the surface structure toa 1 x 1 structure at room temperature,
probably as a consequence of chemical-bonding of the adsorbate [164]. Similarly,
chemisorption of bromine on Au(1 0 0) surfaces reconstructs the (5 x 20) structure
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to give a (1 x 1) surface upon low bromine exposures. Thermal desorption of
bromine from Au(100) occurs in atomic form with two main desorption features:
a peak around 800 K and a very broad feature starting to appear at surface coverages
exceeding 0.25. An adsorbate layer model with bromine atoms in the bridge positions
and strongly coverage dependent lateral interactions was proposed [165].

lodine and bromine adsorb onto Au(1 1 1) from sodium iodide or sodium bromide
solutions under an applied surface potential with the surface structure formed
being dependent on the applied potential [166]. The iodine adsorbate can also affect
gold step edge mobility and diffusion of the Au surface. Upon deposition of a layer
of disordered surface iodine atoms, the movement of gold atoms (assisted by the
2-dimensional iodine gas on the terrace) from step edges out onto terraces occurs.
However, this diffusion occurs only at the step edge when an ordered adlayer is
formed [167].

As well as the adsorption of halogen atoms or molecules, the adsorption of
halide anions to gold surfaces has been extensively studied and a comprehensive
review of the area has been published by Magnussen [168]. The degree of specific
adsorption to gold surfaces increases in the order F~ <Cl” <Br™ <I™ with F~ only
weakly specifically adsorbed. The presence of halide anions can also affect the
electrodeposition of organic molecules such as pyridine on Au surfaces with chloride
and bromide solutions suppressing the formation of ordered N-bonded pyridine
layers [169].

743
Oxygen

In 1970 Macdonald and Hayes reported that oxygen adsorbs to the surface of gold
powder [170]. Canning et al. [171] found that oxygen did not adsorb on clean Au
surfaces for oxygen pressures up to 1.3 x 10~ * Pa and sample temperatures between
300 and 600 K. At the same time, Pireaux et al. [172] reported that chemisorption of
molecular oxygen on Au(1 10) or Au(1 1 1) surfaces is dependent on surface impuri-
ties such as Si. Molecular or atomic oxygen adsorption does not occur on the stepped
surface of a gold tip at temperatures between 300 and 350K and the dissociative
adsorption process is not activated by electric fields of the order of 6 Vnm ' [173].
Thus, a number of techniques to deposit O on gold have been developed, most of
which are described by Meyer in a 2004 review [8]. For example, below 50 K, dioxygen
physisorbs readily with a binding energy <12 k] mol ' and this physisorbed O, can
be activated by electron or by photon impact to form chemisorbed O films [174].
Interestingly, a report by Rao et al. [175] that oxygen adsorbs molecularly on gold at
low temperatures (~100 K) and also desorbs molecularly upon warming may in fact
reflect the physisorption process rather than chemisorption.

Adsorption of oxygen atoms, achieved via electron-induced dissociation of nitro-
gen dioxide, induces restructuring of the gold surface. Figure 7.9 is illustrative. The
number density of “elbows” (dislocations corresponding to a change in direction of
the reconstruction) in the herringbone structure decreases with increasing atomic
oxygen coverage. Small islands and serrated step edges form, presumably due to the
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Figure 7.9 STM images of reconstructed Au(111) (left) and Au
(111) covered with 0.4 ML of oxygen atoms (right). Images are
100 x 100 nm. Reproduced with permission from Min et al. [176],
Copyright (2005) American Physical Society.

release of gold atoms from the “elbows” of Au(1 1 1) [176]. Clusters of gold oxides may
form at high oxygen coverage by abstraction of gold atoms from terrace sites and
these structural changes further affect the reactivity of the gold surfaces with respect
to dissociation of [177].

In conjunction with the experimental data, DFT calculations have shown that O,
binding to an Au(11 1) surface is promoted by the adsorption of Au clusters [178].
Because O, does not bind to the flat faces of gold surfaces, this area has quite sig-
nificant implication in the area of CO catalysis. A review discussing the role of DFT
in understanding CO oxidation on gold particles has been recently published [179].

7.4.4
Sulfur

The gold-sulfur interaction is the most studied. Far from being an inert surface, it has
been shown that the interaction of sulfur with Au(1 1 1) surfaces has a dramatic effect
on the gold structure. In a similar fashion to oxygen (see Section 7.4.3) sulfur lifts the
herringbone reconstruction of Au (11 1) surface at relatively low coverages (<0.1 ML).
At higher coverages (>0.3 ML) gold surface atoms are removed from regular terrace
sites and incorporated into a growing gold sulfide phase. This process give rise to the
commonly observed pit and mound surface morphology [180].

Sulfur-anchored SAMs and thin films, mostly from organosulfur precursors, have
been discussed at length by a number of authors [10, 181]. SAMs of organosulfur
compounds (thiols, disulfides, sulfides) form on gold substrates by spontaneous
adsorption from either the liquid or the vapor phase. A number of experimental
factors can affect the formation and structure of SAMs such as choice of solvent,
temperature, concentration, immersion time, purity of adsorbate, oxygen concen-
tration in solution, cleanliness, and structure of the adsorbate. Interestingly, the
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Figure 7.10 Chemical structures of phenyl isothiocyanate (left) and benzyl isothiocyanate (right).

absorption of H,S is completely reversible. Also, unsymmetrical disulfides are useful
for preparing mixed SAMs.

7.4.4.1 Isothiocyanates

SAMs can be formed from benzyl isothiocyanate or phenyl isothiocyanate molecules
on gold and have upright geometries binding via the sulfur atom (see Figure 7.10).
Kinetic data suggest that benzyl isothiocyanate should self-assemble faster than
the phenyl analog, which has a less upright orientation relative to the surface [182].
Importantly, the single-molecule conductance of n-butanediisothiocyanate was
found to be an order of magnitude greater than that of n-octanedithiol even though
they both contain ten atoms (counted from sulfur to sulfur), which may have
implications in molecular electronic applications. The preferential adsorption site
for isothiocyanate appears to be the atop site on gold [183].

7.4.5
Selenium and Tellurium

Although the sulfur-gold bond has been most investigated, the Group 16 elements
selenium and tellurium have also attracted attention and are discussed in detail here
(polonium has not received attention due to its radioactivity).

Alanyalioglu et al. [184] showed that Se may be electrolytically deposited on Au
(111) electrodes immersed in SeO, solutions. The selenate species is first reduced
to selenite followed by a four-electron, four-proton reduction of selenite to Se. The
selenium coverage corresponds to approximately 0.41 monolayers, which agrees
with the scanned probe microscopy investigations on this system [185]. Ordered
selenium atomic layers may be formed electrochemically on Au(1 0 0) surfaces either
by direct reduction of HSeOs3, or by anodic or cathodic stripping of previously formed
bulk Se. Coverages of 0.25, 0.33, 0,5, and 0.89 monolayers have been reported using
these three methods and resulted in similar atomic layer structures on the Au(100)
surface [186].

Studies of octylchalcogenate films on Au(1 1 1) by Nakamura et al. [186] found that
the primary adsorbate species are chemisorbed chalcogenolates. At maximum
coverage, octylSe and octylTe monolayers have lower coverage than the thiol analogs.
The average tilt angle of the methyl group of the octylSe and octylTe monolayer is
larger than that in the octylthiol molecules, possibly a consequence of the lower
surface coverage of the octyl heavy chalcogenolate monolayers compared with that of
the thiol analogs. In the formation of telluride monolayers, Nakamura et al. [187] used
ditellurides (R-Te-Te-R, where R = n-butyl or n-octyl groups) to form films by auto-
oxidation of the ditelluride. Compared with S and Se anchored films, the Te films
were significantly more electronically insulating.
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Self-assembled monolayers formed by immersing Au(1 1 1) surfaces into solutions
of benzeneselenol and diphenyl diselenide were investigated by scanning tunneling
microscopy and Auger electron spectroscopy. Chemisorption of benzeneselenol
produced numerous gold islands (20-200A in diameter) on the surface. Upon
annealing at 323K in air, these gold islands coalesce to form larger, hexagonal-
shaped islands. Chemisorption of diphenyl diselenide is qualitatively similar and
upon annealing appears to produce the same surface structures observed with
benzeneselenol [188]. Comparison of films on gold(1 1 1) formed from benzenethiol,
benzeneselenol and diphenyl ditelluride showed that gold-sulfur and gold-selenium
bonds formed in a stable manner with the gold-selenium molecular system able to
carry larger current at a lower voltage than the thiol analog [189]. STM experiments on
isolated bisthiol- and biselenol-terthiophene molecules inserted in SAMs of dode-
canethiol on gold showed a very similar behavior for the adsorption onto the gold
surfaces. The Se anchor provides a better metal-molecule electronic coupling than
S [190], which was also confirmed by DFT calculations and UPS experiments [191].

Single-molecule conductance measurements of bis(acetylthio)terthiophene and
bis-(acetylseleno)terthiophene molecules embedded in SAMs of octanethiol mole-
cules were preformed with repeated analysis of a chosen target molecule. Bond
fluctuations were far more prevalent in the sulfur-anchored molecules than in the
selenium-anchored molecules, which may again be evidence for a more stable Se—Au
bond compared with S—Au [192]. Using ab initio methods, Mankefors et al. calculated
that for all physically realizable coverages, the Au-Se bond is ~0.25 eV stronger than
the corresponding Au—S bond. The Se bond also displays a higher degree of
metallicity [193].

Docosaneselenol, which has twenty two carbon chain, spontaneously forms an
ordered SAM on gold(11 1) surfaces from solution [194]. Investigation into SAMs
of n-dodecaneselenol on Au(l11) using electrochemical impedance spectroscopy
showed that film formation follows a two-step process. A monolayer is formed within
the first minute after the electrode has been brought into contact with the deposition
solution. The second step involves film reorganization and self-ordering, which can
last for several hours. At small deposition times the SAM forms as many small islands
of dodecaneselenol film on an Au substrate. As the time of deposition increases, the
islands coalesce forming fewer, but larger, pinholes compared with short deposition
times [195].

