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Preface

Sustainability has emerged as one of the keywords in discussions in the fields of
politics, society and science within the past 20 years. The need for the production of
high-quality products with minimum waste and energy demands is a key challenge
in today�s environment. This is even more salient when the increase in the world
population and the decrease in fossil fuel resources are considered. In the field of
chemistry, the concept of sustainability is clearly defined by the use of low-waste
chemical transformations plus the use of catalysts in order to decrease the amount of
energy needed for a process. Althoughmost catalytic reactions fulfill the criteria for a
sustainable transformation on the macroscopic scale, often the high price of cata-
lysts, which are mostly transition metal based and their ligands paired with an
inherent toxicity contradict these criteria on a microscopic scale.
This contradiction has spurred interest in developing transformations that make

use of sustainable catalysis. Organocatalysis and biocatalysis both fulfill the criteria of
sustainable catalysis: The catalysts are cheap, readily accessible and non-toxic. In the
field of sustainable metal catalysis, iron-catalyzed transformations have evolved as
powerful tools for performing organic synthesis. This development is somewhat
surprising if one considers that the earliest iron catalysis dates back to the 1960s, a
point in time where late transition metal catalysis using palladium, ruthenium or
rhodiumwas still in its infancy. For some reason, which tome is one of themysteries
in metal catalysis, iron complexes never attracted the same interest in catalysis as
their higher homologues in Group VIII metals, e.g. Ru, Os, Rh, Ir, Pd and Pt. This
development is even more astonishing if one considers the rich organometallic
chemistry of iron. It would appear that the current discussion about sustainability
(energy resources, non-toxic reagents, catalysts and green solvents, etc.) has led to
resurrection of iron catalysis in organic synthesis as a way to generate sustainablemetal
catalysis.
Due this recent revival, there is the need for an authoritative review of this

important chemistry. It is the purpose of this book not only to introduce the
chemistry community to the most recent achievements in the field of catalysis,
but also to create a deeper understanding of the underlying fundamentals in the
organometallic chemistry of iron complexes.
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Consequently, the first chapter of this multi-authored book introduces the reader
to the most general aspects of organoiron chemistry. The stability of complexes,
together with prominent examples of stoichiometric iron-mediated organic trans-
formations, are presented in a concise way, providing a first insight into and
references to the leading review articles.
Iron complexes also play a dominant role in biological systems. The second

chapter focuses on aspects connected with heme and non-heme iron catalysts in
biological and biomimetic transformations. Most biological and biomimetic cata-
lysts are employed in oxidation chemistry. Hence the reader can compare these
systems with artificial catalytic oxidations, e.g. Gif chemistry and allylic and het-
eroatom oxidations, which are summarized in Chapter 3. Catalytic reductions in the
presence of iron complexes are the synthetic counterpart to the oxidations and are
reviewed in Chapter 4. Chapters 5–7 deal with different aspects of substitutions
catalyzed by iron complexes. The cross-coupling of aryl or alkenyl halides with
Grignard reagents in the presence of catalytic amounts of iron salts, which are
reviewed in Chapter 5, has experienced almost explosive progress within the past
10 years. The current state of research is discussed with special emphasis on factors
influencing the reactivity, e.g. solvent and temperature. Chapter 6 completes the
aromatic substitution section by reviewing iron-catalyzed electrophilic substitutions.
Chapter 7 focuses on nucleophilic substitutions either by using iron salts as Lewis
acidic catalysts that facilitate the substitution of a leaving group by coordination or by
employing low-valent ferrates as nucleophiles. Iron salts play a dominant role in
catalytic addition and conjugate additions to carbonyl groups and these aspects are
concisely presented in Chapter 8. The canon of iron-catalyzed transformation is
rounded up by Chapter 9, which summarizes the current state of research in
cycloaddition and ring expansion reactions.
I hope this book, Iron Catalysis in Organic Chemistry. Reactions and Applications,

will stimulate further developments in this field and be of value to chemists both in
academia and in industry.

Stuttgart, April 2008 Bernd Plietker
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1
Iron Complexes in Organic Chemistry
Ingmar Bauer and Hans-Joachim Kn€olker

1.1
Introduction

Catalysis is an important field in both academic and industrial research because it
leads to more efficient reactions in terms of energy consumption and waste
production. The common feature of these processes is a catalytically active species
which forms reactive intermediates by coordination of an organic ligand and thus
decreases the activation energy. Formation of the product should occur with
regeneration of the catalytically active species. The efficiency of the catalyst can be
described by its turnover number, providing a measure of how many catalytic cycles
are passed by one molecule of catalyst.
For efficient regeneration, the catalyst should form only labile intermediates with

the substrate. This concept can be realized using transitionmetal complexes because
metal–ligand bonds are generally weaker than covalent bonds. The transition metals
often exist in different oxidation states with only moderate differences in their
oxidation potentials, thus offering the possibility of switching reversibly between the
different oxidation states by redox reactions.
Many transition metals have been applied as catalysts for organic reactions [1].

So far, iron has not played a dominant role in catalytic processes. Organoiron
chemistry was started by the discovery of pentacarbonyliron in 1891, indepen-
dently by Mond [2] and Berthelot [3]. A further milestone was the report of
ferrocene in 1951 [4]. Iron catalysis came into focus by the Reppe synthesis [5].
Kochi and coworkers published in 1971 their results on the iron-catalyzed cross-
coupling of Grignard reagents with organic halides [6]. However, cross-coupling
reactions became popular by using the late transition metals nickel and palladium.
More recently, the increasing number of reactions using catalytic amounts of iron
complexes indicates a renaissance of this metal in catalysis. This chapter describes
applications of iron complexes in organic chemistry and thus paves the way for an
understanding of iron catalysis.
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1.2
General Aspects of Iron Complex Chemistry

1.2.1
Electronic Configuration, Oxidation States, Structures

In complexes iron has an electronic configuration of [Ar]4s03d8. The most
common oxidation states for iron are þ2 and þ3. Moreover, the oxidation states
þ6, 0, �1 and �2 are of importance. In contrast to osmium, iron never reaches its
potential full oxidation state of þ8 as a group VIII element. In air, most iron(II)
compounds are readily oxidized to their iron(III) analogs, which represent the
most stable and widespread iron species. For iron(II) complexes ([Ar]4s03d6) a
coordination number of six with an octahedral ligand sphere is preferred. Iron(III)
([Ar]4s03d5) can coordinate three to eight ligands and often exhibits an octahedral
coordination. Iron(III) generally is a harder Lewis acid than iron(II) and thus binds
to hard Lewis bases. Iron(0) mostly coordinates five or six ligands with trigonal
bipyramidal and octahedral geometry. Iron(–II) is tetrahedrally coordinated. Iron
in low oxidation states is most interesting for organometallic chemistry and in
particular for iron-catalyzed reactions because they can form more reactive
complexes than their iron(II) and iron(III) counterparts. Therefore, iron(0) and
iron(–II) compounds are favored for iron catalysis. Iron carbonyl complexes are of
special interest due to their high stability with an iron(0) center capable of
coordinating complex organic ligands, which represents the basis for organoiron
chemistry.

1.2.2
Fundamental Reactions

The following fundamental reactions play a key role in organo-transition metal
chemistry: halogen–metal exchange, ligand exchange, insertion, haptotropic migra-
tion, transmetallation, oxidative addition, reductive elimination, b-hydride elimina-
tion and demetallation. Generally, several of these reactions proceed sequentially to
form a catalytic cycle. No stable product should be generated, as this would interrupt
the catalytic cycle by preventing the subsequent step.
Oxidative addition generally increases the oxidation state of the metal by two units

and, based on the common oxidation states of iron, leads from iron(0) to iron(II) or
iron(–II) to iron(0). The former represents the most widespread system for iron
catalysis in organic synthesis but the latter also has enormous potential for applica-
tions (see Section 1.4).
Oxidative additions are frequently observed with transition metal d8 systems such

as iron(0), osmium(0), cobalt(I), rhodium(I), iridium(I), nickel(II), palladium(II) and
platinum(II). The reactivity of d8 systems towards oxidative addition increases from
right to left in the periodic table and from top to down within a triad. The concerted
mechanism is most important and resembles a concerted cycloaddition in organic
chemistry (Scheme 1.1). The reactivity of metal complexes is influenced by their

2j 1 Iron Complexes in Organic Chemistry



ligand sphere. Thus, strong s-donor ligands and more poor p-acceptor ligands favor
the oxidative addition due to increased electron density at the metal.
Reaction of the nucleophilic Collman�s reagent (Na2Fe[CO]4) with two alkyl halides

affords ketones via successive oxidative additions (Scheme 1.2) [7]. However, no
catalytic cycle is achieved because the reaction conditions applied do not lead to
regeneration of the reagent.
The reductive elimination eventually releases the newly formed organic product in

a concerted mechanism. In the course of this process, the electron count is reduced
by two. Iron has a great tendency for coordinative saturation, which in general does
not favor processes such as ligand dissociation and reductive elimination. This aspect
represents a potential limiting factor for catalytic reactions using iron.
Another important reaction typically proceeding in transition metal complexes

is the insertion reaction. Carbon monoxide readily undergoes this process. There-
fore, the insertion reaction is extremely important in organoiron chemistry for
carbonylation of alkyl groups to aldehydes, ketones (compare Scheme 1.2) or
carboxylic acid derivatives. Industrially important catalytic processes based on
insertion reactions are hydroformylation and alkene polymerization.
Many metal-mediated reactions do not release the organic product by elimination

but generate a stable transitionmetal complex, which prohibits a catalytic cycle. This
is generally observed for diene–iron complexes which provide the free ligand only
after removal of the metal by demetallation. Demetallation can be achieved using
harsh oxidative conditions, which destroy themetal complex to give inert iron oxides.
However, such conditionsmay lead to the destruction of sensitive organic ligands. In
these cases, milder demetallation procedures are required to obtain the free ligand.
For example, the demetallation has been a limiting factor for application of the

Scheme 1.1

Scheme 1.2
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iron-mediated [2þ 2þ 1]-cycloaddition. The demetallation of tricarbonyl(h4-cyclo-
pentadienone)iron complexes using trimethylamine N-oxide provides low yields.
Photolytically induced ligand exchange of carbon monoxide by the poor p-accepting
acetonitrile leads to intermediate very labile tri(acetonitrile)iron complexes. Deme-
tallation by bubbling of air through the solution at low temperature affords the free
ligands in high yields (Scheme 1.3) [8].
A further novelmethod for demetallation provides even higher yields. Hieber-type

reaction of the tricarbonyl(h4-cyclopentadienone)iron complex with sodium hydrox-
ide to the corresponding hydride complex followed by ligand exchange with iodo-
pentane affords an intermediate iodoiron complex, which is readily demetallated in
the presence of air and daylight at room temperature (Scheme 1.4) [9]. Combining
steps a–c in a one-pot procedure without isolation of the intermediate hydride
complex gave yields of up to 98%.
These examples demonstrate that ligand exchange of carbon monoxide by poor

p-acceptor ligands provides, due to decreased back-bonding, labile complexes which
can be demetallated under mild reaction conditions, providing the corresponding
free ligands in high yields.

1.3
Organoiron Complexes and Their Applications

In order to understand catalytic systems based on iron, the chemistry of organoiron
complexes is briefly described and their reactivity is demonstrated. A comprehensive
summary of the applications of iron compounds in organic synthesis has been given
by Pearson [7].

Scheme 1.3

Scheme 1.4
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1.3.1
Binary Carbonyl–Iron Complexes

Iron forms three stable homoleptic complexes with carbon monoxide, pentacarbo-
nyliron (Fe[CO]5), nonacarbonyldiiron (Fe2[CO]9) and dodecacarbonyltriiron
(Fe3[CO]12) (Figure 1.1).
Pentacarbonyliron is a stable 18-electron complex of trigonal-bipyramidal

geometry and represents the primary source of most organoiron complexes. Nona-
carbonyldiiron is prepared in a photolytic reaction from pentacarbonyliron. Dodeca-
carbonyltriiron can be obtained fromnonacarbonyldiiron by a thermal reaction. Both,
nonacarbonyldiiron and dodecacarbonyltriiron, containmetal–metal bonds. They are
slowly degraded to give pyrophoric iron and therefore should be handled with care.
Iron carbonyls have been used in stoichiometric and catalytic amounts for a variety

of transformations in organic synthesis. For example, the isomerization of 1,4-dienes
to 1,3-dienes by formation of tricarbonyl(h4-1,3-diene)iron complexes and subse-
quent oxidative demetallation has been applied to the synthesis of 12-prostaglandin
PGC2 [10]. The photochemically induced double bond isomerization of allyl alcohols
to aldehydes [11] and allylamines to enamines [12, 13] can be carried out with catalytic
amounts of iron carbonyls (see Section 1.4.3).
Iron carbonyls also mediate the cycloaddition reaction of allyl equivalents and

dienes. In the presence of nonacarbonyldiiron a,a0-dihaloketones and 1,3-dienes
provide cycloheptenes (Scheme 1.5) [14, 15]. Two initial dehalogenation steps afford a
reactive oxoallyliron complex which undergoes a thermally allowed concerted [4þ 3]-
cycloaddition with 1,3-dienes. The 1,3-diene system can be incorporated in cyclic or
heterocyclic systems (furans, cyclopentadienes and, less frequently, pyrroles). Noyori
and coworkers applied this strategy to natural product synthesis, e.g. a-thujaplicin
and b-thujaplicin [14, 16].
The reducing ability of iron(0) complexes has been exploited for functional group

interconversion, for example reduction of aromatic nitro compounds to amines by
dodecacarbonyltriiron [17].

Figure 1.1 Homoleptic ironcarbonyl complexes.

Scheme 1.5

1.3 Organoiron Complexes and Their Applications j5



Addition of nucleophiles to a carbon monoxide ligand of pentacarbonyliron
provides anionic acyliron intermediates which can be trapped by electrophiles (Hþ

or R�X) to furnish aldehydes or ketones [18]. However, carbonyl insertion into alkyl
halides using iron carbonyl complexes is more efficiently achieved with disodium
tetracarbonylferrate (Collman�s reagent) and provides unsymmetrical ketones
(Scheme 1.2) [19, 20]. Collman�s reagent is extremely sensitive towards air and
moisture, but offers a great synthetic potential as carbonyl transfer reagent. It can be
prepared by an in situ procedure starting from Fe(CO)5 and Na–naphthalene [20].
The reaction of two alkynes in the presence of pentacarbonyliron affords

via a [2þ 2þ 1]-cycloaddition tricarbonyl(h4-cyclopentadienone)iron complexes
(Scheme 1.6) [5, 21–23]. An initial ligand exchange of two carbon monoxide ligands
by two alkynes generating a tricarbonyl[bis(h2-alkyne)]iron complex followed by an
oxidative cyclization generates an intermediate ferracyclopentadiene. Insertion of
carbon monoxide and subsequent reductive elimination lead to the tricarbonyl(h4-
cyclopentadienone)iron complex. These cyclopentadienone-iron complexes are fairly
stable but can be demetallated to their corresponding free ligands (see Section 1.2.2).
The [2þ 2þ 1]-cycloaddition requires stoichiometric amounts of iron as the final 18-
electron cyclopentadienone complex is stable under the reaction conditions.
The iron-mediated [2þ 2þ 1]-cycloaddition to cyclopentadienones has been suc-

cessfully applied to the synthesis of corannulene [24] and the yohimbane alkaloid
(�)-demethoxycarbonyldihydrogambirtannine [25]. A [2þ 2þ 1]-cycloaddition of
an alkene, an alkyne and carbon monoxide mediated by pentacarbonyliron, related
to the well-known Pauson–Khand reaction [26], has also been described to afford
cyclopentenones [27].

Scheme 1.6
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A double insertion of carbon monoxide has been observed for the amine-induced
reaction of alkynes with dodecacarbonyltriiron leading to cyclobutenediones
(Scheme 1.7) [28].
In the presence of an excess of a primary amine, this reaction has been applied to

the synthesis of cyclic imides [29].

1.3.2
Alkene–Iron Complexes

Neutral h2-alkene–tetracarbonyliron complexes can be prepared from the corre-
sponding alkene and nonacarbonyldiiron via a dissociative mechanism. The organic
ligand in the alkene–iron complex is more easily attacked by nucleophiles than the
corresponding free alkene due to the acceptor character of the tetracarbonyliron
fragment. The reaction principle is demonstrated in Scheme 1.8 [30].
Malonate anions react with the h2-ethylene–Fe(CO)4 complex to afford after

demetallation ethyl malonate derivatives. Reaction of nucleophiles with tetracar-
bonyliron-activated a,b-unsaturated carbonyl compounds leads after protonation of
the intermediate alkyl–Fe(CO)4 anions to the products of Michael addition.
Cationic alkene complexes of the type [h2-alkene–Fp]þ [Fp¼CpFe(CO)2] are

available by reaction of the alkenes with CpFe(CO)2Br. Alternatively, several indirect
routes to these complexes are provided by using CpFe(CO)2Na. Both reagents can be
prepared from the dimer [Cp(CO)2Fe]2. The Fp fragment serves as protecting group
for alkenes and tolerates bromination and hydrogenation of other double bonds
present in the molecule. Due to their positive charge, [h2-alkene–Fp]þ complexes
react with a wide range of nucleophiles such as enamines, enolates, silyl enol ethers,
phosphines, thiols and amines. The addition proceeds stereoselectively with the
nucleophile approaching anti to the Fp group, but often shows poor regioselectivity.
This drawback is overcome by using vinyl ether complexes, which are attacked by
nucleophiles exclusively at the alkoxy-substituted carbon (Scheme 1.9). The inter-
mediate alkyl–Fp complexes undergo elimination of alcohol and demetallation.

Scheme 1.7

Scheme 1.8
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Thus, [h2-alkene–Fp]þ complexes represent useful cationic synthons for the vinyla-
tion of enolates [31].
Related [alkyne–Fp]þ complexes can be obtained by ligand exchange of [iso-

butylene–Fp]þ complexes with alkynes [32].

1.3.3
Allyl– and Trimethylenemethane–Iron Complexes

Allyl complexes of the type h1-allyl–Fp are prepared by reaction of [Cp(CO)2Fe]
�Naþ

with allyl halides or, alternatively, by deprotonation of [h2-alkene–Fp]þ complexes.
The most important reaction of h1-allyl–Fp complexes is the [3þ 2]-cycloaddition
with electron-deficient alkenes [33]. The reaction proceeds via a non-concerted
mechanism, to afford Fp-substituted cyclopentanes (Scheme 1.10).
Removal of the s-substituted Fp group can be achieved by conversion into the

cationic alkene–Fp complex using Ph3CPF6 and subsequent treatment with iodide,
bromide or acetonitrile. Oxidative cleavage with ceric ammonium nitrate in metha-
nol provides the methyl esters via carbonmonoxide insertion followed by demetalla-
tion. The [3þ 2]-cycloaddition has been successfully applied to the synthesis of
hydroazulenes (Scheme 1.11) [34]. This remarkable reaction takes advantage of the
specific nucleophilic and electrophilic properties of h1-allyl–, cationic h5-dienyl–,
cationic h2-alkene– and h4-diene–iron complexes, respectively.