In an elegant experiment, SAMs of 4,4'-biphenylsubstituted alkaneselenolates,
CHj;(CeH4)2(CH,)nSe (where n=2-6) were formed on gold and silver substrates
(see Figure 7.11). The average tilt angle of the biphenyl moieties exhibits a sys-
tematic variation with varying number of CH, units in the alkyl chain. It was
concluded that the substrate-Se-C angles were 104 and 180° on Au and Ag surfaces,
respectively [196].

7.4.6
Nitrogen

Amines have been utilized to bind SAMs to gold surfaces and nanoparticles.
Venkataraman et al. [197] found that in terms of molecular electronic junctions,
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Figure 7.11 Orientation and packing for 4,4"-biphenylsubstituted
alkaneselenolate molecules on Au and Ag showing the difference
between an odd and even number of CH, groups in the alkane
chain. Reproduced with permission from Shaporenko et al. [196],
Copyright (2007) American Chemical Society.

amines gave more reliable conductance data than thiol analogs, which was attributed
to the preferential adsorption of the nitrogen to gold adatom sites. The preference for
nitrogen-containing molecules to adsorb to the atop sites of gold surfaces has also
been shown using DFT calculations in the case of ammonia [198], aniline [199], and
other amine compounds [200].

Chen et al. [201] investigated the single-molecule conductance of alkanes termi-
nated with either dicarboxylic-acid, diamine, or dithiol anchoring groups. The contact
resistance was again found to be dependent on the anchoring group, which varies in
the order Au—S>Au—NH,>Au—COOH.

7.4.7
Phosphorus, Arsenic, Antimony

The triphenyl compounds of Group 15 elements (XPh;, X =N, P, As, Sb, Bi) adsorb
as monolayers on gold except in the case of bismuth where BiPh; tends to form
oxygen-containing oligomeric or polymeric species on gold [202]. Uvdal et al.
showed that tricyclohexylphosphine adsorbs on to gold and does so in preference
to tricyclohexylphosphine oxide. Chemisorption through the phosphorus atoms is
indicated such that the adsorbates donate electrons to the substrate [203]. Solution
deposition of dimethylphenylphosphine (dmpp) results in a strongly bound layer on
gold. The structure and binding of dmpp deposited from the gas phase in UHV are
different from those obtained in toluene solution with the phosphine-metal bond
stronger for solution deposited layers. Physisorbed dmpp layers desorb as intact
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molecules but considerable decomposition of the molecules occurs upon desorption
for the UHV-deposited thin layer on gold as well as for solution-deposited films [204].
Diphenylphosphine, diphenylarsine, diphenylstilbine, as well as diphenylamine
groups can be used to promote the adsorption of poly(styrene) on gold to give thin
polymer layers on the surface. Upon immersion of the layers into pure solvent,
the functional groups withstand desorption into pure solvent when bound to the
polymer, while they are removed completely in the case of the corresponding low
molecular weight compounds [205]. Adsorption of the dimethylphenyl-, methyldi-
phenyl- and triphenylphosphine molecules on to gold surfaces significantly changes
the electron distribution in the adsorbed phosphine molecules as probed by infra-red
spectroscopy. The strength of chemisorption decreases with an increasing number of
phenyl groups of the phosphine. The chemisorbed phosphines appear to be prone to
oxidation with IR features observed corresponding to the formation of methoxy
and/or phenoxy phosphine species on the surface [206]. On gold powders, double and
triple layers of dimethylphenylphosphine may be formed [207]. DFT calculations
confirm that the absorption of phosphines on to gold is favorable with the Au—P
surface bonds having energies of in the range 55-84 kJ mol ' [208].

7.4.8
Carbon

The adsorption of CO on to gold surfaces has attracted a huge amount of interest due
to the potential of catalysis and this topic has been reviewed by Meyer [8].

Kim et al. [209] have studied conjugated oligoacenes of increasing length with
either thiol (-S) or isocyanide (-NC) linkers using conducting probe atomic force
microscopy and UPS. In the molecules studied, the Au-CN contact was found to be
more resistive than the Au-S contact. The difference is explained by noting that the
highest occupied molecular orbital (HOMO) of the isocyanide series is lower in
energy than the HOMO of the thiols, which leads to tunneling barrier at the point
of contact between the molecule and surface in the case of the isocyanide-linked
molecules.

Surface-enhanced Raman spectroscopy (SERS) showed that the alkyne group in
ethynylbenzene (phenylacetylene) binds to gold surfaces [210] as well as to nano-
particles [211]. DFT calculations showed that the terminal carbon of ethynylbenzene
can make a strong bond with the Au(111) surface [212], which was subsequently
shown experimentally by McDonagh et al. [213] and by Gorman and co-workers [214],
who attached a number of different terminal alkynes to gold surfaces as well as
stabilizing gold nanoparticles using dodecyne molecules.

7.5
Conclusions

The chemical and physical properties of gold make it highly suitable for exploitation
in diverse types of nanotechnologies. In particular, gold surfaces provide a convenient
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platform on which to assemble monolayers or other structures of diverse organic

molecules. In addition, very small gold structures have a plasmon resonance with

light in the visible and near infra-red parts of the electromagnetic spectrum which

provides a further set of interesting capabilities. For these, and other, reasons,
nanoscale gold structures lie at the heart of many new or proposed nanotechnologies.
Examples include chemical analysis by Surface Plasmon Resonance, new kinds of
molecular electronics devices, spectrally-selective coatings for windows, biodiagnos-
tic stains and sensors, and new types of medical therapies.
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8
Liquid Crystals Based on Gold Compounds

Silverio Coco and Pablo Espinet

8.1
Introduction

8.1.1
A Few General Concepts in Liquid Crystals

Most solid materials produce isotropic liquids directly upon melting. However, in
some cases one or more intermediate phases are formed (called mesophases), where
the material retains some ordered structure but already shows the mobility charac-
teristic of a liquid. These materials are liquid crystal (LCs)(or mesogens) of the
thermotropic type, and can display several transitions between phases at different
temperatures: crystal-crystal transition (between solid phases), melting point (solid
to first mesophase transition), mesophase-mesophase transition (when several
mesophases exist), and clearing point (last mesophase to isotropic liquid transi-
tion) [1]. Often the transitions are observed both upon heating and on cooling
(enantiotropic transitions), but sometimes they appear only upon cooling (monotropic
transitions).

Similar behavior can occur when a crystalline network is disassembled by adding
a solvent rather than by heating. These mesogens are called lyotropic liquid crystals
and the mesophase formation shows temperature and concentration dependence.
They are very important in biological systems, but have been much less studied in
materials science.

Liquid crystal behavior is a genuine supramolecular phenomenon based on the
existence of extended weak interactions (dipole—dipole, dispersion forces, hydrogen
bonding) between molecules. For the former two to be important enough, itis usually
necessary for the molecules to have anisotropic shapes, able to pack efficiently so that
these weak interactions can accumulate and co-operate, so as to keep the molecules
associated in a preferred orientation, but free enough to move and slide, as they are
not connected by rigid bonds.
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(e O C=0)

{a)
N=C—Au—C—N »
{b}

Figure 8.1 Typical shapes: (a) rod-like mesogenic molecule;

(b) disk-like mesogenic molecule based on a polyaromatic core;
(c) polycatenar mesogenic molecule, combining rod-like and
discotic features. Note that the chains will not have the rigid
representation shown in the drawing.

Considering structural factors in the molecule, thermotropic LCs can be classified
into three groups: calamitic (formed by rod-like molecules), discotic (formed by disk-
like molecules), and polycatenar mesogens (intermediate shape between rod-like and
disk-like) (Figure 8.1). The last type is based on molecules with a somewhat extended
calamitic central core containing several long substituents, giving rise to the name
polycatenar (literally many-tailed). These types of structures determine the resulting
intermolecular arrangement in the liquid crystal phase, that is, the structure of the
mesophase. Polycatenar mesogens display mesomorphism characteristic of rod-like
or disk-like mesogens depending on the number, length and arrangement of the
chains.

The mesophases of calamitic mesogens are classified in two groups: nematic and
smectic. The nematic mesophase (N) is characterized by an orientational order of the
molecules that are aligned along a preferred direction (defined by a director n)
(Figure 8.2). The molecules can slide and move in the nematic mesophase (while
roughly keeping their molecular orientation) and rotate around their main axis. This
is the less ordered mesophase and it is usually very fluid.

In the smectic mesophases the molecules are oriented, as in a nematic mesophase,
with their principal axis roughly parallel to the director, but they are also defining
layers. These layers can be perpendicular to the director, as in the smectic A
mesophase (SmA), or tilted, as in the smectic C (SmC). The SmA and SmC
mesophases are the less ordered and more common smectic mesophases. Other
less common types of smectic mesophases are known, which differ in the degree or
kind of molecular ordering within and between the layers [2].
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Figure 8.2 Schematic representation of the molecular
arrangement in nematic (N), smectic A (SmA) and smectic
C (SmC) mesophases. A cylinder represents a molecule with
rod-like shape.

When the mesogenic compounds are chiral (or when chiral molecules are added as
dopants) chiral mesophases can be produced, characterized by helical ordering of the
constituent molecules in the mesophase. The chiral nematic phase is also called
cholesteric, taken from its first observation in a cholesteryl derivative more than one
century ago. These chiral structures have reduced symmetry, which can lead to a
variety of interesting physical properties such as thermocromism, ferroelectricity,
and so on.

The discotic mesophases are classified in two types: columnar, and nematic discotic.
The structure of the nematic discotic mesophase (Np, Figure 8.3, left) is similar to
that of rod-like molecules, but constituted by disk-like units. In columnar meso-
phases, the molecules are stacked in a columnar disposition and, depending on the
type of columnar arrangement, several columnar mesophases are known. The most
common lattices of the columnar phases are nematic discotic (Np), columnar
nematic (Ngo), columnar hexagonal (Coly), and columnar rectangular (Col,)
mesophases.

Lyotropic LCs can also be described by a simple model. Such molecules usually
possess the amphiphilic nature characteristic of surfactant, consisting of a polar head
and one or several aliphatic chains. A representative example is sodium stearate
(soap), which forms mesophases in aqueous solutions (Figure 8.4a). In lyotropic
mesophases, not only does temperature play an important role, but also the solvent,
the number of components in the solution and their concentration. Depending on
these factors, different types of micelles can be formed. Three representative types of
micelles are presented in Figure 8.4b—d.

n
= ee
=
NI}
Figure 8.3 Schematic representation of the molecular
arrangement in the nematic discotic (Np), columnar nematic
(Ncol), columnar hexagonal (Coly,), and columnar rentangular

(Col,) mesophases. A tablet represents a molecule with disk-like
shape.
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(b

Figure 8.4 (a) A typical molecule that behaves as lyotropic liquid
crystal; (b) schematic representation of a plate-shaped micelle;
(c) a spherical micelle; (d) a cylindrical micelle.

Mesophase characterization of liquid crystalline materials can be achieved by a
combination of different methods. The most used and classic is observation of the
texture shown by the mesophases in a polarizing microscope equipped with a hot
stage. The different mesophases are associated with characteristic textures, but
unequivocal identification sometimes requires low angle X-ray diffraction studies on
the mesophase. Differential scanning calorimetry (DSC) is also used in order to
measure transition temperatures and enthalpies. Obviously large changes in order-
ing (e.g., melting points) are associated with large transition enthalpy values.

8.1.2
Gold, an Ideal Metal for LC Studies

Mesogenic behavior was discovered in 1888 in organic molecules [3]. Since then, the
structural features favoring the appearance of organic mesogens have been reason-
ably well established. Usually calamitic organic mesogens consist of a rigid core (two
or more conjugated rings) associated with alkyl- or alkoxychains that contribute to
extend the polarizability of the molecule. The use of an extended conjugated core is a
common strategy in order to increase the otherwise rather weak intermolecular
interactions in organic molecules (hence their low melting points). Terminal groups
that introduce dipole moments (CN, halogen) are also common, as well as systems
that introduce hydrogen bonding interactions. Disk-like molecules are usually built
around aromatic cores (Figure 8.1).

Metallomesogens (mesogens based on metal containing molecules) are much
younger than organic LCs. Their more systematic study began in the mid 1980s [4—6].
Soon it became apparent that, when a metal is involved, the transition temperatures
of the material are quite high. On the other hand, LCs can sometimes be produced
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with molecules having bizarre shapes, for which no mesogenic behavior would be
expected in related organic molecules. Furthermore, the initial naive ideas stressing
the importance of the metal coordination geometry in determining the shape of the
molecule (e.g., linear coordination for rod shaped, square-planar coordination for
disk shaped), have made room for the evidence that the shape and adaptability of the
bulky coordinated organic ligands very often disguise the initial geometry around the
metal core, and do in fact determine the real shape of the molecule. Metal centers with
coordination numbers higher than two have very complex multipolar structures and
it is difficult to grasp the role of the metal in the so-called “structure-mesogenic
behavior relationship.” In these circumstances it was convenient to establish a simple
model to understand the role of the metal atom. The linear coordination of gold(I)
offers the simplest model to try to identify the effect of the metal amongst other
contributions to the formation of mesophases. As a matter of fact, with very few
exceptions, the papers on gold-containing mesogens deal with gold(I).

Certainly gold(I) has one disadvantage compared with some metal centers, which
is the lesser thermal stability of their complexes. However, since one goal in
thermotropic LCs is to achieve low temperature transitions, this should not be a
main concern.

8.2
Pyridine Complexes

The first reported example of a liquid crystal based on gold complexes was the
alkoxystilbazole complex 1, which displays mesomorphic behavior between 120 and
200 °C. However, it is not thermally stable and decomposition occurs on reaching the
clearing point and the exact nature of the phase was not established [7]. At this early
stage, we can comment that the accumulation of electron delocalization over two
rings and a double bond, which is favorable for organic mesogens, turns out to be
disadvantageous when a metal is involved because it leads to high transition
temperatures in conflict with the stability of the complex. However, this simple
concept was not immediately understood.

HﬂngO \ / R

N—Au—CI
{1)

8.3
Dithiobenzoate Complexes

Three series of mesomorphic dithiobenzoatogold(III) complexes (2) have been
described. They show a SmA mesophase in the range 150-200°C [8, 9]. The
thermal stability of these complexes is low and the clearing transitions occur with
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decomposition or even at lower temperatures. The substitution of the halogens
atoms (X) by methyl groups produces a decrease of both the melting temperatures
and the thermal mesophase stability.

] X

Hzne1Cn0 ci Al
NN

g X
X=ClL,Br.CHy (2

8.4
Isocyanide Complexes

Isocyanides (or isonitriles, CNR) are interesting ligands of high importance in
organometallic chemistry due to their coordination ability. They form very stable
complexes with many metals including gold; these display interesting and
varied reactivity. The chemical behavior of the isocyanides depends on the steric
and electronic features of the R group, which can be used to tune their properties and
consequently those of their metal complexes. Perhaps the versatility of this ligand
together with the fact that isocyanide gold(I) complexes constitute a fairly stable
coordinatively simple system can explain that the majority of mesomorphic gold
complexes described are based on gold(I) isocyanide derivatives. A variety of different
types of mesomorphic gold isocyanide complexes are known. On the basis of the gold
moiety bound to the isocyanide ligand these complexes can be classified into four
types: halo-, alkynyl-, or polyfluorophenyl-gold mixed isocyanide complexes, and
homoleptic bis-isocyanide cationic derivatives. Mesomorphic mixtures containing
gold isocyanide complexes will be considered as an independent group.

8.4.1
Isocyanide-Halide Complexes

The first mesomorphic gold isocyanide complexes reported were the gold(I) deri-
vatives [AuCl(CNCsH,COOCsH,OC,H;, ; 1)] (3a) [10]. The free isocyanides are LCs
only when the alkoxy substituent is long, and the ligand with n= 10 displays N and
SmA mesophases, between 68 and 84 °C. Coordination to gold results in an increase
of the transition temperatures and gives more ordered mesophases (SmA and SmC)
in the range 172-270 °C. This result shows clearly that the presence of the gold atom,
which is a center containing a large number of polarizable electrons, increases
molecular polarizability, resulting in stronger intermolecular interactions and higher
transition temperatures. In order to hinder the molecular packing to decrease the
intermolecular interactions and achieve mesomorphic behavior at lower tempera-
tures, complexes containing a lateral chain were prepared (3b). Despite the non-
mesomorphic nature of the ligands, the complexes show N and SmA phases at
reduced transition temperatures (90-190 °C, depending on n and m). Longer lateral
chain lengths favor the formation of nematic mesophases.
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R
H2n+1CnO—©—O
N=C—Au-Cl
O

R = H (3a}, OCyHzn.q (3b)

X-ray structural analysis of the derivatives with n=10 and m=1 shows the
existence of weak aurophilic gold - - - gold interactions. It was suggested that they
could play an important role in the formation of mesophases. In this respect, studies
on alkylisocyanide complexes [AuCl(CNC,H,, , )], which show rotator phases
(rotator phases are lamellar crystals which lack long-range order in the rotational
degree of freedom of the molecules along their long axes), have provided evidence
thataurophilic interactions can be used to induce the formation of mesophases in the
absence of classical mesogenic units such aromatic rings [11].

A similar chiral chlorogold(I) compound [AuCl(CNCsH,COOCsH,OC*H-
MeCgH13)] has been described, displaying ferroelectric SmC* (152°C), and SmA
(185°C) mesophases before decomposition occurs at the clearing temperature
(285°C). However, the spontaneous polarization could not be measured with
precision due to the inherent conductivity of the compound [12].

Complexes of the type [AuXL] (X =halide) where L is a promesogenic ligand (that
is aligand that is not a LC itself but has a shape or other properties that will favor the
appearance of mesomorphism in the complex) can be seen as compounds where XAu
is a terminal group modifying the properties of L[13]. Compared with other terminal
groups, the presence of a metal produces dramatic effects. Thus the complexes [AuX
(CNCH4OC, H,, 1 1)] (4) give LCs (SmA mesophases for X = Cl, Br but not for X =1)
between 105 and 171 °C[14]. In fact, the free isocyanides are not LCs and it was quite
extraordinary at that time that mesogens were obtained from molecules containing
only one aryl ring. These gold compounds showed high thermal stability and offered
a very simple structure particularly suitable to study the effect of structural modifica-
tions on the liquid crystal behavior. Systematic studies have been made varying the
structural and electronic properties of the isocyanide and the anionic X ligands. The
influence of the metal (Cu, Au) has also been studied [15], but this will not be
discussed here.

HMCHOQNEC—Au—x

n-2,4,6,810;%-clg,1 ¥
Concerning the role of the isocyanide, incorporation of a second aryl ring in the
[CNC¢H4OC,H,, . 1)] system produces mesomorphic biphenylisocyanide ligands
(nematic or smectic mesophases in the range of 40-85°C), and liquid crystal
complexes [AuX(CNC¢H,CcH,OC,H;, 1 1)] (5) even for X =1 [16].

H2n+1CnONEC—Au—X

n=2,4.6 8, 10; X =Cl, Br, | (5)
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Figure 8.5 Thermal properties of gold complexes with
isocyanides having a phenyl or a biphenyl core.