Scheme 1.9

Scheme 1.10

Scheme 1.11
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Cationic h3-allyltetracarbonyliron complexes are generated by oxidative addition
of allyl iodide to pentacarbonyliron followed by removal of the iodide ligand with
AgBF4 under a carbon monoxide atmosphere [35]. Similarly, photolysis of vinyl
epoxides or cyclic vinyl sulfites with pentacarbonyliron or nonacarbonyldiiron
provides p-allyltricarbonyliron lactone complexes. Oxidation with CAN provides by
demetallation with concomitant coupling of the iron acyl carbon to one of the termini
of the coordinated allyl moiety either b- or d-lactones (Scheme 1.12) [36, 37]. In a
related procedure, the corresponding p-allyltricarbonyliron lactam complexes lead to
b- and d-lactams [37].
In trimethylenemethane complexes, the metal stabilizes an unusual and highly

reactive ligand which cannot be obtained in free form. Trimethylenemethanetricar-
bonyliron (R¼H)was thefirst complex of this kind described in 1966 byEmerson and
coworkers (Figure 1.2) [38]. It can be obtained by reaction of bromomethallyl alcohol
with Fe(CO)5. Trimethylenemethaneiron complexes have been applied for [3þ 2]-
cycloaddition reactions with alkenes [39].

1.3.4
Acyl– and Carbene–Iron Complexes

Acyliron complexes have found many applications in organic synthesis [40].
Usually they are prepared by acylation of [CpFe(CO)2]

� with acyl chlorides or
mixed anhydrides (Scheme 1.13). This procedure affords alkyl, aryl and a,b-
unsaturated acyliron complexes. Alternatively, acyliron complexes can be obtained
by treatment of [Fe(C5Me5)(CO)4]

þ with organolithium reagents. a,b-Unsaturated
acyliron complexes can be obtained by reaction of the same reagent with 2-alkyn-1-
ols. Deprotonation of acyliron complexes with butyllithium generates the corre-
sponding enolates, which can be functionalized by reaction with various
electrophiles [40].

Scheme 1.12

Figure 1.2 Trimethylenemethanetricarbonyliron complexes.
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Acyliron complexes with central chirality at the metal are obtained by substitution
of a carbon monoxide with a phosphine ligand. Kinetic resolution of the racemic
acyliron complex can be achieved by aldol reaction with (1R)-(þ)-camphor
(Scheme 1.14) [41]. Along with the enantiopure (RFe)-acyliron complex, the (SFe)-
acyliron–camphor adduct is formed, which on treatment with base (NaH or NaOMe)
is converted to the initial (SFe)-acyliron complex. Enantiopure acyliron complexes
represent excellent chiral auxiliaries, which by reaction of the acyliron enolates with
electrophiles provide high asymmetric inductions due to the proximity of the chiral
metal center. Finally, demetallation releases the enantiopure organic products.
a,b-Unsaturated acyliron complexes are versatile reagents and show high stereo-

selectivity in many reactions, e.g. as dienophiles in Diels–Alder reactions [42], as
Michael acceptors for heteronucleophiles [43] and in [3þ 2]-cycloadditions with
allyltributylstannane to cyclopentanes [44].
Fp-substituted enones and enals undergo cyclocarbonylations on treatment with

metal hydrides or metal alkyls to provide g-lactones (Scheme 1.15) [45]. Similarly,
electron-rich primary amines afford dihydropyrrolones with iron-substituted (Z)-
enals in the presence of titanium tetrachloride and triethylamine [46].
Dicarbonyl(h5-cyclopentadienyl)iron–alkyl complexes represent useful precursors

for iron–carbene complexes [47]. For example, iron–carbene complexes are inter-
mediates in the acid-promoted reaction of Fp–alkyl ether derivatives with alkenes to
provide cyclopropanes via a [2þ 1]-cycloaddition (Scheme 1.16).

Scheme 1.13

Scheme 1.14

Scheme 1.15
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In a related strategy, Helquist and coworkers used thioether-substituted Fp
complexes and applied the intermediate iron–carbene complexes to cyclopropana-
tion (Scheme 1.17), C�H insertion and Si�H insertion reactions [48].
A cyclopentane annelation by intramolecular C�H insertion of intermediate

cationic iron–carbene complexes has been applied to the synthesis of the fungal
metabolite (�)-sterpurene [49].

1.3.5
Diene–Iron Complexes

Acyclic and cyclic diene–iron complexes are stable compounds andhave found awide
range of applications in organic synthesis [36, 50, 51]. The reactivity of the 1,3-diene
system is altered drastically by coordination to the tricarbonyliron fragment. For
example, the coordinated dienemoiety does not undergo hydrogenation, hydrobora-
tion, dihydroxylation, Sharpless epoxidation, cyclopropanation and Diels–Alder
cycloaddition reactions. Hence, the tricarbonyliron fragment has been used as a
protecting group for diene systems. The reactivity of the diene unit towards electro-
philes is decreased in the complex. However, the reactivity towards nucleophiles is
increased due to donation of p-electrons to the metal. Therefore, the coordinated
tricarbonyliron fragment may be regarded as an acceptor group. Moreover, the iron
carbonyl fragment by its steric demandblocks one face of the dienemoiety and serves
as a stereo-directing group [51].
The classical protocol for synthesis of iron–diene complexes starts from the

homoleptic pentacarbonyliron complex. In a stepwise fashion, via a dissociative
mechanism, two carbonyl ligands are displaced by the diene system. However,
thermal dissociation of the first CO ligand requires rather harsh conditions (ca.
140 �C). For acyclic 1,3-dienes, the diene ligand adopts an s-cis conformation to form
stable h4-complexes (Scheme 1.18).
Non-conjugated dienes isomerize during complexation to afford tricarbonyliron-

coordinated conjugated dienes. This isomerization has been applied to a wide range
of substituted cyclohexa-1,4-dienes available by Birch reduction from aromatic

Scheme 1.17

Scheme 1.16
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compounds. However, often isomeric mixtures are formed by complexation of
substituted cyclohexadienes (Scheme 1.19).
For introduction of the tricarbonyliron fragment under mild reaction conditions,

tricarbonyliron transfer reagents have been developed [52]. Among them are tricar-
bonylbis(h2-cis-cyclooctene)iron (Grevels� reagent) [53] and (h4-benzylideneacetone)
tricarbonyliron [54]. Grevels� reagent is prepared by photolytic reaction of pentacar-
bonyliron with cis-cyclooctene and transfers the tricarbonyliron fragment at tem-
peratures below 0 �C (Scheme 1.20). Although the solid compound can be handled at
room temperature, in solution the complex is very labile and stable only at tem-
peratures below �35 �C.
(h4-Benzylideneacetone)tricarbonyliron has been used for the synthesis of the

tricarbonyliron complex of 8,8-diphenylheptafulvalene, which could not be prepared
by reaction with pentacarbonyliron and dodecacarbonyltriiron owing to the sensitiv-
ity of the substrate to both heat and UV light. The mechanism which has been
proposed for the transfer of the tricarbonyliron fragment using this reagent involves
an initial h4 to h2 haptotropic migration (Scheme 1.21) [54b,c].
Because of the high lability of the reagents described above, (h4-1-azabuta-1,3-

diene)tricarbonyliron complexes have been developed as alternative tricarbonyliron
transfer reagents. They are best prepared by an ultrasound-promoted reaction of
1-azabuta-1,3-dienes with nonacarbonyldiiron in tetrahydrofuran at room tempera-
ture. Using (h4-1-azabuta-1,3-diene)tricarbonyliron complexes the transfer of the
tricarbonyliron unit proceeds in refluxing tetrahydrofuran in high yields [55a,b].

Scheme 1.18

Scheme 1.19

Scheme 1.20
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Moreover, after transfer the free ligand can be recovered by crystallization. The
mechanistic proposal for the transfer reaction is based on an initial h4 to h1

haptotropic migration (Scheme 1.22).
A catalytic process for the complexation of cyclohexadiene with pentacarbonyliron

using 0.125 equivalents of the 1-azabuta-1,3-diene in refluxing dioxane affords
quantitatively the corresponding tricarbonyliron complex [55c]. Supported by addi-
tional experimental evidence, the mechanism shown in Scheme 1.23 has been
proposed for the 1-azadiene-catalyzed complexation [52].
1-Azabutadiene reacts with pentacarbonyliron by nucleophilic attack at a carbon

monoxide ligand to form a s-carbamoyliron complex. Subsequent intramolecular
displacement of a carbon monoxide ligand affords an (h3-allyl)carbamoyliron com-
plex. Two consecutive haptotropic migrations (h3 to h2 and h2 to h1) provide a
tetracarbonyl(h1-imine)iron complex. Release of a second carbon monoxide gener-
ates tricarbonyl(h1-imine)iron, a reactive 16-electron species. Via haptotropic migra-
tion (h1 to h4), this intermediate converts to the 18-electron (h4-1-azabuta-1,3-diene)
tricarbonyliron complex, the stoichiometric transfer reagent. At the stage of
the reactive 16-electron intermediate, a double bond of the diene system can
be coordinated at the metal. Regeneration of the 1-azadiene catalyst followed
by haptotropic migration (h2 to h4) leads to the stable 18-electron complex,

Scheme 1.21

Scheme 1.22
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tricarbonyliron(h4-cyclohexa-1,3-diene)iron. This catalytic cycle contains metal com-
plexes as substrate, product and catalytically active species.
The catalytic system described above has been further developed to an asymmetric

catalytic complexation of prochiral 1,3-dienes (99% yield, up to 86% ee) using an
optically active camphor-derived 1-azabutadiene ligand [56]. This method provides
for the first time planar-chiral transition metal p-complexes by asymmetric catalysis.
Chemoselective oxidation of 4-methoxyanilines to quinonimines can be achieved

in the presence of tricarbonyl(h4-cyclohexadiene)iron complexes. This transforma-
tion has been used for the synthesis of carbazoles via intermediate tricarbonyliron-
coordinated 4b,8a-dihydrocarbazol-3-one complexes (Scheme 1.24) [57].
The p-anisidine moiety is oxidized by commercial (water-containing) manganese

dioxide to the non-cyclized quinonimine. Iron-mediated oxidative cyclization by
treatment with very activemanganese dioxide affords the tricarbonyliron-coordinated
4b,8a-dihydrocarbazol-3-one. The cyclohexadiene–iron complex is stable even in the
presence of the adjacent quinonimine without any aromatization of both systems in
an intramolecular redox reaction. The function of the tricarbonyliron fragment as
protecting group becomes evident by demetallation with trimethylamine N-oxide
leading to instantaneous aromatization of both rings. A number of 3-oxygenated
carbazole alkaloids have been obtained by this route [58].

Scheme 1.23
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Kinetic resolution can be accomplished by addition of allyl boronates to aldehyde
groups adjacent to the tricarbonyliron fragment [59]. For the synthesis of ikaruga-
mycin, Roush and Wada developed an impressive asymmetric crotylboration of a
prochiral meso complex using a chiral diisopropyl tartrate-derived crotylborane
(Scheme 1.25) [60]. In the course of this synthesis, the stereo-directing effect of the
tricarbonyliron fragment has been exploited twice to introduce stereospecifically a
crotyl and a vinyl fragment.
Cyclohexadienylium–tricarbonyliron complexes are readily available by hydride

abstraction from cyclohexadiene–tricarbonyliron complexes using triphenylcarbe-
nium tetrafluoroborate [61]. They are stable and can be handled in air. The hydride
ion is removed at one of the non-coordinated carbon atoms from the face opposite to
the metal fragment. The resulting cyclohexadienylium system is stabilized as an
h5-ligand by the tricarbonyliron fragment (Scheme 1.26).
Cyclohexadienylium–tricarbonyliron complexes represent the most versatile iron

complexes applied as building blocks in synthetic organic chemistry. Because of their
positive charge, a large variety of nucleophiles undergo nucleophilic attack at the

Scheme 1.24

Scheme 1.25
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coordinated ligand (Scheme 1.27). The attack of nucleophiles generally proceeds in
high yields and takes place regioselectively at the terminus of the coordinated dienyl
system (Davies–Green–Mingos rules) [62] and also stereoselectively anti to the
tricarbonyliron fragment. Demetallation of the resulting functionalized cyclohexa-
dienes to the corresponding free ligands can be achieved with different oxidizing
agents (e.g. trimethylamine N-oxide).
Additions to substituted dienyl systems, depending on the position of the sub-

stituents, their electronic properties and the steric demand of the nucleophile, may
lead to a variety of regioisomeric products. However, inmost cases the regiochemical
outcome of the reaction can be predicted [63]. Addition of nucleophiles to tricarbo-
nyliron-coordinated 1-alkyl-4-methoxy-substituted cyclohexadienyl cations permits
the stereoselective construction of quaternary carbon centers (Scheme 1.28). The
selectivity of this addition is governed by the regio-directing effect of the methoxy
group, which directs the incoming nucleophile in the para-position, and the stereo-
directing effect of the tricarbonyliron fragment (anti selectivity). These building
blocks have been used for synthetic approaches to several natural products, e.g.
(�)-limaspermine [64], the spirocyclic discorhabdin and prianosin alkaloids [65] and
O-methyljoubertiamine [66].
Using cationic tricarbonyl(h5-cyclohexadienyl)iron complexes as starting materi-

als, different synthetic routes to a large number of carbazole alkaloids have been
developed [51, 58, 67]. The first step is an electrophilic substitution of a substituted
arylamine using the cyclohexadienyliron complex and provides the corresponding
5-aryl-substituted cyclohexadiene–iron complexes (Scheme 1.29).
The construction of the carbazole framework is completed by an iron-

mediated oxidative cyclization which proceeds via an initial single electron transfer
to generate a 17-electron radical cation intermediate. Iron-mediated oxidative

Scheme 1.26

Scheme 1.27

Scheme 1.28
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cyclization and subsequent aromatization can be accomplished in a one-pot
procedure by using several oxidizing agents (e.g., very active manganese dioxide,
iodine in pyridine, ferricenium hexafluorophosphate–sodium carbonate). This
method has been applied to the total synthesis of a wide variety of carbazole
alkaloids [67]. Alternatively, an iron-mediated oxidative cyclization in air leading
to stable 4a,9a-dihydrocarbazole–iron complexes has been developed. Final
demetallation and dehydrogenation of these complexes afford the carbazoles
(Scheme 1.30) [67, 68].
A further route, via initial oxidation of the arylamine to a quinonimine followed

by oxidative cyclization to an iron-coordinated 4b,8a-dihydrocarbazol-3-one and
demetallation to a 3-hydroxycarbazole, has been described above (Scheme 1.24).
Acyclicpentadienylironcomplexesshowasimilar reactivity towardsnucleophilesbut

have found less application so far. Donaldson and coworkers reported an interesting
cyclopropanation starting from a pentadienyliron complex (Scheme 1.31) [69]. This
procedurehasbeenusedfor thestereoselectivesynthesisofcyclopropylglycines [70], the
preparation of the C9�C16 alkenylcyclopropane segment of ambruticin [71] and the
synthesis of hydrazulenes via divinylcyclopropanes [72].

Scheme 1.29

Scheme 1.30
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1.3.6
Ferrocenes

Ferrocene is an iron(II) sandwich complex with two cyclopentadienyl ligands
(Figure 1.3). Since its discovery in 1951 [4], ferrocene has been the subject of
extensive investigations due to its reactivity, structural features and potential for
applications [73].
Ferrocene is air-stable, can be sublimed without decomposition and reacts with

electrophiles by substitution at the cyclopentadienyl ring. The mechanism differs
from classical electrophilic aromatic substitution in the way that the electrophile first
attacks at the metal center and is subsequently transferred to the ligand followed by
deprotonation. Oxidation of ferrocene gives the blue ferricenium ion [Fe(C5H5)2]

þ,
which is used as an oxidizing agent. Ferrocenes which are homoannular disubsti-
tuted with two different substituents are planar chiral. This feature has been widely
exploited for applications in various asymmetric catalytic reactions. Especially
ferrocenylphosphanes represent useful chiral ligands [74]. Also planar chiral ferro-
cenes with additional chiral substituents have been applied in asymmetric catalysis,
and even a combination of planar, central and axial chirality was employed
(Figure 1.4). An example of asymmetric synthesis using chiral ferrocene ligands
is described below (Section 1.4.2).

1.3.7
Arene–Iron Complexes

Two types of arene–iron complexes are known in the literature, monocationic
arene–FeCp and dicationic bis(arene)Fe complexes [75]. The former type is more
stable and shows a more useful chemistry. Arene–FeCp complexes can be prepared

Scheme 1.31

Figure 1.3 Ferrocene. Figure 1.4 A ferrocene with planar, central and axial chirality.
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by ligand exchange from ferrocene with the corresponding aromatic compound in
the presence of aluminum trichloride and aluminum powder (Scheme 1.32).
The metal reduces the electron density at the arene ligand, thus making it more

susceptible to nucleophilic attack (Scheme 1.33). Arene–FeCp complexes react with a
great variety of nucleophiles following the Davies–Green–Mingos rules [62] prefer-
entially at the arene ring and stereoselectively anti to the metal. Alkyllithium
compounds add readily at the arene ligand. Only in the case of steric hindrance
addition at the Cp ligand is observed.
Electron-donating substituents direct the incoming nucleophile predominantly

to the meta-position and electron-withdrawing substituents to the ortho-position.
Oxidative demetallation (DDQ, iodine) is applied to reoxidize the cyclohexadienyl
ligand, releasing a substituted arene. Addition of nucleophiles to halobenzene–FeCp
complexes leads to nucleophilic substitution of the halo substituent (Scheme 1.34).
Demetallation of the product complexes is achieved by irradiation with sunlight or
UV light in acetone or acetonitrile.
This reaction is a powerful tool and represents an alternative for the synthesis of

substituted arenes difficult to prepare via classical electrophilic or nucleophilic
aromatic substitution. Using bi- or polyfunctional arenes as starting materials, this
reaction affords novel organoiron polymers [76] (Scheme 1.35).

Scheme 1.32

Scheme 1.33

Scheme 1.34
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Dicationic bis(arene)iron complexes are prepared from Fe(II) salts using the
corresponding arene as solvent in the presence of aluminum trichloride at elevated
temperatures. Because of the double positive charge, they easily add twonucleophiles
at one arene ring.