A closer look at the thermal behavior variation upon introduction of a second aryl
ring (see Figure 8.5 for the behavior of the derivatives with a n-decyloxy chain) reveals
very interesting features: for the phenyl isocyanide complexes the melting and
clearing temperatures decrease in the order Cl>Br > 1. This is also the trend of the
clearing points for biphenyl isocyanide complexes, but their melting temperatures
follow the opposite trend that is, [>Br>Cl.

A simple explanation of this apparently contradictory behavior can be given
considering the two main contributions to the intermolecular interactions in
condensed phases: (i) the dipole moment associated with the X—Au bond, and
(ii) the induced dipoles associated with the polarizability of the isocyanide moiety.
The variation in the X—Au dipole moment is the same for the two families (Cl>
Br>1I), but the contribution of the isocyanide ligand can be very different. The
polarizability of the biphenyl isocyanide can be much higher than that of the phenyl
isocyanide, especially when the two aryl rings of the biphenyl system are coplanar,
giving extended conjugation. This difference will be attenuated if the two aryls in the
biphenyl unit are perpendicular and the conjugation is broken. On this basis, the
thermal properties observed can be explained as follows: the behavior observed for
the melting and clearing points of the phenyl series indicates an important influence
of the X—Au dipole, since both these transition temperatures increase with the value
of this dipole. The clearing temperatures of the biphenyl series follow the same trend
that is, they behave as the phenyl system, which suggests that in the mesophase the
two aryl rings are not well conjugated. This is reasonable considering that in a fluid
phase there is freedom of rotation around the aryl—aryl bond (Figure 8.6a). In
contrast, the melting points of the biphenyl system follow the opposite trend to that
expected from X—Au dipole control. This suggests that in the solid state the biphenyl
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Figure 8.6 Proposed explanation for the different influence of a
biphenyl core on the melting and the clearing points.

group has become coplanar producing a higher molecular hyperpolarizability
(Figure 8.6b). Moreover, the availability of electron density from the metallic center
(higher for the less electronegative halogen, I>Br>Cl) controls the value of the
induced dipole moments in the solid state, and seems to be the dominant factor at
this point until the conjugation is broken upon melting.

This hypothesis is supported by the energy of the lowest electronic transition for
the isocyanides and their complexes (Table 8.1). This energy (K band) is a practical
measurement of the HOMO-LUMO separation and gives a good estimation of the
relative polarizability of the molecule: the lower the energy of this band, the higher
the polarizability of the molecule [17]. It can be seen that: (i) the presence of the
metal produces a drastic increase in polarizability with respect to the free isocyanides;
(ii) in the case of the phenyl isocyanide derivatives, the change in halogen does not
produce a significant change in polarizability. Therefore, the changes in transition

Table 8.1 Relationship of the visible K band energy with the
polarizability of the molecule, its variation from the free
isocyanides to the different complexes, and the variation in X—Au
dipolar moment.

Biphenyl
A H(Cl‘n']) pelarizability WiAu-X)
CN 34722 Cl
Bivhenyl 4 CIAUCN 32154 Br
PRyl 3 BrauCN 32051 .
1AUCN 31847
Phenyl { CN 40650 o Cl
XAUCN 37037 no varalion for Br
different X 1

AR

The lower E, the higher the polarizability, the higher the
induced dipolar moment, the higher the electrostatic interactions)

A and D stand for acceptor and donor group, respectively.
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temperature are not associated with the isocyanide, but rather with variations in the
X—Au dipolar moment; (iii) in the biphenyl system the energy of the K band is
sensitive to the halogen, hence increase in polarizability is expected upon changing
the halogen in the order I>Br> Cl, as observed for the melting temperatures.

The most important conclusion of this study on gold complexes is that a strong
increase in polarizability is introduced with the metal. Thus, in contrast to the usual
practice for organic LCs, accumulation of conjugated aryl rings in metal complexes
can lead to extremely strong intermolecular interactions, thus increasing the melting
temperatures to undesirable high values.

Lateral monofluorination of the p-alkoxyphenyl isocyanide system [XAu
(CNC¢H4OC,H,, . 1)] (X=Cl, By, I), in ortho-(3-F) (6a) and meta-(2-F) (6b) posi-
tions relative to the alkoxy chain was also studied [18]. None of the free fluorinated
ligands is a LC, but their gold complexes display mesomorphic properties. This is a
typical case of a promesogenic ligand which yields a mesogen upon coordination to
a metal.

Hn1CnO /Q N=C—Au—X  {6)

n=24,6,810,X=Cl, Br |
The complexes show SmA mesophases, except the 2-fluorohexyloxy derivative,
which shows a narrow nematic range and the 2-fluoroiodo derivative, which is not a
liquid crystal. The transition temperatures of the chloro complexes compared with
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Figure 8.7 Thermal behavior of no fluorinated complexes [AuCl
(CNCgH4OC,Hy, 4 1)] (labeled as no F), and the corresponding
fluorinated derivatives 6a (F-3) and 6b (F-2).
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the non-fluorinated derivatives, decrease in the order 3-F >non-fluorinated > 2—F
(Figure 8.7). Substitution of Cl by Br and I produces a decrease in the transition
temperatures in the order Cl>Br>1, as seen above for the parent non-fluorinated
complexes, according to the decrease in polarity of the Au-X bond. Rationalizing the
effect of fluorination is not a simple matter, but in general, lateral fluorination causes a
broadening of the molecule thus increasing the average intermolecular distances,
reducing the intermolecular attractions and leading to lower transition temperatures.
On the other hand, polarization effects can cause increased intermolecular interac-
tions leading to higher transition temperatures [19]. It is clear that the position of the
fluorine atom (at either the 2- or 3-position) does not significantly affect the breadth of
the molecule. Thus, the 2- and 3-fluorinated derivatives will differ mainly in their
polarization effects and it is not surprising that an electronegative substituent (F) ortho
to the OR group (3-fluorination) will produce a larger effect than when it is placed in
the meta position (2-fluorination). Consequently, the transition temperatures are
expected to decrease in the order 3-F>2-F, in agreement with the trend observed.

Very recently, mesomorphic [AuCl(CNC¢H,O(CH,)4(CF,)sF)] (7) complexes con-
taining an isocyanide ligand with a semifluorinated alkoxy chain have been pre-
pared [20]. The free ligand melts at 62 °C and displays a SmA mesophase in a narrow
temperature range (2 °C) as opposed to its hydrocarbon analog which is nota LC. The
gold complex also displays a SmA mesophase in the range of 191-274 °C. Compared
with the corresponding non-fluorinated compound, the fluorination of the terminal
chain in these systems results in an increase of both melting and clearing tempera-
tures and an enhancement of the smectic stability, as described for related organic
compounds [21, 22]. Moreover, the increase of the clearing point is larger than the
increase in the melting point resulting in a larger mesophase temperature range for
the fluorous compound.

Fac_(FQC)?‘(HQC)4—O@NEC—AU—X

X =ClL Br, 1 @

In the examples presented so far, the linear coordination of gold has given rise to
rod-like molecules. The metal coordination determines the bulk shape of the
molecule. However, modification of the rod-like structure of the p-alkoxyphenyl
isocyanide system [AuX(CNCsH4OC,H,,  1)] is possible by addition of two alkoxy
chains in the 3- and 4- positions in the phenyl ring. Complexes [AuX{CNC4sH,-3,4,5-
(OC,Hj, 1 1)3}] (8) with alkoxy chains containing six or more carbons, display
columnar hexagonal mesophases at room temperature [18, 23]. This behavior is
typical for discotic molecules. Although the molecules of these gold isocyanide
complexes are not discotic when considered individually, they can give a disk-like
rearrangement of the peripheral alkyl chains when they are considered as pairs in an
antiparallel arrangement (Figure 8.8), giving rise to columnar behavior as a supra-
molecular property of the bulk material. Small-angle X-ray diffraction data on the
mesophase support this interpretation. This does not mean that there is any
permanent association in pairs, but that each 0.4-nm-thick disk in the column
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contains two molecules filling this space. It would be reasonable to assume that this
arrangement might be due to aurophilic interactions, but similar behavior is found
for related compounds of Ni, Cu, Pd and Mo [24, 25]. This suggests that the packing
forces in a compact best space-filling arrangement are the most important factor for
formation of the thermotropic mesophases in this system.

Given that the presence of three alkoxy chains in the phenyl group produces such a
dramatic change in the properties of the material to the point that columnar
mesophases are formed at room temperature, the structure of the aryl isocyanide
ligand has been further modified to introduce more paraffinic chains, and examples
of metallodendrimers containing monodendrons with an isocyanide group in the
focal point, and its gold compound 9, have been reported [26].

OCygHz4
b_fcmfim

QO
C1UH21O
CypHzO :<< O

o}

N=C—-Au-C

o] {9
CygHz O Q 9]
C‘IUHE‘IO

o]
OC1oHz4

QCygHa

Although the free isocyanide dendron is nota LC, the gold dendrimer is. Compound
9 displays a cubic mesophase Im3m over a wide range of temperatures. Small-angle
X-ray diffraction data of the mesophase show evidence that this dendritic molecule
adopts a conical-like molecular conformation. Ten of these gold monodendrons are
self-assembled into a supramolecular spherical dendrimer, and the spherical den-
drimers self-organize into an Im3m cubic mesophase. A schematic model of the
mesophase structure is shown in Figure 8.9.

When an organic isocyanide, CNR, has a second functional group on R, the
molecule becomes a bifunctional ligand. It is obvious that the compatible groups in
the molecule are limited by the reactivity of the isocyanide group. Although aqueous
acids hydrolyze organic isocyanides, the synthesis of stable 4-isocyanobenzoic acid
was achieved some fifty years ago [27]. In spite of the very interesting combination of
these two functions, which make this molecule a promising building block in
supramolecular chemistry, further studies with this isocyanide or its coordination
to give metal complexes have not been reported until recently, amongst them,
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Figure 8.8 Space-filling model based on small-angle X-ray
diffraction measures, showing how two hemidiscotic molecules of
8 can give rise to a disk-like shape. (Adapted from Ref. [11].)

the complexes [AuCl(CNC¢sH,COOH)] [28], and [Au(C¢Fs)(CNC¢H,COOH)] [29].
The single crystal X-ray diffraction structure of the latter has been determined and
confirms the formation of a supramolecular array in the solid state supported by
hydrogen bonding.