1.4
Catalysis Using Iron Complexes

The difficulty in removing metal residues from the product induced the search for
iron-catalyzed reactions [77]. However, iron complexes can play different roles in
catalytic processes:

1. as substrate and/or product;
2. as ligands for other transition metal catalysts to achieve activation and

stereocontrol;
3. as catalytically active species.

1.4.1
Iron Complexes as Substrates and/or Products in Catalytic Reactions

The first aspect is illustrated by the synthesis of tricarbonyl(h4-1,3-diene)iron com-
plexes from pentacarbonyliron in the presence of catalytic amounts of a 1-azabuta-

Scheme 1.35
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diene which forms in situ during the catalytic cycle a tricarbonyliron transfer reagent
(Scheme 1.23) [52]. The 1-azabutadiene represents the catalytically active species in
this process. Electrocatalysis with ferrocenes also belongs to this category [78, 79].

1.4.2
Iron Complexes as Ligands for Other Transition Metal Catalysts

Organoiron complexes have been applied as ligands for processes catalyzed by other
transition metals in order to activate them or to achieve stereocontrol. This principle
has been utilized by readily available ferrocenes bearing additional coordinating
groups at their cyclopentadienyl rings [74]. Due to their planar chirality, substituted
ferrocenes, often in combination with additional central chirality of pendant groups,
have been extensively investigated as ligands for asymmetric catalysis. A few
examples of commercially available ferrocene ligands are shown in Figure 1.5.
A broad variety of asymmetric reactions has been studied using chiral ferrocene

ligands, e.g. asymmetric hydrogenation, asymmetric metal-catalyzed coupling reac-
tions and enantioselective nucleophilic additions to aldehydes and imines. An
example of such a catalytic process is the synthesis of the peroxime proliferator
activated receptor (PPAR) agonist, applying a rhodium-catalyzed hydrogenation of a
cinnamic acid derivative in 78%yield and 92% ee (Scheme1.36) [80]. In this particular
case, the ferrocene ligand Walphos proved to be most efficient.

1.4.3
Iron Complexes as Catalytically Active Species

This section provides only a brief insight into iron-catalyzed reactions. Iron com-
plexes as catalytically active species undergo typical steps of transitionmetal catalysis

Figure 1.5 Commercially available chiral ferrocene ligands.

Scheme 1.36
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such as oxidative addition and reductive elimination, thus leading to a reversible
change of the formal oxidation state of the metal.
Pentacarbonyliron can catalyze the isomerization of double bonds under photo-

chemical conditions. Using catalyst loadings as low as 1–5mol%, this process
proceeds smoothly for allyl alcohols, which isomerize to the corresponding saturated
carbonyl compounds.
Themechanismof the catalytic cycle is outlined in Scheme 1.37 [11]. It involves the

formation of a reactive 16-electron tricarbonyliron species by coordination of allyl
alcohol to pentacarbonyliron and sequential loss of two carbon monoxide ligands.
Oxidative addition to a p-allyl hydride complex with iron in the oxidation state þ2,
followed by reductive elimination, affords an alkene–tricarbonyliron complex. As
a result of the [1, 3]-hydride shift the allyl alcohol has been converted to an enol,
which is released and the catalytically active tricarbonyliron species is regenerated.
This example demonstrates that oxidation and reduction steps can be merged to a
one-pot procedure by transferring them into oxidative addition and reductive
elimination using the transition metal as a reversible switch. Recently, this reaction
has been integrated into a tandem isomerization-aldolization reaction which was
applied to the synthesis of indanones and indenones [81] and for the transformation
of vinylic furanoses into cyclopentenones [82].
In a similar reaction, allylamines can be isomerized to afford enamines. Photo-

chemical isomerization of the silylated allylamine in the presence of catalytic
amounts of pentacarbonyliron provided exclusively the E-isomer of the enamine,
whereas a thermally induced double bond shift provided a 4:1 mixture of the E- and
Z-enamines (Scheme 1.38) [13].
Pentacarbonyliron has also been applied as catalyst for the reduction of nitroarenes

by carbon monoxide and water to afford anilines [17, 83].

Scheme 1.37
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A comparison of the electronic configuration of iron with that of nickel
suggests that iron systems which are isoelectronic to the redox couple Ni(0)/
Ni(II) could have potential as catalysts. This would apply to the Fe(–II)/Fe(0)
system. The increased nucleophilicity of the Fe(–II) species should facilitate
oxidative addition reactions, which often represent the limiting step. In fact,
several iron-catalyzed cross-coupling reactions of Grignard or organomanganese
reagents with alkenyl halides or aryl chlorides, tosylates and triflates have been
reported recently [84, 85]. In these examples, the Fe(–II)/Fe(0) redox system
appears to drive the catalytic cycle. A mechanism involving a catalytically active
Fe(–II) species has been postulated by F€urstner et al. for this cross-coupling
reaction (Scheme 1.39) [77, 86].
The �inorganic Grignard� species [Fe(MgX)2], which has not yet been structurally

confirmed, is regarded as the propagating agent. Oxidative addition of an aryl halide
generates an Fe(0) complex, which is alkylated by another Grignard reagent.
Reductive elimination provides the organic product and regenerates the catalytically
active species. The Fe(–II)/Fe(0) redox-couple appears to have great potential for
further applications in organic synthesis.

Scheme 1.38

Scheme 1.39
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2
Iron Catalysis in Biological and Biomimetic Reactions

2.1
Non-heme Iron Catalysts in Biological and Biomimetic Transformations

Jens M€uller

2.1.1
Introduction: Iron in Biological Processes

Being the second most abundant metal after aluminum and hence the most
abundant transition metal in the Earth�s crust, iron is exploited for biological
processes by numerous organisms [1]. Under the reducing atmosphere that existed
prior to the advent of photosynthesis more than 2 billion years ago, iron(II) was most
likely abundant also in seawater and could easily be utilized during the first billion
years of biological evolution. The fact that iron can exist in several oxidation states
made (and stillmakes) it an ideal candidate for the incorporation into the active center
of metalloenzymes that catalyze redox reactions or that are involved in electron
transfer. However, the presence of photosynthetically generated oxygen led to dra-
matic changes for the early organisms. First, iron(II) was now oxidized to iron(III),
which rapidly precipitated in the form of its hydroxide salts and was no longer
easily available for biological processes. Since then, evolutionary pressure has led to
the appearance of sophisticatedmechanisms to salvage the poorly soluble iron(III) as
an iron source. Second, oxidative damage due to dioxygen influenced and disturbed
numerous cellular processes, leading to the development of enzymes such as
superoxide dismutase and superoxide reductase that are capable of �detoxifying�
the harmful oxygen species. Nonetheless, iron is still being used to perform or
catalyze vital biological transformations, e.g. oxygen transport, mono- and dioxy-
genations, hydroxylations, electron transfer and many more.
Because of the broad variety of iron-containing proteins, they are usually divided

into three distinct classes, based on their structural composition. Iron–sulfur
proteins, which contain clusters of iron and inorganic sulfur and in which the metal
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ions are typically coordinated by cysteine or in some instances by histidine amino acid
residues, are involved in electron transfer, in the reduction of dinitrogen and in
sensing oxygen and iron [2]. This class of proteins will not be discussed in this book.
In heme proteins, the iron is coordinated by four nitrogen ligands that are located in
a macrocyclic porphyrin ring system. These proteins are engaged mainly in oxygen
transfer and in oxidation reactions. Section 2.2 gives an overview of the reactions that
are catalyzed by heme-containing iron proteins and their model systems [3]. Finally,
the remaining non-heme iron proteins are still so diverse that they need to be
subdivided further. In this chapter, a general division into proteinswithmononuclear
active sites and proteins with dinuclear active sites will be adhered to. As the various
classes of non-heme iron proteins display entirely different properties and hence
reactivities, a discussion of all aspects of all possible iron-catalyzed biological
transformations is beyond the scope of this chapter. It will instead give a detailed
insight into the mechanisms of the catalytic oxidation reactions of a few selected
enzymes and theirmodel complexes. Readers who are interested in amore thorough
description are referred to some excellent review articles on themetalloproteins [4–9]
and their model complexes [10–12].

2.1.2
Non-heme Iron Proteins

As already mentioned above, the class of non-heme iron proteins is inhomogeneous
and therefore often divided into subclasses. A distinction can be made based on the
ligands that coordinate to the iron center and concomitantly on the types of potential
iron cofactors. In most catalytically active non-heme iron proteins, the metal ions
are coordinated via nitrogen and oxygen ligands. These types of proteins will be
discussed in this chapter.
Due to the choice of nitrogen- and oxygen-containing ligands, the metal ions

are found mostly in an electronic high-spin state in all of the proteins. In the
following, a few classes of non-heme iron proteins will be discussed on the basis of
selected examples of representative enzymes. Where appropriate, mechanistic
details obtained from model structures will also be reviewed.

2.1.2.1 Mononuclear Iron Sites
The archetypal structural motif in non-heme iron enzymes with mononuclear active
sites is that of the so-called 2-His-1-carboxylate facial triad. Proteins containing this
motif represent a broad class covering five families, i.e. extradiol dioxygenases,
Rieske dioxygenases, a-ketoglutarate-dependent hydroxylases, pterin-dependent
enzymes and other oxidases [13]. As the name implies, two histidine residues and
one carboxylate-containing amino acid (glutamic or aspartic acid) coordinate facially
to an iron(II), leaving three adjacent positions available for the binding of cofactor,
substrate or solvent. In the resting state of the enzymes, these three positions are
typically occupied by aqua ligands. In the following, the catalytic mechanisms of
two iron-mediated oxidations will be discussed using two enzymes from different
families as examples.
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Taurine Dioxygenase The largest family of proteins with a 2-His-1-carboxylate triad
is that of thea-ketoglutarate-dependent (aKG) enzymes [8, 14], which arewidespread
in microorganisms (including viruses!), animals and plants. In these enzymes, the
sacrificial cofactor aKG serves as an electron donor in the reduction of dioxygen and
concomitantly becomes oxidized to succinate and carbon dioxide (Scheme 2.1). The
reactions catalyzed by these enzymes include, among others, key steps in the
biosynthesis of antibiotics and the repair of alkylated nucleic acids (Scheme 2.2).
From the chemical point of view and depending on the substrate, the various
aKG-dependent enzymes are capable of catalyzing, e.g., hydroxylations, desatura-
tions, ring expansions, ring closures and even halogenations.
Taurine dioxygenase from Escherichia coli is the paradigmFeII/aKGhydroxylase. It

is expressed during times of sulfur starvation and catalyzes the hydroxylation of
taurine (2-aminoethanesulfonate) to yield aminoacetaldehyde and sulfite, which can
then be exploited by the bacterium as a sulfur source (Scheme 2.2a) [8]. Numerous
studies involving X-ray crystallography and spectroscopic methods have led to a
generally accepted view of the reaction mechanism of the aKG-dependent enzymes.
Scheme 2.3 gives an overview of the proposed catalytic cycle of the prototypal protein
TauD as discussed in the following [15].
In the resting state, three water molecules occupy the coordination sites of the

iron(II) that are located opposite to the three amino acid residues. Introduction of
the a-ketoglutarate leads to displacement of two of the solvent molecules and

Scheme 2.1 Representation of the reaction catalyzed by aKG-dependent hydroxylases.

Scheme 2.2 Examples of reactions catalyzed by
aKG-dependent enzymes showing the versatility
of this type of proteins: (a) hydroxylation of
taurine by taurine dioxygenase (TauD) [53];
(b) repair of 1-methyladeninium lesions in DNA

and RNA by the protein AlkB [54] (R¼ sugar
phosphate backbone); (c) cyclization and
desaturation reaction during the biosynthesis of
the b-lactamase inhibitor clavulanic acid by
clavaminate synthase (CAS) [55].
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concomitant binding of the cofactor in a bidentate fashion, with its keto group
positioned trans with respect to the aspartate residue. The formation of this lilac-
colored intermediate can be followed by stopped-flowUV–visible spectroscopy due to
its broad absorption band around 530 nm (e530¼ 140M�1 cm�1) that is attributed
to metal-to-ligand charge transfer [16]. The next step in the catalytic cycle comprises
outer-sphere binding of the substrate (i.e. taurine in the case of TauD), which leads to
dissociation of the remaining aqua ligand. It has been speculated that the departure
of the solvent is facilitated by the loss of a stabilizing hydrogen bond between this

Scheme 2.3 Proposed catalytic cycle for taurine dioxygenase as
an example of aKG-dependent enzymes [8, 11, 15]. The amino
acids are numbered according to the sequence of taurine
dioxygenase from E. coli [53].
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aqua ligand and the neighboring aspartate due to a carboxylate shift of this amino
acid that is necessary to accommodate the incoming substrate [11]. Spectral changes
around 520 nm associated with this binding step were used to verify experimentally
the expected stoichiometry of one taurine per TauD subunit and to confirm the
high affinity of the substrate (approximately 30mM) [16]. The concomitantly formed,
coordinatively unsaturated metal center is now activated for binding of the dioxygen
molecule (Figure 2.1). Interestingly, the enzyme reacts much faster with dioxygen
when substrate is present in the active site (as deduced from the decay of the
chromophorewith a decay rate of (42� 9) s�1) than in the absence of bound substrate
(as evidenced by the lack of spectral changes at 520 nm within the first 100ms) [16].
This discrimination results in less undesired, non-productive reactions in which the
cofactor would be oxidized without the hydroxylation of any substrate, typically
leading to the inactivation of the enzyme (see below). The addition of dioxygen is
accompanied by the transfer of one electron from themetal ion, resulting in a species
with significant FeIII-superoxo character. The assignment as a high-spin iron(III)
antiferromagnetically coupled to a superoxide ion is suggested on the basis of
computational studies [17] and agreeswellwith thefindingswith other iron enzymes.
Furthermore, the superoxide radical anion is known to be a strong nucleophile
capable of cleaving a-keto acids in an oxidative fashion [18]. Hence the a-ketoglu-
tarate, located directly adjacent to the superoxide and activated by binding to themetal
center, is attacked by the radical oxygen species. This leads to cleavage of the C�C
bond, release of carbon dioxide (which is not necessarily bonded to the metal center
as shown inScheme2.3 but also not yet released from the active site at this stage of the
catalytic cycle) and formation of a highly reactive FeIV intermediate. It is this
intermediate that is responsible for oxidizing the substrate. Rapid freeze–quench

Figure 2.1 X-ray crystal structure of a proposed
intermediate of the TauD catalytic cycle
(coordinates taken from PDB file 1GQW) [53].
Only the active site is shown and hydrogen
atomshave beenomitted for clarity. Coordinative
bonds are represented by solid lines. The iron(II)
is coordinated to three amino acids (only
side-chains displayed) and to the cofactor

a-ketoglutarate. The substrate taurine is already
located in its binding pocket near the metal
center, leaving the sixth coordination site of the
square pyramidal iron center free for the
incoming dioxygen molecule. This figure was
prepared using the computer program
MOLMOL [58].
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M€ossbauer and EPR spectroscopic studies provided proof of the presence of a high-
spin FeIV transient in the TauD catalytic cycle, representing the first example of such
an intermediate in any mononuclear non-heme iron enzyme [19]. It is assumed that
product formation occurs via abstraction of a hydrogen atom from the substrate by
the FeIV-oxo intermediate to yield an FeIII-hydroxo species and a substrate radical.
This intermediate has never been detected, however [15]. Transfer of the OH group
similar to the �oxygen rebound mechanism� proposed for the cytochrome P450
monooxygenases [3] would then lead to product formation and the active site
containing an FeII center. Finally, both the product and the side products succinate
and carbon dioxide are released from the active site and the three vacant coordination
sites are occupied again by solvent molecules.
Several aKG-dependent enzymes are known to undergo uncoupled reactions

in the absence of substrate. In these instances, the cofactor is consumed without
concomitant oxidation of the organic substrate (or substrate analog). This undesired
reaction typically leads to inactivation of the enzyme, most likely due to the oxidation
from FeII to FeIII in the resting state. A possibility for circumventing uncoupled
reactions in vitro is the addition of stoichiometric amounts of ascorbate that probably
serves as an alternative source of reducing equivalents, preventing the metal center
from being oxidized [20]. In many cases, the presence of this antioxidant in
substoichiometric amounts is even necessary for maximum activity of the enzymes.
It can therefore be assumed that it reactivates inactivated enzyme that was formed
inadvertently during an uncoupled reaction [21].

Homoprotocatechuate 2,3-Dioxygenase The enzyme homoprotocatechuate 2,3-di-
oxygenase (2,3-HPCD) from Brevibacterium fuscum belongs to the class of extradiol
dioxygenases. These dioxygenases catalyze the ring-opening step in the degradation
of various aromatic compounds by cleaving the C�C bond adjacent to the two
hydroxyl groups of the catechol substrate. [In contrast to the extradiol dioxygenases,
intradiol dioxygenases cleave the C�C bond in between the two hydroxyl groups of
their catechol substrate. Whereas extradiol dioxygenases contain an iron(II) active
site with a 2-His-1-carboxylate facial triad, intradiol dioxygenases require iron(III).
The high regioselectivity in the oxidation reactions suggests two different mechan-
isms for the respective catechol cleavage.] Due to their relatively relaxed substrate
specificity, they are promising targets for the engineering of improved enzymes for
industrial bioremediation. They are also prominentmembers of the 2-His-1-carboxy-
late facial triad class of iron-containing enzymes. However, as opposed to the
aKG-dependent enzymes, there is no need for a cofactor in the catalytic cycle
of the extradiol dioxygenases. In the following, themechanism of substrate oxidation
by 2,3-HPCD will be discussed as an example of this class of catalytically active
proteins.
By replacing the natural substrate homoprotocatechuate (3,4-dihydroxyphenyl

acetate) with the slower reacting substrate analog 4-nitrocatechol, six intermediates
of the catalytic reaction cycle of 2,3-HPCD could be observed experimentally, four of
which could even be characterized by X-ray crystal structure analysis [22]. Scheme 2.4
gives an overview of the proposed reaction mechanism.
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In the first step of the reaction, the substrate binds by replacing two of the three
facially oriented solvent ligands, while the third dissociates to be rapidly replaced by
the incoming dioxygen molecule. The oxygen species that is formed has long been
thought to be an FeIII-superoxo species in accord with the findings with numerous
other iron enzymes. Recent X-ray crystallographic studies, however, showed that
the metal ion is most likely still divalent, and hence can be considered as having
FeII-superoxo character [22]. Here, the electron that is necessary for reducing
dioxygen to superoxide comes from the substrate that in turn becomes a radical,
as can be deduced from its puckered ring system. In the next step, the two radicals

Scheme 2.4 Catalytic cycle for extradiol ring-
cleaving dioxygenases (R¼CH2COOH or NO2)
as proposedby Lipscomband coworkers [22, 56].
The amino acids are numbered according
to the sequence of homoprotocatechuate
2,3-dioxygenase from B. fuscum. All
intermediates marked (X) and also the resting
state of the protein have been structurally

characterized by X-ray crystallography [22].
During the reaction cycle, various protonated
and unprotonated amino acid residues near the
active site serve as proton donors and acceptors
or as hydrogen bonding partners for substrate
and dioxygen [56]. The identity of these bases is
not known in all cases, so they aremerely labeled
�B� in this scheme.
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combine to yield an alkylperoxo intermediate. After heterolytic O�O bond cleavage,
an intermediate lactone can be formed via a concerted Criegee rearrangement. This
lactone is then attacked by the second oxygen of the former dioxygen molecule that
still resides on themetal to give thefinal ring-openedproduct, which is released in the
last step of the catalytic cycle. By using this method, Nature elegantly overcomes the
problem of the low reactivity of triplet dioxygen by forming two radicals that can react
with each other more easily. This dioxygenation can be considered a rare example of
an iron(II)-catalyzed reaction in which the active site metal ion does not necessarily
change its oxidation state during the catalytic cycle [23]. Although the presence of
higher-valent iron species cannot be fully excluded based on current experimental
data, it appears reasonable to assume that the electron transfer takes place directly
between dioxygen and the substrate and that the metal ion supports this reaction by
facilitating the electron transfer and by arranging the two reactants in the proper
geometry [22].

Model Complexes Several of the above-mentioned intermediates in the catalytic
cycles have been assigned based on a comparison of various spectral properties of the
transients trapped during the reaction with those of structurally well-characterized
model complexes [6]. Even high-valent FeIV-oxo compounds with a non-heme
environment could be prepared and characterized by X-ray crystal structure
analysis [24]. It is therefore appropriate to discuss also some model compounds.
To generate a functional model of a protein with a facially capped iron center,
tridentate ligands such as substituted 1,4,7-triazacyclononanes or hydridotris-
(pyrazolyl)borates have been used very successfully (Scheme 2.5a, b) [25–28].
However, these ligands are all N,N,N-tripods, hence they do not mimic the 2-His-
1-carboxylate triad in all its aspects. Therefore,N,N,O-tripodal ligands containing an
anionic carboxylate donor have been introduced recently (Scheme 2.5c, d) [29, 30].
Provided that the ligands are bulky enough to suppress formation of a complex with
2 : 1 stoichiometry of ligand and metal center, they all bind to the metal ion in a
manner that leaves three sites available for the coordination of additional ligands
such as substrate or cofactor.

Scheme 2.5 Ligands used to synthesize structural and/or
functional models for iron enzymes containing a
2-His-1-carboxylate facial triad: (a) R3TACN (TACN¼
1,4,7-triazacyclononane) [25]; (b) TpR,R

0
[differently substituted

hydridotris(pyrazol-1-yl)borates] [27]; (c) differently substituted
bis(pyrazol-1-yl)acetates [29]; (d) differently substituted
3,3-bis(1-alkylimidazol-2-yl)propionates [30].
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One interesting example is the iron(II) complex [Fe(TpiPr,tBu)(bf)] (bf¼ benzoyl
formate). This compound was synthesized as a model for an aKG-dependent
enzyme. The 2-His-1-carboxylate triad is mimicked by TpiPr,tBu and benzoyl formate
serves as the a-keto carboxylate [31]. Interestingly, two isomers were found for
[Fe(TpiPr,tBu)(bf)], i.e. a colorless one and a bluish purple one. X-ray crystal structure
analyses showed different binding modes of the benzoyl formate to be responsible
for the formation of the two isomers [31]. The bluish purple isomer, with an
absorption maximum at 565 nm and reminiscent in its color of the lilac-colored
intermediate that is formed upon addition of a-ketoglutarate to taurine dioxygenase
(see the section Taurine Dioxygenase above), contains a planar, bidentate benzoyl
formate,whereasmonodentate binding via a carboxylic oxygenoccurs in the colorless
isomer (Figure 2.2). The similarities of the spectral features of the colored model
compound and the catalytic intermediate suggest that the latter contains the same
five-coordinate iron center as the model complex (Scheme 2.3). Unfortunately, no
dioxygen adducts of [Fe(TpiPr,tBu)(bf)] could be observed. The dramatically reduced
reactivity of the metal center towards dioxygen as compared with the enzyme has
been explained in terms of a sterically too demanding tripodal ligand [31]. By applying
TpPh,Ph with its less bulky phenyl groups, reactivity towards dioxygen was restored:
Within 30min, all of the cofactor benzoyl formate was decarboxylated to benzo-
ate [32]. The TpPh,Ph ligand itself served as the substrate in the oxidation reaction, i.e.
the ortho-carbon of one 3-phenyl group of each complex was hydroxylated. The use of
18O2 helped to establish that this model complex indeed reproduces the dioxygenase
activity of aKG-dependent enzymes: One 18O atom was incorporated into the
benzoate moiety, whereas the other 18O atom was found in the hydroxylated phenyl
ring of the TpPh,Ph ligand. In a related system, this hydroxylated product could also be
characterized by X-ray crystal structure analysis [33]. Although by no means catalyti-
cally active, these structural and functional mimics of aKG-dependent enzymes are
highly valuable in the investigation of mechanistic details of the catalytically active
proteins.

Figure 2.2 Molecular structures of the two isomers of
[Fe(TpiPr,tBu)(bf)]: (a) colorless isomer with monodentate bf
ligand; (b) bluish purple isomer with bidentate bf ligand [31].
Hydrogen atoms have been omitted for clarity.
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As an example for a complex modeling the active site of a catechol dioxygenase,
Figure 2.3 provides the molecular structure of [Fe(Me3TACN)(DBC)Cl]. The iron(III)
in this model complex is coordinated to the tridentate 1,4,7-trimethyl-1,4,7-triazacy-
clononane (Me3TACN) ligand that resembles the endogenous amino acid ligands, to
thedoubly deprotonated substratemolecule 3,5-di-tert-butylcatecholate (DBC) and to a
chlorido ligand that stands in as a surrogate for dioxygen [28]. Treatment with silver(I)
was shown to remove the chlorido ligand, leading to the generation of a coordinatively
unsaturated metal center and thereby enhancing its reactivity towards dioxygen. The
following oxidation reaction proceeds with almost quantitative yield (97%) and gives
only extradiol ring cleavage products.However, this relatively simple complex lacks the
excellent regioselectivity displayed by its natural counterparts, as it leads to the
formation of both 3,5- and 4,6-di-tert-butyl-2-pyrone (83 and 14%, respectively) [28].
Also, the complex contains iron(III), whereas natural extradiol dioxygenases contain
iron(II). Obviously, modeling only the first coordination sphere of the active sitemetal
ion in this case is not sufficient for obtaining biomimetic reactivity. The steric
constraints imposed by the binding pocket of an enzyme and interactions with
second-sphere residues also have a large influence on the precise outcome of the
respective reaction. This assumption is corroborated by experimental results obtained
by using iron(III) complexes of the newly developed 3,3-bis(1-alkylimidazol-2-yl)
propionate ligands (Scheme 2.5d) with anN,N,O-donor set as the 2-His-1-carboxylate
surrogate [30]. Again using DBC as the catechol substrate, different product ratios of
extradiol cleavage, intradiol cleavage and auto-oxidation to the quinone could be
observed, depending on the substituents of the tripodal ligand, the solvent and the
presence or absence of a proton donor. The quinonewas formed almost quantitatively
in coordinating solvents, showing that the availability of a vacant site for dioxygen
coordination is a prerequisite for biomimetic extradiol-type catechol cleavage [28, 30].
As expected, the use of the non-coordinating solvent dichloromethane led to a

Figure 2.3 Molecular structure of [Fe(Me3TACN)(DBC)Cl], a
model complex for a catechol dioxygenase coordinated to its
substrate molecule [28]. Hydrogen atoms have been omitted for
clarity. The 1,4,7-trimethyl-1,4,7-triazacyclononane (Me3TACN)
ligand coordinates facially to the iron center. The remaining three
coordination sites are occupied by 3,5-di-tert-butylcatecholate
(DBC) and a chlorido ligand.
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completely changed product distributionwith a dramatic decrease in the formation of
quinone. Interestingly, extradiol and intradiol cleavage products were formed in a
more or less equimolar ratio. Addition of a proton donor made it possible to increase
the selectivity towards extradiol cleavage [30]. Taken together, these data suggest that
second-sphere residues in the active site, which are not included in these model
complexes, must exert a decisive influence on the regiospecificity of the cleavage. For
example, the site-selective mutation of a conserved histidine residue that might act as
an acid-base catalyst and that is located close to the active site of 2,3-HPCD (see the
section Homoprotocatechuate 2,3-Dioxygenase above) to a phenylalanine that cannot
accept or donate protons is able to change the product selectivity of the enzyme from
extradiol to intradiol cleavage [34]. The development of even more sophisticated
functional model systems that take into account also second-sphere interactions is
therefore highly desirable if biomimetic transformations are to be performed.

2.1.2.2 Dinuclear Iron Sites
Numerous examples exist of proteins carrying dinuclear iron active sites. Interest-
ingly, despite containing similar carboxylate-bridged dinuclear iron centers, a wide
variety of functions is exerted, providing evidence for an impressive flexibility of
the dinuclear core. Reactions catalyzed by these enzymes include, among others,
the hydroxylation of aliphatic or aromatic substrates [7, 9, 35], the reduction [the
dinuclear iron site is not directly involved in the reduction process; it rather starts a
reaction cascade by generating a stable tyrosyl (phenolate) radical, finally leading to
the reduction of a ribonucleotide] of ribonucleotides [36] and the desaturation of
fatty acids (Scheme 2.6) [37]. Similarly to themononuclear iron sites discussed above,

Scheme2.6 Examplesof reactions catalyzedby enzymes that carry
a dinuclear iron active site: (a) hydroxylationofmethaneby soluble
methane monooxygenase (sMMO) [7]; (b) reduction of
ribonucleotides by class I ribonucleotide reductase (RNR)
(R ¼ (PO3)

(nþ1)�
n ) [36]; (c) a,b-dehydrogenation of fatty acids by

soluble stearoyl-ACP D9-desaturase (D9D) (R¼ holo-acyl carrier
protein) [37].
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themetal ions in dinuclear iron sites are coordinated by histidine and by carboxylate-
containing amino acids. In the following, the extensively studied soluble methane
monooxygenase system will be discussed in more detail.

Methane Monooxygenase Soluble methane monooxygenase (sMMO) from Methy-
lococcus capsulatus (Bath) is a complex enzyme system comprising a hydroxylase
protein (MMOH) that houses the dinuclear iron active site, a reductase protein that
provides the electrons necessary for dioxygen activation, a regulatory protein that is
required for efficient catalysis and a fourth component of as yet unknown function
that is a potent inhibitor of activity and that has been proposed to play a role in the
assembly of the dinuclear iron center [7, 38]. This enzyme system is capable of
convertingmethane to methanol and thereby catalyzes the first step in the metabolic
pathway of methane, which represents the sole source for carbon and energy for
M. capsulatus (Bath). Because the catalytic conversion of methane to methanol is �a
holy grail of the petrochemical industry� [39], the methane monooxygenase system
has generated substantial interest.
Several X-ray crystal structure analyses exist of the hydroxylase componentMMOH

with its dinuclear active site, varying in the iron oxidation states and in the identity of
additional small molecules bound to the active site (i.e. water, hydroxide, methoxide,
ethanol, acetate, etc.) [7]. Figure 2.4 gives two representative examples of these
structures, showing the geometry of the active site in (a) the FeII2 form and (b) the
FeIII2 form with bound methoxide. Both structures have in common the distorted
octahedral environment of themetal ions with at least two bridging ligands, including
the unsymmetrically bridging carboxylate (Glu144). In addition, Fe1 is invariantly

Figure 2.4 X-ray crystal structures of different
forms of MMOH from M. capsulatus (Bath)
{coordinates taken from PDB files 1FYZ (a) [59]
and 1FZ6 (b) [60]}. Coordinative bonds are
represented by solid lines andhydrogenbonds or
weak bonds by dotted lines. Only the amino acid
side-chains of the active site and coordinated
aqua/hydroxido/methoxido ligands are shown.
Hydrogen atoms have been omitted for clarity.

Clearly visible is the different coordination mode
of Glu243 in the FeII2 form (a) and the FeIII2 form
(b). The latter structure also contains one
methoxide coordinated to the active site and is
believed to resemble the point of product release
in the catalytic cycle. The third bridging ligand is
(a) an aqua ligand and (b) a hydroxido ligand,
respectively. The figureswere prepared using the
computer program MOLMOL [58].

40j 2 Iron Catalysis in Biological and Biomimetic Reactions



coordinated to one histidine (His147), one monodentate glutamate (Glu114) and one
aqua ligand in all structures. Fe2 has a more flexible coordination environment than
Fe1. It is always coordinated to onehistidine (His246) andonemonodentate glutamate
(Glu209). The flexibility occurs in part due to the positioning of Glu243, which can
bind to Fe2 in a monodentate or bidentate fashion and which can also serve as a
bridging ligand.
Numerous theoretical studies have been performed in addition to the synthesis

of model complexes to identify intermediates during the catalytic cycle of sMMO,
including both the dioxygen activation step and the actual substrate oxidation [40]. The
currently accepted view of the dioxygen activation is summarized in Scheme 2.7 [41].

Scheme 2.7 The catalytic cycle of MMOH based on experimental
and computational results [41]. The amino acids are numbered
according to the sequence of M. capsulatus (Bath).
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In the resting state, the active site is in its FeIII2 form (MMOHox). Once reduction
by the reductase protein of sMMOhas taken place, the system is primed for dioxygen
activation. In its fully reduced form (Figure 2.4a), the high-spin iron(II) ions are
ferromagnetically coupled. Reaction with dioxygen leads to a superoxo intermediate,
in which Fe2, the iron atom with the more flexible coordination environment,
undergoes a one-electron oxidation. This intermediate has not yet been observed
spectroscopically, but its formation is in agreement with kinetic studies and is has
been predicted based on computational results [41]. Next, Fe1 is also oxidized
from iron(II) to iron(III), giving rise to the formation of a peroxo intermediate. In
Scheme 2.7, this species is depicted with a m-h2,h2 coordination mode (�butterfly
structure�), as proposed on the basis of DFTcalculations [42]. Based on a comparison
of the spectroscopic properties of MMOHperoxo with those of structurally character-
ized model compounds, a cis-m-1,2-peroxo species was suggested previously [7]. This
apparent discrepancy could be explained by assuming that both peroxo species are
formed along the dioxygen activation pathway, and hence that the species observed
spectroscopically is an intermediate between MMOHsuperoxo and MMOHperoxo. In
the next step of the dioxygen activation cycle, both iron sites undergo further
oxidation. Transfer of two electrons to the superoxide leads to a cleavage of the O�O
bond. The concurrently formed so-called intermediate MMOHQ has a diamond
core structure and comprises two antiferromagnetically coupled high-spin iron(IV)
ions in addition to two bridging oxido ligands in an almost symmetric environment.
In the final step of the catalytic cycle, substrate oxidation takes place. MMOHQ

reacts with methane, concomitantly being reduced again to the resting FeIII2 state.
[A few non-natural substrates such as propylene, ethyl vinyl ether and diethyl
ether were shown to react directly with MMOHperoxo instead of MMOHQ [43]. This
shows that, depending on the substrate, reaction pathways other than the one
shown in Scheme 2.7 are possible.] The kinetics of this step of the reaction can
easily bemonitored due to the bright yellow color ofMMOHQ (e350¼ 3600M�1 cm�1

and e420¼ 7200M�1 cm�1). It has been postulated that the generation of the high-
valent FeIV2 intermediate MMOHQ is mandatory for oxidizing the very stable C�H
bond inmethane. For example, in toluene 4-monooxygenase andphenol hydroxylase,
which both contain active sites closely related to that of sMMO, no dinuclear iron(IV)
intermediates could be detected [9]. In contrast to MMOH, these enzymes are only
capable of oxidizing the less stable aromatic C�Hbonds. Along these lines, the active
intermediate of class I ribonucleotide reductase has a structure similar to that of
MMOHQ, but only reaches the mixed-valent FeIIIFeIV oxidation state [44].
Whereas several transient species have been observed for dioxygen activation by

MMOH, no intermediates were found by rapid-mixing spectroscopic methods for
the actual methane hydroxylation step. Mechanistic probes, i.e. certain non-natural
substrates that are transformed into rearranged products only if the reactionproceeds
via a specific intermediate such as a radical or a cation, give ambivalent results: Some
studies show that products according to a pathway via cationic intermediates are
obtained in sMMO hydroxylations and at least one study suggests the presence of a
radical intermediate [40]. Computational analyses of the reaction of MMOHQ with
methane suggest a so-called radical recoil/rebound mechanism in which MMOHQ
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abstracts a hydrogen atom from methane with a linearly oriented C�H bond. The
resulting methyl radical recoils away and rebounds to form the new C�O bond [42].
An additional pathway of similar energy was found to proceed via a concerted
oxygen atom insertion [45]. In summary, it appears as if different substrates can
be differently activated and the reaction pathway hence proceeds via different
intermediates. Clearly,more studies are necessary before themechanismofmethane
hydroxylation by MMOH can be fully understood.

Model Complexes The synthesis of structural and functional model systems for
dinuclear iron enzymes proves to be a challenging field inmany ways. For example, a
non-negligible influence of the protein matrix on the catalytic pathway has been
suggested for MMOH: According to computational results, the protein matrix
destabilizes MMOHred by compressing the Fe1–Fe2 distance. This strain is released
along the reaction pathway until MMOHperoxo is reached and might be a relevant
driving force for the reaction [41]. Furthermore, and not less important, ligands have
to be found that support the assembly of a compound modeling the carboxylate-,
histidine- and water-containing core with asymmetrically substituted iron centers in
various oxidation states. Numerous ligands have been used to achieve this goal [10],
and Scheme 2.8 gives two examples, including a complex organic scaffold that
geometrically pre-organizes the ligands and a more simple ligand with an increased
steric bulk. This bulk is necessary because sterically less hindered carboxylate-based
complexes prefer to adopt extended structures. Typically, different ligands are used
for the stabilization of the different possible iron oxidation states. Although no
structural model for MMOHQ with its dioxo-bridged FeIV2 center could be obtained
so far (thefirst structurally characterized non-heme iron complex containing anFeIV2
center with a single oxo bridge has been reported recently [46]), numerous model
complexes exist for FeII2, Fe

III
2 and even FeIIIFeIV centers [10]. In the following, a few

examples of complexes with an FeII2 core will be presented.
An elegant and efficient approach for the synthesis of structural models of

carboxylate-rich non-heme dinuclear iron proteins involves the use of bulky ligands
of the terphenyl carboxylate family [47, 48]. The resulting dinuclear iron(II) com-
plexes can adopt two conformations, called the windmill and the paddlewheel motif
(Scheme 2.9).