The carboxylic acid group of the coordinated isocyanide acts as a hydrogen donor
towards hydrogen acceptors. Stable hydrogen-bonded liquid crystalline metal com-
plexes have been prepared with decyloxystilbazole (10). Although the gold acid
derivatives used are not mesomorphic (they decompose above 200°C without
melting), and the hydrogen acceptor decyloxystilbazole only shows an ordered
Smectic E phase, the [{AuCl(CNC¢H,COOH)}-decyloxystilbazole] complex displays
an enantiotropic SmA mesophase in the range of 161-187°C. At the clearing

x10

Figure 8.9 Schematic representation of a conical monodendron
self-assembled into a supramolecular spherical micellar
dendrimer, and then into an Im3m cubic mesophase.
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transition, formation of some crystals is observed suggesting decomposition, most
likely due to the thermal lability of the hydrogen bond.

Hz2:G400 N\ —

N---H-0O
\ )—@—NEC—Au—Cl
0

{10}

8.4.2
Isocyanide-Alkynyl Complexes

Complexes [Au(C=C-C¢Hy—C,,Hy, o 1)(C=N-CeH,—X)] (X=H, OC,H,, 1
m=6,8,10,12; n=2, 4, 6, 8, 10) (11), prepared by reaction of [Au(C=C—-CgH,—
CnHapm 1 1)], with the corresponding isocyanide, display SmA phases, although none
of the starting materials (the free alkynes, the polymeric gold alkynyls or the free
isocyanides) are LCs [30].

X@NEC—Au—CECOCmH2m+-

(11)

X = H, OCqHzn,1(n = 2. 4,6, 8, 10)

m=86,8, 10,12

Particularly low melting points (close to 100°C) are obtained for X =H. The
melting points for the rest of the complexes, in the range of 130-170°C, decrease
regularly for equal total lengths of the molecule (same m + n value) as m increases
and n decreases. A sudden fall in the melting point is observed when the isocyanide
lacks a para chain (phenyl isocyanide, n = 0) (Figure 8.10). Clearing temperatures are
in the range of 150-170°C and the transitions to the isotropic state occur with
decomposition, producing gold mirrors.

Introduction of lateral chains in rod-like molecules helps, as discussed above, to
lower transition temperatures and avoid the thermal decomposition of this type of

180
T(OC) ] m+n
160 1 —e— 2
—e— 18
—a— 16
143 —_— 14
4 —a— 12
120 pm——ip—— ;0
—
100 T — T | B e —

10 8 6 4 2 4
Figure 8.10 Plot of melting points of [Au(C=CCeH4CpHzpm 1 1)

(C=NCgH,4X)] (X=H, OC,Hy, 1) versus n. For simplicity the

coordinate n =0 is used for CNPh. (Reproduced from Ref. [28] by
permission.)
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complex. Complex 12, melts at 165 °C displaying a SmA mesophase with decompo-
sition. When a small side chain (R = OC,Hs) is introduced into the isocyanide ligand
(complexes 13), the melting point decreases to 142 °C, to give the SmA mesophase,
but still with some decomposition. However, for a longer side chain (R=0CsH;3),
the intermolecular interactions clearly drop and a nematic phase is found. The
melting point is also lowered and no decomposition is detected at clearing [31].

R

Hem+|CmOOXO—NEC—Au—CEC@—oanQH+,

X=COO;R=Hm=9;n=5 (12)
X=00C;R=0Et OCgHja;m=10;n=5 (13}

Derivatives of aliphatic alkynes (14 and 15) are more thermally unstable than 12,
but they show SmA and N phases at low temperatures (below 130 °C). The type of
phase and the mesophase stability depend on the length of both the terminal and the
lateral chains. When both chains are elongated, the mesomorphism becomes
metastable and compounds 14 display monotropic N and SmA transitions. Com-
plexes 15, which contains an ester group with an opposite direction to that of
complexes 14, display less stable nematic mesophases.

R

Hz,cmo@xngc—Au—czc—angm.

X=00C; R =0Me, CE1.OPr; n=4-8 (14)
X =C0O0;R =Et,OMe, QOEt, n=4 (15)

Liquid crystals based on aliphatic isocyanides and aromatic alkynyls (compounds
16) show enantiotropic nematic phases between 110 and 160 °C. Important reduc-
tions in the transition temperatures, mainly in clearing points (<100 °C), are obtained
when a branched octyl isocyanide is used. The nematic phase stability is also reduced
and the complexes are thermally more stable than derivatives of aliphatic alkynes.
Other structural variations such as the introduction of a lateral chlorine atom on one
ring of the phenyl benzoate moiety or the use of a branched terminal alkyl chain
produce a decrease of the transition temperatures enhancing the formation of
enantiotropic nematic phases without decomposition.

H,?Cg—NEC—Au—CEC—@—X—@—OCHHEM

X =00C; COO (16)

Analogous complexes containing a functional alkynyl ligand [Au(C = CR)(CNCsH,O
(0)CCcH4OC0H,1)] (R = CsHyN, CcH4NC) (17) have been also reported. They show
SmA mesophases in the range of 144-180 °C before decomposition occurs [32].

In summary, [Au(alkynyl)(CNR)] complexes also show mesomorphic behavior but,
in contrast to the halide-isocyanide derivatives, they are thermally less stable and
usually decompose before or at the clearing temperatures. This thermal instability is
thought to be associated with the gold-(alkynyl) bond and makes these compounds
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undesirable as LCs, but might make them useful as precursors for gold deposition
from an oriented fluid state.

8.43
Isocyanide-Fluorophenyl Derivatives

When the anionic ligand is a fluorinated aryl ring (Faryl), which gives thermally stable
Au-Faryl bonds, very thermally stable mesomorphic complexes are obtained. Perha-
lophenyl complexes [AuR(CNCsH,CsH4OC,H,,, ; 1)] [R = C¢Fs (18a), CcF4Br-o (18b),
CoF4Br-p (18c); n=4, 6, 8, 10, 12] display a rich mesomorphism in the range of
70-220°C. They show an N mesophase when the isocyanide has a short tail (n = 4), N
and SmA mesophases when the isocyanide has an medium tail (n =6, 8) and only a
SmA phase for longer chains [33]. The variation in the thermal properties is quite
regular with the melting and clearing transition temperatures decreasing with growing
chain lengths up to n=8, when they become roughly constant. The decrease in
transition temperatures with increasing n is small for C¢F4Br derivatives, larger
for C¢F4Br-o and more marked for C¢Fs complexes. As a consequence, a change
is produced in the sequence of melting and clearing temperature in the order C¢F,Br-p
CgFs > CgF4Br-o when n=6 and C¢F4Br-p> CF4Br-0> CcFs for n =8 (Figure 8.11).

Comparing these complexes with the corresponding chloro complexes [AuCl
(CNCgH4CcH4OC, Hy,, . 1)], the perfluorophenyl ligand induces lower transition
temperatures, shorter mesogenic ranges and an enhancement of nematic phases
(Figure 8.12), according to the expected lower lateral intermolecular interactions as
consequence of their larger molecular width.

Oxidative addition of I, yields the corresponding gold(III) isocyanide compounds
[Aul,R(CNCsH,CsH4OC,H,, ; 1)]. These are thermally unstable and heating leads to
cleavage of the Au— R bond to give the corresponding iodogold(I) isocyanide complexes.

Similar rod-like gold(I) complexes [Au(CsF4OC,Hyy 1)(CNCeH4CH4-OC,
Hj,+1)] (19), with both chains in the para position of the respective aryl ring, are
LCs too. They show an N phase at short chain-lengths (n + m =4), N and/or SmA
phases for medium tails, and both SmA and SmC phases for the longer chain-lengths
(m + n>14). This series of compounds constitutes one of the rare examples of
metallomesogens that show photoluminescence in the mesophase as well as in the
solid state and in solution [34]. The single-crystal X ray diffraction structure of
[Au(CecF4OC,Hs)(CNCgH,CeH4OCHo)] (Figure 8.13) confirms its rod-like
structure, with a linear coordination around the gold atom and reveals the absence
of any Au- - - Au interactions. Moreover, well-defined intermolecular Fo 0 - - Frneta
interactions were found, which are apparently responsible for the crystal packing.

In the solid state, the complexes exhibit a yellow—green luminescence under UV
irradiation (365 nm). All the emission spectra are similar and consist of three broad
emissions above 370 nm (e.g., 384, 490 and 524 nm for m = 10, n = 6), while the free
isocyanides (white solids) are luminescent giving one strong emission band with its
maximum at about 360 nm. In dichloromethane solution both the free isocyanides
and their gold complexes are luminescent too, but only one intense emission is
observed for the complexes in the range of 345-387 nm (Figure 8.14). The lifetime



8.4 Isocyanide Complexes

n=46,8, 10, 12

F, F F, F F, F
R=F F Br
F F F Br F F
(18a) (18b) (18¢c)
280
EC [ISmA HN
230 - n=4 n=6 n=8 n=10 n=12
9
o) 180
=
®
@©
(=N
E 130
|_
80 -
30

=t
[T
w0
Qo

i
[=]

p-C6F4
C6F5
p-C6F4
0-C6F4
C6F5
p-C6F4
0-C6F4
C6F5
p-C6F4
0-C6F4
C6F5
p-C6F4
0-C6F4
C6F5

Figure 8.11 Comparison of the thermal properties of complexes 18a, 18b and 18c.

values, together with the Stokes shift between the absorption and the emission bands,
support that the emission at 384 nm must be a fluorescence involving intraligand
localized mand ©t* orbitals. In contrast, the longer lifetime of the emissions at 490 and
524 nm support a phosphorescence nature.