Scheme 2.8 Examples of ligands used to model the carboxylate
core of carboxylate-bridgeddinuclear iron enzymes: (a) R3XDK [for
R¼CH3: H2XDK¼m-xylenediamine bis(Kemp�s triacid)
imide] [57]; (b) differently substituted terphenyl-based ligands
(e.g. for R1¼CH3, R

2¼H: TolArCOOH) [48].
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The desired windmill motif comprises two terminal and two bridging carboxylates
in addition to two monodentate ligands and hence resembles the coordination
pattern found in the active site of the fully reduced form of the protein. Interestingly,
these and related complexes are indeed able to activate dioxygen.When incorporating
the designated substrates as ancillary ligands L (according to Scheme 2.9) into the
complexes, some substrates become oxidized in the presence of dioxygen. Reported
reactions include, among others, oxidative N-dealkylations (e.g. N,N-dibenzylethy-
lenediamine to benzaldehyde), oxygenation of 2-ethylpyridine to 2-acetylpyridine,
oxidation of 2-pyridylphenyl sulfide to 2-pyridylphenyl sulfoxide and oxidation of 2-
diphenylphosphinopyridine (2-Ph2Ppy) to 2-Ph2P(O)py [49]. Especially the last three
examples demonstrate that close proximity of the position to be oxidized and the
dinuclear iron center is of great importance to achieve high reactivity. In addition, the
substituents on the carboxylate ligands (Scheme 2.8b) exert a non-negligible influ-
ence on the reactivity of these systems: Carboxylate ligands with a higher electron-
releasing capability lead to an increased C�Hactivation [49]. These results show that
various not only structural but also functionalmodels of dinuclear iron sites exist that
necessitate further investigation of their intriguing chemical properties.
A related dinuclear iron complex, [Fe2(m-TolArCOO)2(Me3TACN)2(MeCN)2]

2þ,
assembled from terphenyl carboxylate-related and triazacyclononane-derived
ligands, was recently reported to catalyze the reaction of triarylphosphines and
dioxygen to triarylphosphine oxides with several thousand turnovers [50]. This
conversion, however, is coupled to the oxidation of the solvent THF to 3-hydro-
xypropyl formate. It is most likely initiated by hydrogen atom abstraction from
THF by an oxo-bridged dinuclear iron(III) complex that is formed from
[Fe2(m-TolArCOO)2(Me3TACN)2(MeCN)2]

2þ in the presence of dioxygen and pro-
ceeds by a radical pathway without any further participation of the metal complexes.
Despite the involvement of a metal complex that models the active site of a dinuclear
iron enzyme, this catalytic process cannot be considered a biomimetic one.
In a different set of experiments, the oxidation of the 2-diphenylphosphinopyridine

ligand in [Fe2(m-TolArCOO)3(
TolArCOO)(2-Ph2Ppy)] as mentioned above was also

shown to proceed catalytically (Figure 2.5) [49, 51]. These experiments showed that 2-
Ph2P(O)py is formed when an excess of 2-Ph2Ppy is present in solution. However,
the �turnover numbers� are rather low,with 17 equivalents of 2-Ph2Ppybeing oxidized

Scheme 2.9 Equilibrium between windmill (left) and paddlewheel
(right) structures of dinuclear iron(II) complexes comprising
ligands from the terphenyl carboxylate family (Scheme 2.8b).
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in 17h in a 0.3mM solution of the dinuclear iron complex. Although auto-oxidation
could not be fully ruled out, several control experiments hint towards themetal center
having a key role in this catalysis. First, a substitution of 2-Ph2Ppy by PPh3which lacks
the pendant coordinating pyridine ligand leads to a dramatic decrease in reactivity.
This suggests that the oxidationoccurs in an intramolecular fashionafter coordination
of the substrate to the metal center. Second, the reaction proceeds in a variety of
solvents (dichloromethane, acetonitrile, benzene), diminishing the possibility of the
solvent actually being involved in the reaction. Third, in the absence of the dinuclear
iron complex, no oxidation can be observed within the same time frame. Hence the
characterization of the complex [Fe2(m-TolArCOO)3(

TolArCOO)(2-Ph2Ppy)] represents
a promising step on the way towards a truly biomimetic catalyst.

2.1.3
Summary

As shown in this chapter by providing a few selected examples, reduced transition
metal ions such as iron(II) are ideal catalysts for oxidation reactions that involve
dioxygen. Although oxidations by dioxygen are thermodynamically favored, they
usually require the presence of a suitable catalyst to proceed at an acceptable rate. In a
typical catalytic cycle, iron(II) activates dioxygen by initially forming an iron(III)
superoxo intermediate, followed by further reduction of the superoxide to a peroxide.
The electronnecessary for this second stepmay be supplied by an external cofactor, by
the substrate itself or in the case of the dinuclear enzymes by the second metal ion.
Subsequent O�O bond cleavage leads to a high-valent iron-oxo transient that carries
out the substrate oxidation. Obviously, the extent to which an enzyme adheres to this
generalized mechanism of dioxygen activation varies from enzyme to enzyme [52].

Figure 2.5 Molecular structure of
[Fe2(m-TolArCOO)3(

TolArCOO)(2-Ph2Ppy)], a catalytically active
model complex for an enzymewith a dinuclear iron active site [51].
Hydrogen atoms and all atoms of the TolArCOO� ligand except
for the central ArCOO� moiety have been omitted for clarity.
Clearly visible is the close proximity of metal center and the
phosphorus atom appended to the ancillary pyridine ligand.
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The nature of the enzyme also determines the fate of the two oxygen atoms: In
monooxygenases (e.g. sMMO), one oxygen atom from dioxygen is transferred to the
substrate while the other is reduced and forms water. In dioxygenases (e.g. TauD),
both oxygen atoms are transferred to the substrate, whereas in oxidases (e.g. D9D),
both oxygen atoms are reduced to water.
Compared with the heme proteins discussed in Section 2.2, the non-heme iron

proteins presented here have a much more flexible coordination geometry. Taken
togetherwith the differences in electronic properties –heme enzymes containmostly
low-spin iron whereas non-heme enzymes contain mostly a high-spin iron – this is
responsible for the more diverse chemistry found for the non-heme iron proteins.
The great versatility of these enzymes makes them a treasure trove for the develop-
ment of iron-based catalysts. Inspired by their biological archetypes, numerous
catalytic reactions await to be reproduced by iron catalysts in organic synthesis.
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2.2
Organic Reactions Catalyzed by Heme Proteins

Martin Br€oring

2.2.1
Classification and General Reactivity Schemes of Heme Proteins Used in
Organic Synthesis

Heme proteins introduced to organic synthesis can be roughly divided into two
classes, the monoxygenases [61, 62] and the peroxidases [63, 64]. Both classes have
enjoyedmultifaceted interest from a large number of research groups inmany fields
for over half a century and many aspects of their chemical, biological, physical and
medicinal properties have been extensively and repeatedly reviewed in the past.
Although a huge body of work has been devoted to this field and the overwhelming
number of different heme-containing oxidases and oxygenases known to date would
render a comprehensive review of their reactivity simply impossible, the develop-
ment of heme enzymes as catalysts for synthetic chemists is still rather in its infancy.
Most of thework dedicated to the development of the use of hemeenzymes in organic
transformations has been performed using prototypical examples of these two
classes, the soluble cytochromes P450CAM and P450BM-3 on the one hand and
horseradish peroxidase (HRP), chloroperoxidase (CPO), microperoxidase (MP11),
myeloperoxidase and Coprinus peroxidase (CiP) on the other. The individual
reactivity of these and related heme enzymes can easily be explained by the setting
of the heme active site, which differs significantly from one class to another.
Figure 2.6 illustrates this point.
The monooxygenases [65–70] are characterized by the axial attachment of the

heme cofactor to a thiolate functionality from a cysteine residue of the protein
matrix. The binding pockets of monooxygenases are usually organized in such a
way as to lead the substrate directly to the active FeO subunit of the porphyrin. This

Figure 2.6 Schematic representation of the heme group
orientation and different substrate accessibility in the heme active
sites in monoxygenases and peroxidases.
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is in agreement with the finding that so-called suicide substrates such as alkyl- or
phenylhydrazines irreversibly inhibit the reactivity of monooxygenases upon the
formation of Nheme–R or Fe–R species. Terminal alkenes and alkynes can also react
with this class of heme enzymes by a similar mechanism-based inhibition process.
The binding pockets of most monooxygenases are usually non-polar and often
optimized by shape and depth for a particular substrate. A high degree of chemo-,
regio- and stereoselectivity has frequently been observed, whereas the acceptance
of alternative substrates is usually rather restricted for those cases. As a general
rule, monooxygenases react upon the introduction of a single oxygen atom to a
substrate. Mechanistically, these reactions have received much attention for over
half a century and key steps of themechanistic schemes are still a topic of lively and
controversial debate. In order to develop the application of heme-containing
monooxygenases to organic syntheses, however, the knowledge of a simplified
and generally accepted catalytic cycle as depicted in Scheme 2.10 provides suffi-
cient details [71].
Most characteristic for the catalytic cycle of hememonooxygenases is the activation

ofmolecular dioxygen to an activeFeOmoiety andwater.Only twoout of four oxidation
equivalents are thus used for the synthesis of oxygenated products. This fact is often
used as a mechanistic possibility of a short-cut, the so-called peroxide shunt, where a

Scheme 2.10 Consensus mechanism of cytochrome P450 catalysis (S¼ substrate) [61, 62, 72].
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two-electron acceptor such as hydrogen peroxide is used instead of dioxygen as the
terminal oxidant. The active species of heme monooxygenases is the ferryl(IV) radical
cation called Compound I. Compound I forms exclusively in the presence of a
substrate, thereby reducing the risk of autocatalytic degradation of the enzyme.
A major drawback for the development of an application of isolated cytochromes

P450 in organic syntheses lies in the membrane-bound nature and thus insolubility
of most of the ca. 5500 known natural members of this enzyme class. Soluble
exceptions are rare, but exist in the form of the microbial P450BM-3 from Bacillus
megaterium, which catalyzes the hydroxylation of fatty acids, amides or alcohols with
little selectivity at the (w-1), (w-2) and (w-3) positions, and P450CAM from Pseudo-
monas putida, which hydroxylates polyisocyclic and N-heterocyclic alkanes with
remarkable regio- and stereoselectivity. Much work has been devoted to both
membrane-bound oxygenases in whole cells and soluble P450 enzymes, and several
advances and applications in the fields of biotechnology and substrate activation have
recently emerged from these efforts. Another significant problem for the develop-
ment of P450-based catalysts is the complexity of the reduction system, which usually
contains the three components NAD(P)H, ferredoxin and an NAD(P)H-dependent
ferredoxin reductase. This rather large number of necessary components renders
efficient catalysis outside a cell membrane impossible and is, in particular with
respect to biotechnological applications, very cost intensive. P450BM-3 is again an
exception to this rule, since the reduction system is integrated as a subdomain to
the holoenzyme, which makes this monooxygenase an efficient catalyst even in
homogeneous solution [73].
While the intense current endeavors in the development of P450monooxygenases

as catalysts for alkyl hydroxylations point to many future applications, the group of
heme peroxidases already provides a spectrum of different enzymes which have
proven useful in chemical syntheses. Besides thewell-knownhorseradish peroxidase
(HRP) and chloroperoxidase (CPO), for which by far the most investigations have
been reported, several less prominent enzymes such as Cyprinus peroxidase (CiP),
myeloperoxidase, microperoxidase (MP11) and others have found entry into studies
in the past aimed at their catalytic potential. The immediate surrounding of the heme
group in peroxidases is characteristically distinct from those found for mono-
oxygenases. Heme in peroxidases is linked to the enzyme by an iron–histidine bond
andtheseatingof theporphyrin in thebindingpocket is suchthat a substrate isdirected
to an edge of the cofactor (Figure 2.6). In general, the direct contact between the FeO
subunit and a substrate is inhibited and the reactivity at the active site is therefore
restricted to a simple one-electron charge-transfer step. Suicide substrates deactivate
the enzyme after binding to ameso-carbon atom of the porphyrin ring. Oxygenations,
on the other hand, are rare and result from an initial one-electron activation step of the
substrate, followed by an O-atom transfer reaction. A generally accepted mechanistic
scheme exists for peroxidase activity and is shown in Scheme 2.11.
Other than for the monooxygenases, a two-electron acceptor such as hydrogen

peroxide is required as the terminal oxidant for peroxidases. In the so-called resting
state the Fe ion is situated in the oxidation stateþ3. Reaction with hydrogen peroxide
proceeds with loss of water and yields a ferryl(IV) radical cation called Compound I,
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which is identical with the monooxygenase Compound I except for the proximal
donor. The back reaction fromCompound I to the resting state can occur via different
routes A–D. This fact results an a plethora of potential reactions catalyzed by heme
peroxidases and thus in great potential for synthetic chemistry. It should be noted
that both Compound I and the reduced ferryl(IV) species Compound II may serve as
key targets for selective one-electron transfer reactions. In catalytic transformations
CPO is a special case and shows monooxygenase rather than peroxidase behavior.
This peculiarity is believed to be based on a structural similarity of CPO and P450
enzymes and also on the fact that the heme moiety in CPO is bonded to the protein
by an iron–sulfur link.

2.2.2
Organic Reactions Catalyzed by Cytochromes P450

The P450 enzyme family is known to catalyze a wide range of organic transforma-
tions, as shown in Scheme 2.12 [61], with arguably themost intriguing process being
the regio- and stereoselective hydroxylation of non-activated aliphatic hydrocarbons
such as steroids [76–78], terpenes [79–83] and other alicyclic species [84–93]. C¼C
double bonds are transformed via an initial epoxidation which ultimately leads to
(inter alia) epoxides from alkenes, carboxylic acids from alkynes and phenols
from aryls. Amine and imine nitrogen and also thioether sulfur atoms are easily
oxygenated or hydroxylated and O-, N- and S-bound alkyl groups often undergo
oxidative dealkylation processes with P450.Many other deamination, dehalogenation,

Scheme 2.11 General catalytic cycle of heme peroxidase action (S¼ substrate) [63, 74, 75].
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alcohol/aldehyde oxygenation and dehydrogenation reactions have been described
and interestingly a group of reductive processes and of isomerizations are also
occasionally catalyzed by this enzyme class.
As mentioned before, the application of P450-catalyzed monoxygenations in

organic synthesis is largely hampered by the insolubility/instability of most of the
isolated enzymes of the family and by the complexity of the reduction system. In

Scheme 2.12 Summary of P450-catalyzed reactions [61].
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order to circumvent these drawbacks, most of the development has been devoted to
biotechnological processes in which whole cells are used as catalysts. Examples are
found in the use of �blue roses� [94, 95], the production of dicarboxylic acids by
oxidation of alkanes using yeasts (Candida tropicalis, Yarrowina lipolytica [96, 97]), the
preparation of aromatic precursors in the agrochemical industry using the fungus
Beauveria bassiana [98] and the oxidative transformation of steroids by different
microorganisms [99, 100]. Several reviews have appeared recently on selected
topics in this field [101–106] which cover the most important aspects for the
future development of P450 enzymes in biotechnology.
Protein engineering has been proven to be successful in the development of

valuable hydroxylation catalysts for organic laboratory synthesis from the soluble
monoxygenases P450BM-3, P450CAM [73] and others [107–109]. The very active
P450BM-3 usually hydroxylates medium- to long-chain alkyl groups at the subter-
minal (w-1)-, (w-2)- and (w-3) positions and needs improved substrate acceptance
and better selectivity (regio-, stereo-). In addition, the exchange of NADPH for a
cheaper terminal reductant would be appreciated. A number of improved species
were obtained from site-directed mutagenesis of one or two amino acid residues
at the active site [110]. The R47E mutant of P450BM-3 was found to be 11–26 times
as efficient in the hydroxylation of C12/C14/C16-alkyl trimethylammonium [111] and
the L181K mutant and also the L75T/L181K double mutant showed an about
15-fold improved efficiency for the hydroxylation of butyrate and hexanoate [112].
Laurate and myristate could be hydroxylated at the terminal positions using an
F87A mutant, although the selectivity is rather poor [113].
Site-specific saturation at key residues, followed by a high-throughput activity

assay, produced the triple mutant F78V/L188Q/A74G, which shows a greatly
increased 700-fold efficiency for the hydroxylation of n-octane and a 200-fold increase
in the hydroxylation of b-ionone at the 3-position [114]. Stereoselectivity is poor,
however, and all diastereomers are present in the products in comparable amounts.
A five-fold mutant, the so-called (F87V)LARV, was developed in a related fashion
[115] and shown to hydroxylate capric acid, a substrate not attacked by the wild-type
enzyme [116].
The most successful route to functional mutants of P450BM-3 [117, 118] and

related CYP102 monoxygenases [119] uses directed evolution in combination with
site-selective mutagenesis. Selective hydroxylations of n- and cycloalkanes have been
in the focus of investigations using this approach. In addition, examples of aromatic
hydroxylations and epoxidations have occasionally been reported. Typical results
for alkane hydroxylations are given in Table 2.1. It should be mentioned that this
method can also be employed successfully to prepare enzymes insensitive to organic
co-solvents such as THF and DMSO and thus to optimize reactions with substrates
showing little or no solubility in water [120].
The efficiency of n-octane hydroxylationwas optimized and amutant called variant

139-3 was found to perform this oxygenation 38 times faster than the wild-type
enzyme. This variant is also very active for other substrates such as propane,
hexane, cyclohexane, heptane, nonane and decane. Even ethane can be hydroxylated
selectively with this engineered biocatalyst [121]. First reports on the control of
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stereoselectivity for hydroxylation in 2-position have also appeared in the literature.
For 2-octanol, both the S- and the R-enantiomers can be produced with ees of about
85% using different mutants of P450BM-3 [122]. The regioselectivity of n-octanol
hydroxylation was found to differ significantly from the action of the wild-type
P450BM-3. This fact was used as the starting point for optimization studies
towards terminal hydroxylation processes. Increased selectivities for the formation
of 1-octanol have been reported [123, 124]. Very recently a special class of P450
enzymes was found which selectively hydroxylates n-alkanes at the 1-position. These
bacterial enzymes are expressed in alkane-rich growthmedia only andmost probably
long-chain alkanes such as dodecane are their natural substrates [125]. Other
reactions, especially epoxidations and aromatic hydroxylations, have occasionally
been reported to be catalyzed by isolated P450BM-3 (Table 2.1). As for the aliphatic
hydroxylations, promising results have been obtained which point to possible future
applications [71]. Similarly, other P450 enzymes havemost recently been successfully
engineered for selective hydroxylation of special substrates.
Much work in protein engineering has also been devoted to the soluble P450CAM

from P. putida, which naturally catalyzes the hydroxylation of camphor to 5-exo-
hydroxycamphor, in order to make use of the excellent regio- and stereochemistry
shown by this enzyme [129]. As before,most of themutant production and screening
were performed using site-directed mutagenesis and focused on alkane hydroxyl-
ation [134–136, 139], albeit the majority of reports deals with cyclic and polycyclic
alkane targets for this enzyme [132, 133, 141–144]. Variants were found which
catalyze the hydroxylation of adamantane, (þ)-a-pinene and (S)-limonene more
efficiently than the wild-type enzyme. Selective hydroxylation at C-4 was achieved
with yet another variant for several monosubstituted cyclohexane derivatives. The
catalytic performance for acyclic isoalkanes as substrates did not improve signifi-
cantly uponmutagenesis, but the efficiency for the hydroxylation of C5–C7 n-alkanes
could be increased by this approach by about 20-fold. If large residues are present
in the binding pocket, even small alkanes such as n-butane, propane and ethane are
efficiently hydroxylated by engineered P450CAMs.
In addition to solubility, themajor drawback of the use of P450 enzymes in organic

preparations is still the requirement for a costly source of reduction equivalents. Five
general attempts are currently being pursued in order to circumvent the use of
expensive NADPH as the sole terminal reductant. Transfer of electrons to the heme
moiety by an electrode was accomplished using immobilized enzymes, enzyme/
surfactant films or a transfer agent [156–182]. Alternatively, light was used in
combination with a photo-oxidant in order to transfer the necessary electrons to
the heme cofactor [183–188]. H2O2 and alkyl peroxides have been used as the
terminal oxidant making use of the peroxide-shunt [189–197] and further terminal
oxidants such as periodate, iodosylbenzene and others have also been applied for
this purpose [198–202]. These approaches, however, suffer significantly fromstability
issues. The most successful tool so far follows the idea of in situ NADPH regenera-
tion [151–155]. In addition, the exchange of NADPH with the much cheaper NADH
allows for a low-cost reduction systemwith substantial efficiency thatmay be broadly
applied in this field. There still remains, however, much room for improvements.
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2.2.3
Organic Reactions Catalyzed by Heme Peroxidases

Peroxidases are ubiquitous in the plant and animal kingdoms. They are usually
classified by their origin, i.e. into those found in bacteria (class 1), fungi (class 2) and
plants (class 3). The amino acid residues of the active site, which are important for
the catalytic performance of the respective peroxidase, change from case to case, with
the P450-like CPO being an extreme example. The layout of the binding pocket also
has a profound influence on the reaction catalyzed by the individual enzyme. Since
peroxidases are generally soluble and their function is not coupled to a specific
reduction system, the ex vivo use of these enzymes in chemical preparations is
straightforward and has been documented in many cases. Biotransformations
promoted by heme peroxidases and applications to organic synthesis can be roughly
organized into five schemes.

2.2.3.1 Dehydrogenations (�Peroxidase Reactivity�)
In the peroxidase reaction, Compound I is reduced to the FeIII resting state via
Compound II in two consecutive one-electron transfer steps which results in the
formation of two substrate radicals (pathB in Scheme2.11).With respect to thewhole
catalytic cycle, this behavior can be described by the following equation:

2AHþROOH! 2A rþROHþH2O ð2:1Þ
Typical substrates AH for this reaction are electron-rich aromatic compounds such
as guaiacol, and the dimerization of these radicals usually leads to the formation
of the final products. The reaction is known for all heme peroxidases; however, the
biological purpose differs considerably with enzyme and organism. Lignin peroxi-
dase, for example, is responsible for the oxidative degradation of lignin in plants
and uses hydrogen peroxide as the terminal oxidant [203]. Ascorbate peroxidase, on
the other hand, uses ascorbate as a reductant and serves the cell in the destruction of
toxic excess hydrogen peroxide [63]. Horseradish peroxidase (HRP) finally produces
radicals as intermediates for the biosynthesis of phytohormones [204]. N- and
O-dealkylations have also occasionally been observed with peroxidases [205]. These
reactions can be regarded as a special case of the oxidative dehydrogenation reaction
and thus belong in this group.
The peroxidase reaction of heme peroxidases has found technical uses mainly for

the polymerization of phenols and anilines (Scheme 2.13) [206–216] and for waste
water treatment [217–220], whereas phenol coupling reactions in the biosynthesis of
e.g. vancomycin are carried out by P450-type cytochromes [221].

Scheme 2.13 Peroxidase-catalyzed polymerization of aniline.
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2.2.3.2 Sulfoxidations (�Peroxygenase Reactivity�)
Many heme peroxidases accept an organic sulfide as substrate for the oxygen transfer
reaction fromCompound I (pathC in Scheme 2.11) with formation of a sulfoxide. As
before, this reaction consists of two individual one-electron transfer steps and is
therefore designated a �peroxygenase reaction�. In a first step, the sulfide is oxidized
by Compound I to a sulfur radical cation and Compound II (Scheme 2.14) [222, 223].
Two possible mechanistic alternatives are discussed for the following oxygen

transfer step, the so-called oxygen rebound. The oxygen atommight be transferred to
the sulfur radical directly from Compound II [224] or a hydroxyl radical is split off
protonated Compound II and reacts with the S-radical cation [225].
After the first discovery of the asymmetric sulfoxidation by Kobayashi et al. [226], it

could be shown that a large number of aryl alkyl sulfides are oxygenated with
enantiomeric excesses higher than 98% [227–229]. Other peroxidases also catalyze
this reaction. Interestingly, the plant peroxidase HRP [230] yields the (S)-sulfoxide,
whereas mammalian myeloperoxidase [223] and lactoperoxidase [231] catalyze the
formation of theR-enantiomers. The stereospecific sulfoxidation of aryl alkyl sulfides
by purified toluene dioxygenase (TDO) from P. putida was also studied in this
context [232] and showed that sulfoxidation yielded the (S)-sulfoxides in 60–70% yield,
whereas CPO under the same conditions yielded 98% (R)-sulfoxides (Scheme 2.15).
CPO is thus again an exception from the rule in that it produces R-enantiomeric
sulfoxides, besides its bacterial origin [227]. The reason for this behavior lies in the

Scheme 2.14 Catalytic cycle of peroxidase-catalyzed sulfoxidations.

Scheme 2.15 Stereospecific sulfoxidation of aryl alkyl sulfides by different peroxidases.
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better accessibility of the FeO active site in CPO as supported by site-directed
mutagenesis studies on HRP [233, 234]. HRP mutants containing sterically less
enforcing amino acid residues in the binding pocket show significantly increased
turnover numbers and higher enantiomeric excesses than the wild-type enzyme.
Methyl naphthyl sulfoxide, for example,was obtainedwith 99% ee comparedwith 60%
ee for wild-type HRP. The real synthetic potential of these mutants is unknown,
however, since no efforts have been made to suppress the uncatalyzed sulfoxidation.
Excellent enantioselectivities with wild-type heme peroxidases have been reported
exclusively for CPO [235, 236] and many efforts have been directed in recent years in
order to lift the preparative potential of this enzyme [64, 237]. Hydrogen peroxide has
almost universally beenused as the oxidant. The slow, uncatalyzed oxidation that takes
place in the background can be reduced to a minimum by keeping the hydrogen
peroxide concentration as low as possible. The reaction proceeds without any further
oxidation to the sulfone and is often performed to demonstrate the oxygen-transfer
capabilities of peroxidases.
A series of b-carbonyl sulfides was studied as substrates for CPO-catalyzed

oxygenation (Scheme 2.16) [238]. The corresponding dialkyl sulfoxides formed
quantitatively if R2 is methyl or ethyl, but the yields drop dramatically for larger
substituents. The steric control was present also in cyclic derivatives where the
cyclohexanone residue results in about a 50% reduction in yield with respect to the
smaller cyclopentanone. Surprisingly, the g-butyrolactone produces the sulfoxide in
quantitative amounts [239]. A similar result was obtained with benzo[b]thiophenes
as substrates [240].

2.2.3.3 Peroxide Disproportionation (�Catalase Reactivity�)
Another possible back-reaction to the resting state is realized in the function of
the catalases (path D in Scheme 2.11) and therefore denoted �catalase reaction�.

Scheme 2.16 Stereospecific sulfoxidation of b-carbonyl sulfides.
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Catalases are structural relatives of the peroxidases in that they contain a heme
tetramer at the active site [241]. Their biological function is to control the cellular
concentration of hydrogen peroxide by the following disproportionation reaction:

2H2O2 ! 2H2OþO2 ð2:2Þ
As for the peroxidases, Compound I and water are formed in the first step from
one equivalent of hydrogen peroxide and the resting state of the catalase. The
back-reaction, however, does not proceed via Compound II but rather via a two-
electron–two-proton transfer cascade, in which both hydrogen atoms of a second
molecule of hydrogen peroxide are transferred to the ferryl subunit of the porphyrin
cofactor. Due to the similarity of catalases and peroxidases, it is not too surprising
that this reaction is also catalyzed by most peroxidases. Alternatively, catalases and
some peroxidases react with alkyl hydroperoxides via the respective alkanol to an
aldehyde or ketone (Scheme 2.17). A requirement for this reaction is an easily
accessible active site for the hydroperoxide, so that only those peroxidases with open
access such as CPO or CiP are able to promote this reaction.
CPO catalyzes the oxidation of 2-alkynes to aldehydes in the presence of H2O2 or

tBuOOH via an alcoholic intermediate as depicted in Scheme 2.18 [242]. Propargylic
alcohols are rapidly oxidized to the corresponding aldehydes [243] and there is
a report about highly enantioselective propargylic hydroxylations catalyzed by
CPO [244]. In addition, a number of primary alcohols are selectively oxidized to
aldehydes in a biphasic mixture of hexane and a buffer (Scheme 2.18) [245, 246].
Benzylic and allylic positions are hydroxylated by CPO in halide-dependent

catalytic transformations. Toluene and p-xylene are oxidized to the respective
aldehydes and carboxylic acids [247, 248]. Ethylbenzene and other substrates with
longer alkyl chains form the respective benzylic/allylic alcohols with high enantio-
selectivity. Straight-chain aliphatic and cyclic (Z)-alkenes are hydroxylated, favoring
small unsubstituted substrates inwhich the double bond is notmore than two carbon
atoms from the terminus. Steric control is observed for benzylic hydroxylations.

Scheme 2.17 Catalytic cycle of catalases.
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Ethylbenzene is transformed into (R)-phenethyl alcohol with an ee of 97% whereas
propylbenzene yields the S-configured alcohol in 88% ee. The enantioselectivity
remains high even with longer-chain substrates, for which the catalytic performance
is rather inefficient [249].
Scheme 2.19 summarizes results obtained with indoles and benzofurans as

substrates for H2O2 and halide-dependent CPO-catalyzed oxidations [250–252].
Indole is usually oxygenated to the corresponding lactone. An unusual double

Scheme 2.18 Oxidation of alkynes and primary alcohols by CPO.

Scheme 2.19 CPO-catalyzed oxidation of indoles and benzofurans.
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oxidation has been observed to occur for alkylindoles and also for ergot alkaloids as
substrates. 3-Alkylbenzofurans gave predominantly trans-2,3-diols as the initial
products, which were sufficiently stable for isolation. Upon changing the reaction
and/or workup conditions, it is also possible to obtain a lactone or ring-cleaved
compounds as major products. Small quantities of halogenated material were
isolated as by-products and polycyclic material could be obtained from substrates
with suitably functionalized residues R by intramolecular condensation.
Also of significant preparative potential is the kinetic resolution of chiral hydro-

peroxides in the presence of sulfides or guaiacol [253–261]. The reaction has been
shown to occur with CPO, HRP and CiP and provides good to excellent results for a
multitude of different substrates. Whereas usually the back-reaction of Compound I
to the resting state is used for organic synthesis, Compound I is formed upon the
stereoselective decomposition of alkylhydroperoxides here. Scheme 2.20 illustrates
the first example described in the literature [253] where CPO and different aryl
methyl sulfides have been employed and where it has been found that mainly the
R-form of the chiral hydroperoxide is reduced to the corresponding alcohol.
Systematic investigations into this reaction have been undertaken and showed that

for straight-chain aralkyl hydroperoxides and their cyclic analogues the (R)-alcohol
forms, whereas the stereoselection is the opposite for branched hydroperoxides.
The reaction could be applied to functionalized hydroperoxides such as a- and
b-hydroperoxy esters or hydroperoxy alcohols with good to excellent diastereo- and
enantioselectivities. Up to 99% ees were obtained for small, sterically non-hindered
substrates, whereas for tertiary hydroperoxides and for substrates with substituents
at the w-position neither good ees nor useful turnover numbers have been reported.
HRP reacts very sluggishly also with sterically demanding silyl-substituted allyl
hydroperoxides.

2.2.3.4 Halogenation (�Haloperoxidase Reactivity�)
If the substrate for oxygen transfer step in the back-reaction of Compound I to the
resting state is a halogen atom, the overall process is denoted �haloperoxidase

Scheme 2.20 Kinetic resolution of hydroperoxides with CPO in the presence of sulfides.
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reactivity� and is catalyzed by haloperoxidases. CPO is by far the most intensely
studied heme protein from this enzyme group [63, 64]. The putative mechanism
is illustrated in Scheme 2.21 [262].
The reaction has found little application so far; however, one of thefirst examples of

an asymmetric synthesis using peroxidases was the highly regio- and diastereo-
selective halohydration of glycals to 2-deoxy-2-halo sugars in the presence of
CPO [263]. Some examples of selective halogenation reactions of aromatic com-
pounds using CPOoptimized by directed evolution approaches are also known [264].

2.2.3.5 Epoxidations (�Monoxygenase Activity�)
The selective catalytic epoxidation of alkenes has become themost important reaction
catalyzed by heme proteins in organic synthesis. As described above, the mono-
xygenase activity of a heme peroxidase is restricted to CPO due to the open substrate
access of the ferryl subunit for this enzyme. HRP catalyzes epoxidations only after
mutagenetic variations, as shown for the substrate trans-b-methylstyrene [234]. An
exception of this rule is the regioselective epoxidation of (E,E)-piperylpiperidide,
which is successfully catalyzed by native HRP [265].
Excellent enantioselectivity is observed in the CPO/H2O2-catalyzed epoxidation of

short-chain (Z)-alkenes with a chain length of nine of fewer carbon atoms, except
formonosubstituted alkenes, which often function as reversible suicide inhibitors of
the enzyme [266–271]. (E)-Alkenes are highly unreactive substrates and are converted
to epoxides in yields below 5%. A number of functionalized (Z)-2-alkenes have been
successfully epoxidized by CPO using tert-butyl hydroperoxide as the terminal
oxidant [272]. This procedure appears to be more effective, especially in large-scale
reactions, due to the fairly high sensitivity of CPO to hydrogen peroxide.
Terminal alkenes can be suitable substrates if the chain is branched at the 2- or

3-position [249]. The oxidation of 3-hydroxy-1,4-pentadiene proceeds with 98% de
and 65% ee, yielding predominantly (2S,3R)-1,2-epoxy-4-penten-3-ol, which is the

Scheme 2.21 Catalytic cycle of the haloperoxidase reaction.
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enantiomer of the epoxy alcohol produced via Sharpless epoxidation of the corre-
sponding divinylcarbinol [273]. Both the conversion and the stereoselectivity of the
reaction are diminished if the hydroxy group is exchanged for a methyl substituent
due to solubility and enzyme recognition issues. 2-Substituted 1-alkenes have been
studied in much detail. As a typical result, 2-methyl-1-alkenes are epoxidized effi-
ciently and with good ee whereas the 2-H-derivatives lead to low turnover numbers,
low ees and rapid catalyst deactivation. An exception is styrene, which is epoxidized in
89% yield and with moderate selectivity. Larger 2-ethyl-substituted derivatives seem
to suffer from limited access to the active ferryl unit of the enzyme and thus produce
only small amounts of products (Scheme 2.22).
The effect of chain length on the catalytic performance was investigated using a

series of w-bromo-2-methylalkenes. In all cases the predominant enantiomer pro-
duced had theR-configuration except for 3-bromo-2-methylpropene oxide, which was
predominantly in the S-form due to the priority switch [274]. The short propene and
butene derivatives were converted quantitatively whereas the longer pentene, hexene
and heptene substrates failed to convert completely. Many other functional groups
suchascarboxylic ester,methoxy, acetoxyandcarbonicesterareacceptedby thesystem.
The epoxidation fails, however, for 4-hydroxy-2-methyl-1-butene as substrate [270].
The selective epoxidation of dienes by CPO from C. fumago has been reported

(Scheme 2.23) [275]. Themethacrylate was a good substrate which showed two types
of selectivity: only the isolated double bond was epoxidized to produce the mono-
epoxide in 73% yield and the conjugated a,b-unsaturated bond of the methacrylic
acidmoiety was untouched. It was suggested that conjugated terminal alkenesmight

Scheme 2.22 Selected examples for the epoxidation of 2-substituted 1-alkenes by CPO.