The luminescent behavior of [Au(CsF4OC10H21)(CNCsH,CsH4-OCsH;3)] as a
function of temperature is shown in Figure 8.15. When the sample melts to the
SmC mesophase (at 55.4 °C), the luminescence is not lost, but its intensity decreases
noticeably and continues decreasing upon further increase of temperature. The
emission practically disappears at about 130 °C. This process is reversible and the
intensity of the emission is gradually recovered upon cooling. These complexes show
important supercooling of the mesophase and, as a consequence, the fluid phase
survives at room temperature for several hours until crystallization occurs. At the very
instant that crystallization occurs, the intensity of the emission is fully recovered.

The related liquid crystalline perhalophenyl complexes [Au(C¢F,OC,,Hyp 1 1)
(CNC¢H40O(0)CCeH4OC,H,,, 1 1)] (20) have been reported. The variation in thermal
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Figure 8.12 Comparison of the thermal properties of complexes
[AUCI (C= NCgH4CeHsOC,Ha . 1)] (5) and [Au(CeF+Br-p)-
(C=NCeH4-CeH4OC,Hay 1 1-p)] (18¢).
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Figure 8.13 Crystal structure of [Au(CgF,CeH4OCoHs)
(C=NCgH4CeH40C,Ho)] and crystal packing representation
showing some intermolecular features. (Reproduced from
Ref. [32] by permission.)
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Figure 8.14 Emission spectra at 298 K of [Au(C¢F4OC1oH21)-
(CNCgH4CsH,OC6H13)] (excitation 344 nm) in the solid state
(continuous line) and in CH,Cl, solution (dashed line).

(Reproduced from Ref. [32] by permission.).

properties of tetrafluorophenylgold(I) complexes is very regular. With short alkoxy
chains at the tetrafluorophenyl group (m=4), both SmA and nematic phases are
observed for shorter alkoxy substituents in the isocyanide ligand (n = 4, 6). For longer
chains (n =8, 10) only SmA phases are observed. When the alkoxy substituent at the
tetrafluorophenyl group is longer (m = 8) both SmA and SmC phases are obtained,
irrespective of the chain length of the isocyanide ligand [35].

F F
Hame 1CmQ Au—CEN—Q o}
,C OCnH2n+‘
/’
F F o

m=4,8n=46,8 10 (20)

The introduction of chiral centers in this type of perhalophenyl systems (21-23) pro-
duces chiral phases with properties absent in the corresponding achiral systems [36].

FF
F F

R’ R2
21a | (R)-2-butyl CoHs
21b | (R)-2-butyl CioHa1
22a CsHsg (R)-2-butyl
22b C1gHp1 (R)-2-butyl
23 {R)-2-buty! {R)-2-butyl
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Figure 8.15 Emission spectra of [Au(CgF4OCqoH7)
(CNCeH4CsH4OCgH13)] (excitation 344 nm) at different
temperatures (in parenthesis the corresponding phase) heating
from the crystal. (Reproduced from Ref. [32] by permission.)

For the complexes containing one chiral substituent (21 and 22), only a SmA
mesophase is observed when the length of the achiral chain is long (R' or R* = 10,
21b and 22b complexes), irrespective of the position of the chiral chain. For shorter
alkoxy chains (R' or R* = C,Hs, 21a and 22a complexes) an enantiotropic chole-
steric and a monotropic SmA phase are observed (Figure 8.16). The cholesteric
range is clearly higher for 21a, where the chiral substituent is in the tetrafluor-
ophenyl group and an unusual TGBA* phase is observed for 21a when the SmA to

R? = (R)-2-butyl R? = (R)-2-butyl
R' = CaHane1 R' = CyHane1
225 EN* 225 EN*
OSmA OSmA
EC mC
o 175 o 175 —
? _ B
E 3
o
£ 125 £ 125
(=8 (=9
E £
2 2
75 75 -
25 25 U
2 10 2 10
n n
(21) (22)

Figure 8.16 Thermal properties of chiral complexes 21 and 22.
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cholesteric transition is observed heating slowly (0.5°Cmin ') from the SmA
phase. Under similar conditions 22a did not show a TGBA* phase.

The introduction of a second chiral atom in the system leads to a reduction in the
mesogenic properties and only a monotropic chiral nematic transition is observed
for compound 23. However, when this compound is cooled down from the
isotropic liquid state at a cooling rate of 0.5°C min ™", very unusual blue phases
BP-III, BL-IT and BP-I are observed in the range 103-88 °C. Blue phases usually
require pitch values below 500 nm. Hence the pitch value of the cholesteric phase
for 23 must be very short, suggesting that the packing of two chiral carbons forces a
faster helical shift for successive molecules packed along the perpendicular to the
director.

It is interesting that the large symmetric molecules 24 containing two gold—
isocyanide fragments linked by an octafluorophenyl group give nematic phases in
spite of their big molecular size. In effect, large organic molecules containing
extended conjugated cores often display smectic phases because their interactions
tend to associate the molecules defining aromatic and paraffinic areas, thusleading to
a layer arrangement characteristic of smectic phases (Figure 8.17a). The gold
derivatives, being perfectly symmetric and highly polarizable, produce large local
dipoles, which lead to repulsive interactions if the molecules are packed in layers
(Figure 8.17b) and favor arrangements where the aromatic and paraffinic areas are

Hgmlcno@NEC—Au
1.2

{24)
8] 9 ~
o o= A wrananane D - & ARAG &~ Dhananmane
A D 010 | L e [ L 41 Dl
wnnrnnnan{D B+ & alAG & Dhnnnmnnae
A S D a0 B v AHAS &+ Dvvanans
a) Smectic favoured by Smectic disfavoured

wanAananAD - = L & Donnnmmnne
nnananefl B d- A A B- & Dlnnnnane
wnannnas 6 A A &t Dlrnnnanne
w0 B- 5oalJad A+ Dlmananames
wnrnnnr|D B i AA S & O]ovnrnmnne

¢} Nematic favoured

Figure 8.17 A simple representation showing how dipolar
interactions can favor either discrimination of aliphatic and
aromatic areas (giving rise to smectic phases), or mixing (giving
rise to nematic phases). A and D stand for acceptor and donor
group, respectively. (Adapted from Ref. [11].)
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Figure 8.18 (a) X-ray molecular structure for [u-(4,4-CN-CgHy4-
CeH4-NC)-{Au(CsF4,OC4Ho)}2] (25) and (b) zig-zag molecular
arrangement. (Reproduced from Ref. [35] by permission.)

mixed, that is, where there is only orientational order typical of nematic mesophase
(Figure 8.17¢) [33].

In fact, X-ray structures of similar dinuclear compounds [u-(4,4-CN-R-NC)-{Au
(CsF4OC,H,, 1 1)}2] (R=4-4'-biphenylene and 2,2’-dichloro-4-4'-biphenylene) con-
taining a diisocyanide ligand bringing two gold atoms (25), which display only
nematic mesophases do not adopt a layered packing of molecules in the solid state
(Figure 8.18). This reluctance to adopt layered packing is in line with the absence of
smectic phases in their mesophases [37].

As indicated above in chiral mesophases, the introduction of a functional group in
mesogenic structures offers the opportunity to achieve functional LCs. With this aim,
mesomorphic crown-ether—isocyanide-gold(I) complexes (26) have been prepared
recently [38]. The derivatives with one alkoxy chain show monotropic SmC meso-
phases at or close to room temperature. In contrast, the complexes with three alkoxy
chains behave as monotropic (n = 4) or enantiotropic (n>4) LCs. The structure of the
mesophases could not be fully elucidated because X-ray diffraction studies in the
mesophase were unsuccessful and mesophase characterization was made only on
the basis of polarized optical microscopy. These complexes are luminescent not only
in the solid state and in solution, but also in the mesophase and in the isotropic liquid
state at moderate temperatures. The emission spectra of 26a with n=12 were
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Figure 8.19 Changes in the emission spectrum of 26a (n=12)

upon heating. Spectra shown at 25 (highest intensity), 35, 45, 55,

65, and 75 °C with Aexe =360 nm. Emission intensity in arbitrary
units. (Reproduced from Ref. [36] by permission.)

recorded from 25 to 75°C (heating at 10°Cmin ') (Figure 8.19). The intensity
decreases when the temperature increases, but the overall profile of the spectrum is
maintained even beyond the clearing transition to the isotropic liquid state (at
54.9°C). At around 75 °C, the emission has fully disappeared. Therefore, the solid
state emission persists in the liquid crystalline and isotropic liquid states, although
with less intensity. Upon cooling the original emission spectrum is recovered. The
15-crown-5 group reacts with potassium perchlorate, but coordination of potassium
to the crown ether destroys the mesomorphic behavior of 26.

8.4.4
lonic bis(isocyanide) Derivatives

Ionic LCs are interesting systems because they combine the properties of LCs with
those of ionicliquids. Although alkali metal soaps were among the first thermotropic
LCs to be systematically studied, ionic liquid crystalline derivatives have been
reported less frequently than those based on neutral molecular and macromolecular
species [39]. When the halide of [AuX(CNR)] complexes is substituted by a
second isocyanide, ionic complexes [Au(CNR),][Y] [R=CsH4OC,H;, .1 (27a),
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Figure 8.20 The thermal behavior of 27a.

CeH4CeH40C, Hyy 1 (27D), CoHy(3,4,5-0C, Hap  1)3 (26¢); n=4, 8,12; Y =NO; ",
PFy~, BF, ]areobtained and different mesogenic behavior is observed depending on
the isocyanide and the anion present in the molecule [40]. The thermal behavior of
phenyl derivatives is summarized for n =12 in Figure 8.20.