Scheme 2.23 Monoepoxidation of dienes.
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have a small effect on the inhibition of CPO activity compared with other aliphatic
terminal alkenes [271]. Indeed, the related acrylate was again an excellent substrate
for CPO epoxidation and selectively afforded the monoepoxide in high yield
and excellent enantioselectivity. This is complementary to the epoxidation of the
a,b-unsaturated double bond in enones using synzymes, viz. polyleucine, where
the epoxidation takes place exclusively at thea,b-unsaturated double bond [276–281].
It has further been proposed that CPO-catalyzed epoxidations should produce
only monoepoxides from symmetrical dienes and this was indeed the case. When
2,5-dimethyl-1,5-hexadiene was used as a model substrate, biocatalytic epoxidation
afforded exclusively the monoepoxide.
The stereochemistry of the CPO-catalyzed epoxidation of indene has been re-

ported [279]. In aqueous solution the initially formed epoxide is not stable and opens
to form the cis-diols. When the reaction is carried out in the absence of water, the
epoxide enantiomers were isolated, with the 1S,2R-enantiomer being formed in
30% ee (Scheme 2.24).
(1S,2R)-Indene epoxide is the precursor of cis-(1S,2R)-aminoindanol, a key

intermediate of the Merck HIV-1 protease inhibitor Crixivant [280, 281]. As an
alternative to the challenging chemical synthesis of this chiral epoxide from indene,
the biotransformation route using an enzyme catalyst has been reported [282]. The
products were generally racemic trans-bromoindanols, which upon basification
yielded racemic epoxides (Scheme 2.25). It was found that a crude enzyme prepara-
tion from the fungal culture Curvularia protuberata MF5400 converted indene to
the chiral (1S,2S)-bromoindanol, which could be chemically converted to the desired
(1S,2R)-epoxide through basification or used directly in the asymmetric synthesis
of cis-(1S, 2R)-aminoindanol. The bioconversion rate and the ee achieved with this
cell-free system were heavily pH dependent. An initial reaction at pH 7.0 gave only
a 10% yield of the chiral bromoindanol or epoxide from indene, but was rapidly

Scheme 2.24 Epoxidation of indene.
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improved to 30% of trans-(1S,2S)-bromoindanol with an ee of 80%. Reaction
mechanistic studies revealed that the stereoselectivity observed was apparently
due to a specific dehydrogenase activity present in MF5400, which was also found
to resolve chemically synthesized racemic trans-2-bromoindanols.
CPOhas beenusedoccasionally in complex syntheses. An important application of

CPO as an enantioselective epoxidation catalyst is the efficient synthesis of (R)-2-
mevalonolactone (Scheme 2.26a) [270]. A survey of the literature revealed that the
previous methods required many steps to produce the lactone, in low overall yield,
with moderate ee, in addition to expensive starting materials. Meanwhile, a retro-
synthetic analysis starting with an appropriately functionalized epoxide provided
confidence that CPO could rescue the situation if used in the key stereogenic
step. Another completed synthesis is depicted in Scheme 2.26b. Again, the epoxide
is generated in high yield with conversion to (R)-dimethyl-2-methylaziridine-1,2-
dicarboxylate, which may serve as a synthon for b-methylamino acids [283].

Scheme 2.25 Preparation of the HIV-1 protease inhibitor Crixivant.

Scheme 2.26 CPO-catalyzed epoxidations as key steps in the
syntheses of (R)-2-mevalonolactone (a) and (R)-dimethyl-2-
methylaziridine-1,2-dicarboxylate (b).
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3
Iron-catalyzed Oxidation Reactions

3.1
Oxidations of C�H and C¼C Bonds

Agathe Christine Mayer and Carsten Bolm

3.1.1
Gif Chemistry

This section deals with Gif and GoAgg systems that were discovered by Barton and
coworkers in the 1980s. After the presentation of the various systems, we will focus
on themechanismof the reaction. The last sectionwill focus on the latest applications
of Gif and GoAgg type systems to alkane oxidation.
In 1983, Barton et al. described �a new procedure for the oxidation of saturated

hydrocarbons� [1] by the use of metallic iron, adamantane, hydrogen sulfide or
sodium sulfide, pyridine, acetic acid and a small amount of water. The reactions were
run under air and afforded adamant-1-ol together with a mixture of adamant-2-ol
and adamantanone. The substrate scope could be extended to other hydrocarbons.
However, all of them led to product mixtures of the corresponding alcohol(s) and
ketone (Scheme 3.1).
Interestingly, the presence of hydrogen sulfide, which is much more easily

oxidized than the saturated hydrocarbon, did not inhibit the reaction but, in contrast,
was an essential additive. Later, it was shown that the same holds true for other easy-
to-oxidize compounds such as Ph2S, PPh3 and P(OMe)3. It was assumed that the iron
species that attacks the alkane is only activated by contact with it (called the �Sleeping
Beauty Effect� by Barton). This observation is known as the �Gif paradox� [2].
Subsequently, the original Gif systems (described above, GifI and GifII, respec-

tively) [3] were subjected to various alterations named after the places of their
discovery (Table 3.1).
In all systems, the precatalyst is derived from readily available metal source, i.e.

iron or copper. In addition to pyridine, acetonitrile proved to be a possible solvent,
although a minimum amount of a suitable unhindered pyridine base was found
necessary for turnover [4]. In addition to molecular oxygen, H2O2 and t-BuOOH are
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suitable oxidants (for mechanistic details, see below). The heterogeneous mixture
Fe–O2–Zn (Gif

IV) deserves special attention as it allows for turnover numbers (TONs)
above 2000 for adamantane oxygenation. Hence the reaction can be run catalytic in
iron with zinc as the source of electrons [5]. Replacement of acetic acid by 2-picolinic
acid (PicH) results in significantly enhanced reaction rates. This beneficial aspectwas
realized in theGoAggIII system consisting of a homogeneousmixture of FeCl3,H2O2

and PicH [6]. As early as 1983, Barton et al. proposed that the iron powder not only
adopted the role of a reductant but should also be considered as a precursor to a
cationic iron complex. Furthermore, the organic carboxylic acid was assumed to be
more than just a source of protons, namely (in its deprotonated form) a ligand for
iron [5]. In the absence of the acid, disproportionation of H2O2 is exclusively
observed [7].
Much effort has been devoted to the elucidation of the oxygenation mechanism

(see reviews [8, 9]). Extensive studies by Barton and coworkers led to the assumption
that Gif chemistry was not a radical process. This assumption was based on two
observations. First, in radical chemistry, the order of reactivity is Ctert-H>Csec-H�
Cprim-H, whereas in Gif systems, a significant preference for oxidation in the
secondary position of the hydrocarbon was observed [10, 11] (Csec-H >Ctert-H�
Cprim-H). A second hint was the low kinetic isotope effect (about 2 for the ketone).
Both findings were combined to the mechanism depicted in Scheme 3.2.
It consists of twomanifolds [7, 12]. Thefirst is the �non-radical FeIII/FeVmanifold�.

A high-valent FeV¼O species undergoes a [2þ 2]-type addition to a C�H bond
followed by conversion to an alkyl hydroperoxide and eventual formation of the
ketone and the alcohol with the ketone being the major product. However, both
Knight andPerkins [13] andBarton et al. [14] found that the oxygen content of the alkyl

Table 3.1 Some Gif oxygenation systems.

Entry System Catalyst Oxidant Reductant Solventa

1 GifI Fe O2 Fe/Na2S py/AcOH
2 GifII Fe O2 Fe/H2S py/AcOH/H2O
3 GifIV FeII/III O2 Zn py/AcOH/H2O

b

4 GoAggII FeIII H2O2 – py/AcOH
5 GoAggIII FeIII/PicH H2O2 – py/AcOH or py
6 GoAggIVc FeIII t-BuOOH – py/AcOH, 60 �C
7 GoAggVc FeIII/PicH t-BuOOH – py/AcOH, 60 �C

aReactions were performed at room temperature, except where noted.
bAddition of H2O is optional.
cThis system was later expelled from the Gif family due to a different reaction mechanism (see
below).

Scheme 3.1 Gif oxygenation.
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hydroperoxides of cyclodecane and cyclohexane stemmed from dioxygen (which in
fact is a strong indication for a radical mechanism). The second manifold (�radical
FeII/FeIV manifold�) was assumed to be due to accidental FeII–H2O2 interactions,
producing a high-valent FeIV¼O oxidant that behaves similarly to the FeV¼O species
present in the FeIII/FeVmanifold. The only difference between themwas assumed to
be that the FeIV–Cgroupwould collapse to afford alkyl radicalswhereas thiswouldnot
happen with the FeV–C system except for special cases (for example, when R¼ tert-
adamantyl). The systems were believed to interconvert via reversible O2 activation.
Despite the enormous efforts by Barton and coworkers to gain insight into the

oxygenation mechanism (or, better, to support their hypothesis that it was not a
radical reaction),major aspects remained unclear. Furthermore, the choice of oxidant
turned out to be crucial for the reactionmechanismand this led to further elaboration
by various groups, including elegant studies of the GoAggIII system by Newcomb
et al. using radical clocks [15]. Knight and Perkins suggested a radical autoxidation
pathway [16] with hydroxyl and alkoxy radicals playing a major role (Scheme 3.3).
They investigated the oxidation of cyclohexanewithH2O2 andwere able to detect both
cyclohexyl and hydroxyl radicals [13].
According to these assumptions, Fenton-type chemistry [17] would generate

hydroxyl radicals from H2O2 and Fe2þ. Subsequent alkane attack would lead to
alkyl radicals that could then be trapped by dioxygen and later abstract hydrogen from
H2O2 to yield alkyl hydroperoxides. These would, upon reaction with Fe2þ, decom-
pose into alkoxyl radicals and, in turn, abstract hydrogen from the hydrocarbon to
form an alkyl radical and alcohol. Although it is well known that both types of radicals
can abstract hydrogen from alkanes, it should be noted that hydroxy radicals exhibit
almost no selectivity whereas alkoxy radicals show a reactivity ratio of 4–5 : 1 for
tertiary to secondary positions [18]. The values observed in Gif chemistry lie
somewhere between those extremes. Some further mechanistic suggestions by
Knight and Perkins [16] concerning the influence of P(OMe)3 or PPh3 and also on
halogenation reactions were almost immediately rejected by Barton [19].

Scheme 3.2 Barton�s manifolds for alkane oxygenation.
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In 2001, Stavropoulos et al. pointed out some inconsistencies within Barton�s
arguments and presented new experimental evidence for the involvement of radical
chemistry inGif systems that useO2 as oxidant [9]. Barton et al. had recognized earlier
that tert-adamantyl pyridines were formed from coupling of tert-adamantyl radicals
and protonated pyridine (positions 2 and 4) [20]. However, as coupling to secondary
positions was not observed, they claimed that no secondary radicals were involved in
the course of the reaction [14]. This was shown not to be the case [21]. Both tert- and
sec-adamantyl radicals are being formed and dioxygen and pyridine compete for the
radicals. The addition of pyridinium to the radicals is reversible but the rate
coefficients for the tertiary radicals are much higher (two orders of magnitude).
Notably, increasing partial pressure of O2 leads to a preferential formation of oxo
products and this happens at the expense of pyridine-coupled products.
Although the mechanism of Gif chemistry still gives reason for debate, experi-

mental results provide evidence for the existence of a radical pathway. Four hints on a
radical mechanism involving hydroxyl radicals are:

1. The ratio of alcohol to ketone products (A/K) is low (about 1).
2. The product distribution depends on the presence of O2 and the alcohol oxygen

comes from O2.
3. The selectivity in C�H oxidation is low.
4. The reaction proceeds with little or no stereoselectivity due to long-lived tertiary

alkyl radicals that are prone to epimerization.

On the other hand, the Gif–tert-butyl hydroperoxide (TBHP) systems seem to be
much less complicated. These have been extensively studied by many groups and all
workers agree that the reaction proceeds via radical pathways based on the reactivity
of tert-butylperoxy and tert-butyloxy radicals [22–24]. Minisci et al. [22] suggested a
Haber–Weiss radical chain mechanism [25] that accounts for the observed
selectivities.
The oxidation of activated methylenes to ketones under GoAggV-type conditions

was reported by Kim et al. in 2002 [24] and byNakanishi and Bolm in 2007 [26]. In the
latter case, no acid was needed and, as pyridine was used as a solvent, an additional
ligand was unnecessary. Interestingly, p-methoxytoluene was converted to the
corresponding carboxylic acid, albeit in moderate yield (53%). The oxidation of

Scheme 3.3 Perkins� radical autoxidation pathway.
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triphenylmethane did not lead to the expected trityl alcohol but gave the correspond-
ing hydroperoxide in excellent yield (91%). This protocol was a major improvement
on the outcome of the oxidation reaction comparedwith an earlier report by the same
group [27]. Noteworthy also is that these conditions gavemuch better results than the
parent GoAggV system.
Hydrocarbon oxidation is amajorfield of research.Generally, themost challenging

aspect is not the oxidation itself but to achieve selectivity towards alcohols and
aldehydes/ketones. Hence a large number of reports on iron-catalyzed procedures
have appeared in recent years. Themajor drawback of the present systems is their low
activity, presumably due to decomposition of H2O2 in the presence of transition
metals (catalase activity) and oxidative degradation of the catalyst.
In this chapter, we will focus only on the latest reports, first dealing with a ligand-

free system and later with multidentate N,N- and N,O-ligand systems. As a general
rule of thumb, non-heme iron catalysts work best if they have exchangeable
ligands [28].
In a comparison of the catalytic performances of various simple iron compounds

with H2O2, remarkable differences were observed [29]. They originated from the
variable ligand environment of the iron ion. In all cases, the primarily formedproduct
was the alkyl hydroperoxide, which decomposed with time to form alcohol and
ketone. Compounds with weakly bound ligands such as perchlorate react via a
hydroxyl radicalmechanism, whereas ferryl species are involved whenmore strongly
bound ligands are present, as is the case with FeCl3. In the Fe(ClO4)3-catalyzed
oxidation of ethane, a TON of 68 was reported [29]. Shul�pin et al. described TONs as
high as 205 for cyclohexane oxidation with FeCl3 and bipyridine as a bidentate co-
catalyst [30]. This combination facilitated the transformation of the primarily formed
cyclohexyl hydroperoxide into cyclohexanone.
Tridentate ligands (Figure 3.1) have been reported by various groups [31–34] but

the oxidation performancewasmoderate.One has to keep inmind that two tridentate
ligands (or onehexadentate ligand) on one iron corewill occupy all coordination sites,
thereby hampering the reaction [32]. That means that oxidation reactions can only
occur if one of the iron–ligand bonds dissociates beforehand. The catalytic activity
remains low or even absent if this requirement is not met.

Figure 3.1 Tridentate N-ligands.
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Better results were obtained with tetra- and pentadentate ligands [35a, 36–38]
(Figure 3.2). In this case, two or one coordination sites, respectively, are open for
binding of the oxidant (O2 or H2O2) [39].
A linear tetradentate ligand, bpmen [N,N0-dimethyl-N,N0-bis(2-pyridylmethyl)-1,2-

diaminoethane] was reported to allow stereospecific alkane hydroxylation [36, 40].
The same holds true for the [FeII(TPA)(CH3CN)2]

2þ [TPA¼ tris(2-pyridylmethyl)
amine] catalyst family (Figure 3.3) [35].
Chen and Que were the first to provide experimental evidence on a high-valent

FeV¼O species in alkane hydroxylation with H2O2 using the TPA family [35a]. Such
species are normally only observed in alkane oxidation with heme systems [41]. The
authors pointed out that the substitution pattern on the TPA ligand strongly
influences both the spin state of the FeIII–OOH intermediate and in consequence
also the reaction mechanism, as proven by incorporation of isotope-labeled H2

18O
into the product alcohols. Both the unsubstituted parent TPA ligand and those
bearing substituents at the b-pyridyl positions were found to be low spin in iron. The
b-substituted ligands are able to catalyze the hydroxylation reaction stereospecifically.
In this case, the intermediate radicals are short-lived and no 18O is incorporated into

Figure 3.2 Tetra- (a) and pentadentate (b) N-ligands.

Figure 3.3 Bpmen and TPA ligand families.
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the product alcohol [35a, 42]. In contrast,a-pyridyl substituents on the ligands shield
the metal center and prevent the pyridyl groups from approaching the metal too
closely. Hence these complexes favor large ionic radii as present in FeII and they have
high-spin FeII centers. It was found that the oxidation of cis-1,2-dimethylcyclohexane
usinga-substituted ligandspredominantly gave rise to two epimeric tertiary alcohols.
This indicated the intermediate presence of long-lived alkyl radicals.
Pentadentate ligands also work well in alkane oxidations [39, 43, 44] (see

Figure 3.2b). Feringa and coworkers reported on the successful use of N4Py [N,N-
bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine] ligands with peracids such as
peracetic acid and m-chloroperbenzoic acid instead of H2O2 [37]. The authors made
two remarkable observations. First, the selectivity for alcohol formation was much
higher than in H2O2 systems. Second, KIE values as high as 4.5–6.0 for cyclohexane
oxidation were observed. It was therefore suggested that the reaction did not proceed
via hydroxyl radicals and that a high-valent FeIV¼O species was involved.
Adifferent approach forhydrocarbonoxidation is theuse ofN,O-ligands.Bouwman

and coworkers reported on phenoloxazoline (Hphox) ligands (Figure 3.4) that
exhibited moderate activity in the oxidation of activated methylenes such as toluene,
ethylbenzene and cumene [45]. Interestingly, application to hydrocarbons with higher
C�H bond dissociation energies such as cyclohexane, cyclooctane and adamantane
failed. Despite hexacoordination in the complex (HNEt3)2[Fe(phoxCOO)2](ClO4),
some catalytic activity was observed, which was probably due to loss of one ore more
ligands as the reaction proceeds (see above).
Li et al. designed the N4O tpoen ligand [46] (Figure 3.5) with the aim of creating a

hemi-labile coordinationsite through theetheroxygen function.However, the catalytic
performance of several tpoen complexes in alkane oxidation was moderate. Again,
m-CPBA drastically improved the selectivity for alcohol formation. Depending on the
oxidant, two differentmechanismswere proposed, onewith a radical-based oxidant in
H2O2 systems and the other with a metal-based oxidant in m-CPBA oxidations.

Figure 3.4 Hphox ligand.

Figure 3.5 Tpoen ligand.
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Shul�pin and coworkers described the application of a di- and a tetranuclear iron
complex with triazacyclononane acetate ligands in the oxidation of alkanes and
alcoholswithH2O2 [47]. Ahighly complex tetranuclear iron complexwith octadentate
pyridine carboxylate ligands was described by Gutkina et al. [48]. However, the TONs
for cyclohexane oxidation did not exceed 5.0 in the latter case.
In summary, the oxidation of alkanes with iron-based catalysts remains a chall-

enging task. Much progress has been made but the field is still far from mature.
Higher efficiencies in the transformation of hydrocarbons to alcohols and ketones are
desirable.