[ +
H2n+1CnONEC—Au—CENOCnHzn”]

{27b}
H2n+ICnO DCnH2n+I
HariC OAQN C—AU—C= NQOC Hape1
(27¢)
L Han, 1Ch0 OCnH2041

In Figure 8.21 the thermal properties of the complexes [AuCl(CNR)] and [Au
(CNC4H4OC, H,,, 1 1)2][PFs ] (27a) are compared. It can be seen that the mesogenic
range is greater for neutral complexes when the chains are short (the butyloxy
hexafluorophosphate derivative is not a LC). However, the increase in length of the
chains affects more the ionic complexes (that have double the number of alkoxy
chains) and for the derivatives with the longest chain the wider mesogenic range
corresponds to the ionic complex.

The incorporation of a second phenyl ring in the system (27b) produces an increase
of both melting and clearing temperatures, possibly arising from the larger anisot-
ropy of polarizability of the resulting compounds (Figure 8.22) and an increase of the
liquid crystal range compared with the analogous phenyl derivatives. The very high
(about 220 °C) clearing temperatures of the ionic biphenylisocyanide complexes are
in fact decomposition temperatures.
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Figure 8.21 Comparison of the thermal properties of complexes
[AUCI(CNR)] (4) and [Au(CNR),J[PF¢] (27a)
(R=CeHsOC,H2p ).

The complexes with three alkoxy chains in the phenyl group (27c) can no longer
be considered rod-like. Consistently, the complexes show hexagonal columnar
mesophases, as confirmed by X-ray studies, some of them at room temperature
(Figure 8.23). The crystallization of these gold complexes, as usually observed in
complexes with a high number of alkoxy substituent and high viscosity, is not
observed and a glass-liquid crystalline state is obtained on cooling the mesophase.
In this series, the [Au{CNC¢H,(3,4,5-CcH,OC, H,,, 1 1)3}2][PF¢] complexes show
higher clearing temperatures than the corresponding chloro complexes.

Itis interesting to note the influence of the counteranions on the thermal behavior.
Irrespective of the isocyanide used, all the nitrate gold derivatives show low thermal
stability and undergo extensive decomposition at relatively low temperatures (only
the low melting trialkoxyphenyl derivative shows liquid crystal behavior). In contrast,
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Figure 8.22 The thermal behavior of 27b.
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Figure 8.23 The thermal behavior of 27c.

the corresponding silver complexes are thermally more stable and produce meso-
phases [40]. This thermal instability of the gold(I) compared with silver(I) nitrate
derivatives is associated to the easy decomposition of the anion in the presence of
many heavy metal cations [41] and can be traced back to the simple nitrates: whereas
[Ag(NO3)] is a commercial product, [Au(NOs;)] is not known [42]. It is also well
established that [Au(CNR)(NO3)] complexes are thermally unstable [43]. Thin-layer
chromatography of heated samples of the ionic gold LCs reveals free isocyanide
ligand, suggesting that the decomposition of these nitrate gold derivatives might
occur on intermediates where at least one isocyanide ligand has been released.
This decoordination of isocyanide should be facilitated by coordination of the
nitrate anion. The probable easy formation of [Au(CNR)(NO;)] neutral complexes
as intermediates for the decomposition of the cationic nitrate complexes is also
suggested by the observation of a covalent interaction between gold and the O atoms
of the nitrate in the X-ray structure of [Au{CNC¢Hj3(2,6-Me,)},][NOs] [43] and by the
lower v(CN) value for these [NO3 ™| complexes, compared with the corresponding
[BF, ] or [PFs | complexes. The lower coordinating ability of the later counteranions
is supported by the absence of sub-van-der-Waals contacts between the cations and
the tetrafluoroborate anions in [Au{CNCsHj3(2,6-Me,)},][BF4] [44].

The influence of the “spherical” counteranions [BF, | and [PF¢ ] on the thermal
behavior of these gold(I) systems is quite regular. For the three kinds of isocyanide used,
thegeneral trend of melting temperaturesis[PFs | >[BF, |, butthevariationofclearing
temperatures is the reverse [BF, |>[PFs ]. The two counteranions have different
geometrical structures and volumes increasing in the order [BF, | < [PF¢ ] [45]. This
should allow for different cation—cation approximations, which determine the meso-
genic behavior. Thus, the molecular arrangement in the solid phase of the [PFs ]
derivatives must be more effective than that of [BF, ] compounds since the melting
point observed for [PFs | complexes is higher than for [BF, ] derivatives. The same
trend has been found in hexafluorophosphate and tetrafluoroborate pyridine silver
derivatives [46]. In contrast, the clearing transition is mainly due to the melting of the
anion—cation arrangement in the mesophase [47]. Thus, it is not unexpected that the
clearing points will be lower for bulkier the anion as experimentally found.
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8.4.5
Mixtures: Liquid Crystalline “Molecular Alloys”

Applications for LCs are very demanding in temperature range, adequate response to
an electric field, stability, viscosity, and so on. Generally, the desired properties do not
occur in a single LC and consequently, all industrial devices use multi-component
LCs. In the field of metal-containing LCs, the study of mixtures was limited to binary
alkaline salt systems of carboxylic acids and related systems perhaps because a
mixture of several metal-complexes is expected to bring about ligand scrambling,
producing complex mixtures which are hard to study. The only exception is the study
of the thermotropic behavior and phase diagrams of binary mixtures of copper
and gold complexes of the type [MX(CNR)] (X =anionic ligand, R = p-alkoxyaryl
group) (Scheme 8.1) [48]. The systems examined are mixtures of pairs of complexes
differing in just one structural parameter, where rearrangements would not give rise
to new complexes: (i) complexes [AuCl(CNC¢sH,CsH,OC,H;, ;)] changing the
alkoxy length (n=4 and n=12); (ii) complexes [AuCl(CN(CsH4),, OCi2H;s)]
with different numbers of aromatic rings (m=1 and m=2); and (iii) complexes
differing in the metal, namely the derivative [CuCl(CNCsH,OC,H,s)] (which is not
a LC) and the mesomorphic [AuCl(CNC¢H,CcH,OC,H,s)]; also (iv) complexes
[AU(CsF,0C1oH 1) (CNCH44CsH,0CsH 3)] and [Au(CeF,OCeH, 3)(CNCoH,CoH,

X—AU—C=—N—R

X M

OC12Hzs

>
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m
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Scheme 8.1 Mixtures of gold and copper derivatives studied.
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Figure 8.24 Phase diagram of the system [AuCl
(CNCeH40C12H55)] (A) + [AuCH(CNCeH,4CeH,OC 2H,s)] (B).
(Reproduced from Ref. [46] by permission.)

OC;oH;1)], in which rearrangement does not occur. All the mixtures studied display
liquid crystal behavior with improved properties with respect to the pure compo-
nents. A representative binary phase diagram and their corresponding DSC traces are
presented in Figures 8.24 and 8.25 respectively, and reveal the eutectic nature of these
systems.

It is interesting to note that, in contrast to other mesophases, Smectic C meso-
phases from room temperature to about 200 °C are obtained for mixtures (iv), which
form solid solutions. The mixtures (iii) of [CuCl(CNC¢H4OC;,H;s)] (which is not a
LC) and the mesomorphic [AuCl(CNC¢H4CcH,OC;,H;s)] (4), containing different
metals, show mesogenic behavior for a large range of concentrations, and afford a
single fluid material with an ordered homogeneous distribution of the two metal
complexes. This method for producing homogeneous ordered mobile phases of
different metal-containing molecules (in this case gold and copper) could be of
interest for electronics and for metal deposition. These materials have been named
“liquid crystalline molecular alloys” to distinguish them from heterometallic me-
sophases based on mesogenic heterometallic molecules, that is, where there is only
one kind of molecule which contains two or more metals in its structure (the latter
have been named “mixed M-M’ metallomesogens”).

8.5
Carbene Complexes

The reaction of isocyanide complexes with nucleophiles gives metal-carbene com-
plexes [49], which constitute an important branch of organometallic chemistry and
are effective catalyst systems for a variety of processes [50, 51].
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Figure 8.25 DSCscans of 75% [AuCl{(CNCgH4OC1,H;s)] (A)-35%
[AUCI(CNCsH4CsH4OC12Hs)] (B). (a) First heating; (b) First
cooling; (c) Second heating. (Reproduced from Ref. [46] by
permission.)

Some liquid crystalline gold(I) carbene complexes [CIAu{C(YC,,Hym 1)
(NHC¢H4CO,CsH,OC,H,,, , 1)}] (Y=0, NH) (28), including a dinuclear gold—
carbene complex where the two carbene species are linked via a hexyl diamine
bridge, were prepared by reaction of gold isocyanide complexes [ClAu(CNCg
H,CO,Cs H4OC,H,, | ;)] with aliphatic alcohols and amines respectively [52, 53].
Most of them display SmA mesophases over the range of 146-160 °C and decompose
in the mesophases before reaching their clearing temperatures. In solution, an
isomeric mixture of two geometric isomers is observed, which, for complexes with
short alkoxy substituents, could be separated by fractional crystallization. However,
when the pure isomers were heated isomerization occurred to afford the isomeric
mixture of E- and Z-isomers in a 3:1 molar ratio.

>—Au X (E}isomer

X =Cl, ;Y = 00C, COG, C=C
Z = OCrHam,.1. NR'RZ

{Z)-isomer

X’ (28)
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Figure 8.26 Schematic formula (a) molecular single crystal X-ray
diffraction structure (b), and solid state packing (c) of the cationic
gold complex [Au{bimy(CsH33)},]Br-H,0. (Reproduced from
Ref. [52] by permission.)

Another interesting cationic dicarbene system is the family of dialkylbenzimidazol
derivatives 29 depicted in Figure 8.26. The structure was initially reported as a
mesomorphic layer structure in the range of 92-162 °C, with order in the layers
(lamellar mesophases) [54]. However, examination of the XRD pattern in combination
with the large clearing enthalpies suggests that these materials are highly ordered and
should be better described as crystals [4]. Independent of the exact nature of these
phases, this system is a good example to analyze how the ligand and the neutral or ionic
nature of the complexes have a determinant influence on the molecular shape and the
best space-filling arrangement beyond the initial influence of metal coordination.

From Figure 8.26a a planar molecular shape under normal conditions might be
expected, but the very long chains attached to the nitrogen atoms are far from what is
normal in common chemistry, and intra- and intermolecular interactions as well as
the anion—cation attractions lead to the cationic structure shown in Figure 8.26b. The
single crystal X-ray structure for the hexadecyl derivative shows that the cations have
interdigitated their chains giving rise to paraffinic areas sandwiched between Au
(bimy), planes (bimy = 1,3-dialkylbenzimidazol-2-ylidene). These bilayers of about
22 A thickness are stacked to give a lamellar structure with a repeating spacing of
about 26 A (Figure 8.26¢). The anions (Br ) and one H,0 molecule per gold atom are
located between these bilayers. Itis likely that this molecular arrangement is basically
maintained in the phase reported as lamellar.
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8.6
Complexes Containing Pyrazole-Type Ligands

8.6.1
Trinuclear Gold Pyrazolate Rings: Metallacrowns

It has been known for many years that gold pyrazolates have a trinuclear structure
defining a basically hexagonal (or triangular) core (Figure 8.27) [55]. Conveniently
substituted, this core can give rise to columnar organizations. Thus, using bis-alkoxy
substituents in positions R' and R® or tris-alkoxy aryls (30), columnar hexagonal
mesophases are obtained at temperatures not far from room temperature, although
with a short range of liquid crystal behavior [56, 57].

3 R
R2 RE
N—Au—N
— A —
N N
R’ \ / R*
Al Au
A /
(30) T
Hs,/\)\w
HQ

Less substituted systems also give rise to mesomorphism. Compounds with
R'=R?=Me and R? = C,;H;s, CgH; also display columnar hexagonal mesophases,
although in this case they are monotropic. Again, the number of aliphatic chains per
molecule is insufficient to fill a disk but the molecules stacked in the alternate way
shown in Figure 8.27 produce disk-like dimers [58]. Similar monotropic behavior is
found for an asymmetric gold trinuclear complex based on monosubsituted pyr-
azolate with R' = R =H and R*> = C4H,0C;,H,s [59].

Figure 8.27 Stacking of two gold pyrazolate trimers into a discotic dimer of trimers.
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8.6.2
“Mononuclear” Complexes

The simple gold 3-alkylpyrazol complex (31) has been reported showing a mono-
tropic SmA mesophase in the range of 65-52°C and luminescence in the solid
state [60].

I
Cl-Au-N (31)
-

o CioHzs

8.7
lonic Imidazolium Derivatives

An example of ionic mesomorphic imidazolium cyanoaurate derivative (32) has been
prepared displaying a SmA mesophase in the range of 66-112°C [61].

OC5Hzs
N D N
TN (32)
[AU{CN)2] ™

This species has been used as precursor of nanogold particles by electrodeposition.
When the electrodeposition is induced from the isotropic state at 117°C, the
nanoparticles obtained are nanodots aggregated in a spherical-like shape. In contrast,
the morphology of the nano particles prepared from the SmA mesophase at 111 °C
consist of leaf-like forms interlocked in rosettes.

8.3
Liquid Crystalline Gold Nanoparticles

The preparation and study of metal nanoparticles constitutes an important area of
current research. Such materials display fascinating chemical and physical proper-
ties due to their size [62, 63]. In order to prevent aggregation, metal nanoparticles are
often synthesized in the presence of ligands, functionalized polymers and surfac-
tants. In this regard, much effort has focused on the properties of nanoparticles
dispersed into LCs. In contrast, the number of nanoparticles reported that display
liquid crystal behavior themselves is low. Most of them are based on alkanethiolate
stabilized gold nanoparticles.

Gold nanoparticles displaying anomalous melting points were first described in
gold clusters of 24 A in diameter, stabilized by chemisorbed monolayers of alka-
nethiol groups (H,,+1C,S~, n=38, 12, 16) [64]. Using DSC data and thermogravi-
metric analysis these transitions were assigned to partial melting of the hydrocarbon
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Figure 8.28 Synthesis of thermotropic nematic gold nanoparticles.

chains, but no liquid crystal behavior was described. Further studies on a similar
system, formed by gold nanoparticles of 30A in diameter and stabilized by a
monolayer of octadecanathiol groups, reported liquid crystal behavior, although the
gold nanoparticles exhibit only a single phase transition assigned to an ordered-to-
disordered transition of the alkanethiol monolayer at the gold nanoparticles sur-
face [65]. The use of the liquid crystalline [10-{trans-(4-pentylcyclohexyl)phenoxy}]
decane-1-thiol to stabilize gold nanoparticles gave a system that displays a mesomor-
phic phase in the range of 74-114 °C, but a close analysis of this behavior shows that it
is due to a phase transition of the thiol moieties at the gold nanoparticle surface [66].

Liquid crystal gold nanoparticles that exhibit a thermotropic nematic phase in the
bulk have been reported recently (Figure 8.28).

The nematic nanoparticles have been prepared by a two step synthetic process.
First, gold nanoparticles are covered with an alkylthiol monolayer (hexyl- and
dodecylthiol); in a second step, the alkylthiol-nanoparticles are reacted with the
functionalized thiol mesogen in dichloromethane at room temperature to obtain the
monolayer-protected liquid crystal gold nanoparticles. These materials are chemi-
cally stable and display a nematic mesophase at room temperature [67, 68]. Other
examples include liquid crystal gold nanoparticles functionalized by hexaalkoxy-
substituted triphenylene [69].

Several mixtures of hexanethiol capped gold nanoparticles and triphenylene based
discotic LCs have been studied. These mixtures display liquid crystal behavior
(columnar mesophases) and an enhancement in the DC conductivity, due to the
inclusion of gold nanoparticles into the matrix of the organic LC [70]. Other studies of
mixtures of gold nanoparticles with mesogens include a series of cholesteryl phenoxy
alkanoates. The inclusion of the nanoparticles does not change the inherent liquid
crystal properties of the cholesteryl derivative but the mesophases are thermally
stabilized [71].



390 | 8 Liquid Crystals Based on Gold Compounds

OCHa

|.c2m = CgHy1, OCgHy7) £ (s)-Naproxen
S—R?
AHI HSCGHQ

2 OCH3
Au® | HSCyaHzs 0 OO
(s
Au® Hs/\f’)fo\o :

Figure 8.29 Compounds used to prepare liquid crystal mixtures containing gold nanoparticles.

Mixtures of a nematic liquid crystal (LC' or LC?) with small quantities of gold
nanoparticles coated with alkylthiolates (<5 wt%) including an alkylthiolate functio-
nalized with a chiral group have been studied (Figure 8.29) [72]. All mixtures show
nematic mesophases with transition temperatures and phase stability very similar to
those of theliquid crystal precursors LC' or LC2. The introduction of a chiral center into
the mixtures (mixtures of Au®) produce chiral nematic mesophases. A similar resultis
obtained in mixtures of Au* and LC' doped with the chiral dopant (s)-Naproxen.

Dendrimer-functionalized gold nanoparticles displaying thermotropic cubic me-
sophases (Figure 8.30) have been reported. The synthesis was carried outin two steps:
the surface of the gold particles was first stabilized by dodecanethiol in order to avoid
aggregation; then partial substitution of dodecanethiol chains by the dendritic
thiolate group yielded the mixed thiolate gold nanoparticles. These functionalized
nanoparticles show unconventional ferromagnetic behavior between 1.8 and 400 K
in the bulk [73]. The exact origin of these magnetic properties is not well understood.
Some theoretical results predict that gold alone could become ferromagnetic below a
certain size, whilst others claim that the covalent grafting of thiols at the gold surface
induces magnetism.

Lyotropic liquid crystalline nanoparticles have also been described. Concentrated
solutions of gold nanorods in water in the presence of a surfactant (cetyltrimethyl-
ammonium bromide) display a nematic mesophase stable up to 200°C [74]. The
N mesophase was identified by optical microscopy by their typical “nematic droplets”
texture.

8.9
Conclusions

The simple linear coordination of gold(I) offers an interesting range of opportunities
in the field of metal-containing LCs. On the one hand, linear coordination is the
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Figure 8.30 Synthesis of dendrimer-functionalized gold nanoparticles.

simplest coordination geometry to build up rod-like molecules. The gold atoms can
be situated close to either an extreme or the middle of the molecule; in both cases the
molecular simplicity facilitates the interpretation of the LC properties, that is the
study of the structure—property relationship. On the other hand, the molecular shape
is not confined to rod-like. In effect, other shapes can be built, either by playing with
the ligands, or by taking advantage of the interesting and well known chemistry of
polynuclear gold(I) complexes, as in the case of cyclic trimers formed with pyrazo-
lates and related ligands.

Besides this, the remarkable properties of gold(I) compounds, which often give
rise to aurophilic interactions and/or to luminescence, are of interest when these
properties are transported into the liquid crystal field. Although there is much still to
be studied, it is already clear that luminescence can survive in the condensed but
mobile state of a mesophase, and even in the isotropic liquid state of a molten gold
compound. It also seems that aurophilicity can contribute in some cases to the
formation of mesophases.

Finally, gold nanoparticles functionalized with thiols have emerged as a very
interesting field of research. The gold particle is used as a core to which thiols are
attached and the melting of the chains can give rise to LC-like behavior on the gold
surface or to real mesophases.
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In summary, it appears that gold(I) will continue to be a very rich source of
inspiration and experimentation, not only in liquid crystal research but in research
using gold liquid crystals at the interface of gold chemistry and the material
sciences.
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