3.1.2
Alkene Epoxidation

The functionalization of C¼Cdouble bonds to furnish epoxides is a challenging field
of research. Ideally, environmentally friendly oxidants such as molecular oxygen or
hydrogen peroxide should be used in combination with cheap and non-toxic metal
catalysts (Scheme 3.4) (iodosobenzene can also be used as oxidant; the disadvantage
is the formation of one equivalent of iodobenzene as waste. For an example, see [49]).
SinceH2O2 is easier to handle thanO2,wewill focus on the use of the former.Many

metals can be used for this transformation [50]. Among them, iron compounds are of
interest as mimics of naturally occurring non-heme catalysts such as methane
monooxygenase (MMO) [51a] or the non-heme anti-tumor drug bleomycin [51b].
Epoxidation catalysts shouldmeet several requirements in order to be suitable for this
transformation [50]. Most importantly, they must activate the oxidant without
formation of radicals as this would lead to Fenton-type chemistry and catalyst
decomposition. Instead, heterolytic cleavage of the O�O bond is desired. In some
cases, alkene oxidation furnishes not only epoxides but also diols. The latter
transformation will be the topic of the following section.
Non-heme iron catalysts containing multidentate nitrogen ligands such as pyri-

dines and amines have been studied by various groups [42a, 52–54]. Jacobsen and
coworkers presented anMMOmimic system for the epoxidation of aliphatic alkenes
in which the catalyst self-assembles to form the active species [54] (Scheme 3.5).
Interestingly, small amounts of an additive (one equivalent of acetic acid) increased
the catalytic performance, presumably due to the intermediate formation of peroxya-
cetic acid [55, 56]. The reactions proceeded quickly even with terminal aliphatic
alkenes, which are generally considered difficult substrates. Another catalyst system
available for the epoxidation of terminal alkenes uses phenanthroline as ligand [57].
In a seminal contribution [42a], Que and coworkers revealed insight into the

reaction mechanisms of epoxidation and dihydroxylation using the pentadentate
TPA and bpmen ligands. Some of those compounds had earlier shown remarkable

Scheme 3.4 Alkene epoxidation.
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efficiency in the stereoselective hydroxylation of alkanes [35a, 58]. The authors
reported that the substitution pattern on the TPA ligands strongly influenced the
outcome of the reaction and that the presence of two labile cis coordination sites on
iron was crucial. Both epoxide and diol were assumed to be formed from a common
FeIII–OOH intermediate. The two ligand families, TPA and bpmen, furnished
mixtures of epoxide and diol and the ratio of the two products varied significantly.
The bpmen ligands predominantly formed the epoxide (epoxide : diol ratio¼ 6–8)
andTPA ligandswith two or three 6-methyl substituents ledmainly to the cis-diol (see
the next section). TPA ligands bearing no or only one 6-methyl substituent gave
mixtures. Reactions catalyzed by other N2Py2 ligands such as bpmcn and bpmpn
(Figure 3.6) were highly sensitive to the ligand topology [59]. Cyclooctene epoxidation
with iron–bispidine complexes is also possible, albeit with low turnovers [60].
A pentadentate ligand consisting of a rigid pyridine-containing triazamacrocycle

and a flexible aminopropyl pendant arm was recently reported [61]. The complex
has a pseudo-square pyramidal geometry in which the aminopropyl pendant arm
adopts the axial position and can be reversibly protonated. The activity of the
complexes in alkene epoxidation can be varied through this feature (Scheme 3.6).
The presence of a non-coordinating acid such as triflic acid was found to be
beneficial for the catalytic performance. These ligands were compared with
structural analogs lacking the pendant arm. Overall, the pentadentate complexes
were superior to the tetradentate complexes in terms of epoxide yield (up to 89%)
and selectivity (Scheme 3.6).
Diastereopure complexes of iron(II) with pentadentate pyridine/pyrrolidine moie-

ties performedwell in sulfide oxidation but were inefficient in alkene epoxidation [62].

Scheme 3.5 Jacobsen�s epoxidation.

Figure 3.6 Bpmcn and bpmpn ligands.
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A tridentate 2,6-bis(N-methylbenzimidazol-2-yl)pyridine catalyst (Figure 3.1) gave
moderate to high yields for epoxide formation [33].
A very simple yet elegantmethod for efficient epoxidation of aromatic and aliphatic

alkenes was presented by Beller and coworkers [63, 64]. FeCl3 hexahydrate in
combination with 2,6-pyridinedicarboxylic acid and various organic amines gave a
highly reactive and selective catalyst system. An asymmetric variant (for epoxidations
of trans-stilbene and related aromatic alkenes) was published recently [65] using
N-monosulfonylated diamines as chiral ligands (Scheme 3.7).

3.1.3
Alkene Dihydroxylation

For alkene dihydroxylations, heavy metal oxides such as OsO4 and RuO4
� can be

applied. They are efficient catalysts but their toxicitymakes their use less desirable and
there is a clear need for non-toxicmetal catalysts. Nevertheless, only a few reports have
focused on the use of iron catalysts for alkene dihydroxylations. All systems described
so far try tomodel the naturally occurring Rieske dioxygenase, an enzyme responsible
for the biodegradation of arenes via cis-dihydroxylation by soil bacteria [66].

Scheme 3.6 Alkene epoxidation with a pyridine-containing macrocycle bearing a pendant arm.

Scheme 3.7 Simple alkene epoxidation reported by Beller and coworkers.
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Chen and Que presented an excellent model for Rieske oxygenase in 1999 [67]
using 6-Me3-TPA ligands (see L2 in Figure 3.3). As mentioned in the previous
section, the TPA derivatives were suitable ligands for iron-catalyzed alkane and
alkene oxidation [42, 68]. In the case of two or three 6-methyl substituents on the TPA
pyridine rings, the selectivity switches to the predominant formation of cis-diols. This
is due to a change in the spin state of iron depending on the ligand used [42, 69].
Isotope labeling experiments revealed that in the 6-Me3-TPA systems, both oxygen
atoms that are incorporated into the diol stem fromonemolecule ofH2O2.No oxygen
comes from either O2 or H2O. The product is thought to be formed via a cyclic
intermediate, similar to oxidations with KMnO4 or OsO4. Furthermore, two labile cis
coordination sites on iron seem to be required for dihydroxylation [67], which is in
contrast to iron-catalyzed epoxidation reactions.
Later, ligands with trans-cyclohexane-1,2-diamine backbones were applied in

catalysis (bpmcn ligands) (Figure 3.6) [36, 58, 70]. In this context, Que and coworkers
also described the first asymmetric cis-hydroxylation of alkenes in 2001 using such
bmpcn ligands [70]. In the cis-dihydroxylation of trans-2-octene with 6-Me2-bpmcn as
ligand, an ee of 82% was obtained (Scheme 3.8). A drawback of this method was the
need for a large excess of the substrate.
Que and coworkers also presented the first N,N,O-ligand to mimic the Rieske

dioxygenase. It is the most reactive catalyst for cis-dihydroxylation found to date
(Figure 3.7) [71].
A solvent-dependent product distribution for iron-catalyzed dihydroxylation with

N3Py-derived ligands was reported by Feringa and coworkers [72]. In acetonitrile,
stereoselective cis-dihydroxylationwas observed.On the other hand, acetone gave rise
to trans-diols, thereby indicating that the choice of solvent determines the mecha-
nism and hence the outcome of this reaction [72].

Scheme 3.8 Bmpcn ligand for alkene dihydroxylation.

Figure 3.7 First N,N,O-ligand described by Que and coworkers.
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3.1.4
The Kharasch Reaction and Related Reactions

Halocarbons are known to add to alkenes under transition metal catalysis. The
reaction proceeds via radicals and was first described by Kharasch and coworkers in
1945 (Scheme 3.9) [73–76].
Although many transition metals can be used, iron compounds were found to be

remarkably efficient, especially in the presence of co-catalysts or ligands [77]. The
presence of iron strikingly enhances the reactivity of CCl4 due to an electron
transfer [78]. In addition to CCl4, many other polyhalogenated compounds can be
used. They are equally or evenmore reactive thanCCl4 itself. TheweakC�Br bond in
CCl3Br accounts for the increased reactivity and usually gives high yields.
Other polyhalogenated compounds can be used with similar success. CpFe(CO)2

dimer leads to the formation of mixtures of lactones and esters when reacted with an
alkene and methyl trichloroacetate [79] with the lactone being the major product
(Scheme 3.10). Similar results were reported earlier by Freidlina and Velichko [80].
FeCl3 andFe(CO)5 are both suitable for catalyzing the addition ofmethyl dibromoace-
tate to electron-deficient alkenes such as methyl propenoate. It was observed that the
ratio of products (acyclic vs. lactone) could be tuned by varying the reaction
conditions. In all cases, the acyclic product is predominantly formed. Only in the
presence of a co-catalyst such as N,N-dimethylaniline are small amounts of lactone
observed. Noteworthy, elevated temperatures (above 100 �C) are necessary for this
transformation.
The use of iron carbonyls such as Fe2(CO)9 and Me3NFe(CO)4 was described by

Elzinga and Hogeveen [81]. As these compounds are more reactive than FeCl3, the
reaction temperature could be lowered to ambient. Me3NFe(CO)4, which is easily
accessible from Fe(CO)5 and Me3NO, turned out to be best suited. For the addition
reactions, optimal results were obtained with stoichiometric amounts of the iron
compounds. Terminal alkenes gave better results than their internal counterparts.
This observation was probably due to steric hindrance. Strained ring systems such as
norbornadiene gave rise to rearranged products in high yields [81]. When terminal

Scheme 3.9 Kharasch reaction.

Scheme 3.10 Lactonization with methyl trichloroacetate.
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alkenes were treated with CpFe(CO)2 dimer, CCl4 and high pressures of carbon
monoxide, not only the expected Kharasch addition product but also the correspond-
ing acyl chlorides were formed (Scheme 3.11) [82].
Intramolecular variants of the Kharasch reaction were described by Weinreb and

coworkers in a short series of papers [83, 84]. In an exo-cyclization of 7,7,7-
trichlorohept-1-ene with FeCl2[P(OEt3)]3, 1,1-dichloro-2-chloromethylcyclohexane
and 1,1,3-trichlorocycloheptane were obtained in 75 and 13% yield, respectively
(Scheme 3.12). Interestingly, a-keto radicals carrying a carbonyl group endocyclic to
the ring that is formed cyclize in an endo mode. In this way, cyclohexanones are
formed from a-keto 5-hexenyl radicals and cycloheptanones are formed from a-keto
6-heptenyl radicals. Furthermore, it is possible to cyclize alkeneica,a-dichloro esters,
acids and nitriles as described earlier by the same authors [83].
An intramolecular lactonization reaction with extremely low catalyst loadings was

reported in 1998 [77]. This development led to milder reaction conditions without
concomitant loss of product yield. Thus,medium-sized lactones were accessible with
a combination of as little as 0.03mol% of FeCl2 and 0.03mol% of a multidentate
nitrogen-based ligand (Scheme 3.13).
Recently, immobilized metal ion-containing ionic liquids were presented for the

Kharasch reaction [85]. Whereas copper salts proved to be suitable catalysts in the
addition of CCl4 to styrene, FeCl2 gave poor results (12% product yield).
Another interesting functionalization of carbon–carbon double bonds is the

aminochlorination reaction. This transformationhasbeenknown for a long time [86].
Not only iron but also chromium, palladiumand copper compounds can be used [87].

Scheme 3.11 Acyl chlorides via the Kharasch reaction.

Scheme 3.12 Intramolecular Kharasch reaction.
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Bach and coworkers [88] reported on intramolecular chloroamination reactions with
FeCl2 as catalyst starting from 2-alkenyloxycarbonyl azides. TMSCl was found to be
an essential additive for the efficient addition to double and triple bonds. The
corresponding oxazolidinones were obtained in moderate to high yields and with
high diastereoselectivity (Scheme 3.14).
Interestingly, the catalytic reaction yielded predominantly the threo-4-(chloro-

methyl)oxazolidinones, whereas under thermal conditions in 1,1,2,2-tetrachlo-
roethane (TCE) the erythro isomer was formed exclusively. If the reaction proceeded
via aziridine formation followed by nucleophilic ring opening, the product stereo-
chemistry would be erythro. As this was not the case, the involvement of anN-centered
radical species was suggested (Figure 3.8).
A different finding was made by Li et al. in the aminochlorination of arylmethyl-

enecyclopropanes [89]. In this case an aziridinium intermediate accounts for the high
regio- and stereoselectivity. Interestingly, screening of various metal catalysts re-
vealed that FeCl3 gave the best results (73% yield), whereas FeCl2 did not show any
conversion. Hence the oxidation state of the metal plays an important role. The
products were formed in moderate to high yields. Arylmethylenecyclopropanes with

Scheme 3.13 Intramolecular lactonization.

Scheme 3.14 Bach�s aminochlorination.

Figure 3.8 N centered radical species in aminochlorination reactions.
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electron-donating substituents on the aromatic ring performed best, whereas those
with electron-withdrawing substituents gave only sluggish reactions (Scheme 3.15).

3.1.5
Aziridination and Diamination

The first reports on iron-catalyzed aziridinations date back to 1984, when Mansuy
et al. reported that iron and manganese porphyrin catalysts were able to transfer a
nitrene moiety on to alkenes [90]. They used iminoiodinanes PhIN¼R (R¼ tosyl) as
the nitrene source. However, yields remained low (up to 55% for styrene aziridina-
tion). It was suggested that the active intermediate formed during the reactionwas an
FeV¼NTs complex and that this complex would transfer the NTs moiety to the
alkene [91–93]. However, the catalytic performance was hampered by the rapid iron-
catalyzed decomposition of PhI¼NTs into iodobenzene and sulfonamide. Other
reports on aziridination reactions with iron porphyrins or corroles and nitrene
sources such as bromamine-T or chloramine-T have been published [94]. An
asymmetric variant was presented by Marchon and coworkers [95]. Biomimetic
systems such as those mentioned above will be dealt with elsewhere.
An interesting new catalytic system was described by Hossain and coworkers [96].

Using the relatively mild Lewis acid iron catalyst [CpFe(CO)2(THF)]þ[BF4]
�, moder-

ate to high yields were obtained in the aziridination of aromatic alkenes with
preformed PhI¼NTs (Scheme 3.16) [recently it was found that simple Fe(acac)3 can
also be used as catalyst for the aziridination of alkenes. In this case, the nitrogen
transfer reagent can even be generated in situ starting from PhI(OAc)2 and aromatic
sulfonamides] [97]. The reaction occurs stereospecifically and yields cis-aziridines
from cis-alkenes and trans-aziridines from trans-alkenes. Noteworthily, however, the
latter transformations do not proceed well, as indicated by that fact that the
aziridination of trans-b-methylstyrene yields a meager 7% of the product. Further-
more, trans-stilbene does not react at all.

Scheme 3.15 Li�s aminochlorination.

Scheme 3.16 Hossain�s aziridination.
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Another non-heme systemmade use of hexadentate phenol ligands [98]. However,
the catalytically active species was only formed upon ligand oxidation by excess of
PhI¼NTs. Furthermore, a large excess of the alkene was required (2000 equiv. vs.
PhI¼NTs). The reaction of cyclooctene and 1-hexene gave yields of about 50%, which
represents a significant improvement over the earlier described copper systems [99].
Halfen and coworkers found that simple non-heme iron(II) complexes with

Me5dienandTACNligandsperformedwell inalkeneaziridination(Scheme3.17) [100].
With a comparably small excess of alkene (25 equiv. vs. PhI¼NTs), almost quantitative
yields of the corresponding aziridinewere obtained. Lowering the substrate loading to
5–10 equiv. resulted in decreased yields (68%). Interestingly, when Fe(OTf)2�2MeCN
was used as the catalyst, almost noproductwas formed.A recent study revealed that Fe
(OTf)2 can be used as catalyst for aziridinations of silyl enol ethers and simple alkenes;
with chiral catalysts up to 40% ee have been achieved [101]. A comparison with other
multidentate nitrogen ligands revealed that the presence of at least one pair of cis labile
coordination sites was required for efficient catalysis. This parallels the findings for
alkene cis-dihydroxylation with H2O2 and iron(II) catalysts [42a].
Attempts to aziridinate alkenes with iron catalysts in an asymmetric manner have

met with only limited success to date [101]. In an early report on the use of various
chiral metal salen complexes, it was found that only the Mn complex catalyzed the
reactionwhereas all othermetals investigated (Cr, Fe, Co,Ni etc.) gave only unwanted
hydrolysis of the iminoiodinane to the corresponding sulfonamide and iodoben-
zene [102]. Later, Jacobsen and coworkers and Evans et al. achieved good results with
chiral copper complexes [103].
Literature reports on iron-catalyzed alkene diamination are scarce. Li et al.

described the synthesis of imidazolidine derivatives with an FeCl3–PPh3 complex.
As substrates, a,b-unsaturated ketones and a,b-unsaturated esters were used. The
products were obtained in good to high yields and with excellent stereoselectivity
(Scheme 3.18). Interestingly, the iron catalyst system worked much better than a
previously described rhodium catalyst. Furthermore, the iron catalyst is inexpensive
and easier to handle because it is less hygroscopic [104].

Scheme 3.17 Halfen�s aziridination.
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The iron-catalyzed nitrene transfer to alkenes is a challenging field of research.
Remarkable results have been reported but much more effort has to be made to
develop further this area of catalysis.

Scheme 3.18 Li�s diamination of alkenes.
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3.2
Oxidative Allylic Oxygenation and Amination

Sabine Laschat, Volker Rabe, and Angelika Baro

3.2.1
Introduction

Allylic alcohols and allylic amines are important building blocks in organic chemistry,
which can be further functionalized, for example, by Sharpless epoxidation, asym-
metric dihydroxylation, rearrangements or cross-metathesis to give access to a broad
variety of synthetic intermediates for natural products and fine chemicals. In
principle, allylic alcohols and amines are available by two synthetic strategies. The
first, the introduction of the hydroxy or amino group via nucleophilic displacement of
a suitable leaving group at the allyl system, will be discussed in Chapter 7. This
chapter will focus on the second route, namely the direct insertion of oxygen or
nitrogen into the allylic C�Hbond via a transitionmetal-catalyzed oxidative process.
As shown in Scheme 3.19, two competing pathways are possible with regard to

allylic oxidation. The alkene 1 can either undergo abstraction of an allylic hydrogen
and subsequent formation of the allylic alcohol 2 and the enone 3 (path A),
respectively, or alternatively epoxidation of the C¼C double bond occurs to give
derivative 4 (path B). In order to develop a suitable catalytic system for path A, it is of
utmost importance to achieve high chemoselectivity in addition to high catalytic
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Scheme 3.19

activity, long-term stability of the catalyst under oxidative conditions and the use of
non-toxic oxidants without any safety hazards.
Most work in the field of iron-catalyzed allylic oxidations has been devoted to the

following classes of catalysts: (1) simple Fe3þ (or Fe2þ) salts, (2) Fe complexes with
bidentate ligands such as acetylacetonate or picolinate, (3) porphyrin and phthalocy-
anine Fe complexes, (4) salen Fe complexes and (5) non-heme Fe complexes with
tetra- or pentadentate ligands. It should be noted that in many iron-catalyzed
oxidations a direct comparison of different catalysts is not possible, simply because
yields of isolated pure products and detailed experimental procedures are lacking.
This has to be considered as a major drawback concerning synthetic applications. In
order to guide readers who are searching for themost suitable catalyst for a particular
alkene substrate, the yields given in the schemes below refer to isolated yields,
whereas conversions were usually determined by gas chromatography. In some
examples, just turnover numbers (TON¼moles of product per mole of catalyst) are
given.

3.2.2
Iron-catalyzed Allylic Oxidations

3.2.2.1 Simple Iron Salts
Simple Fe3þ salts have rarely been used for catalytic allylic oxidations. Covalent metal
nitrates are well known to be strong oxidants which undergo dissociation of the
bidentate metal nitrate bond resulting in the formation of the NO3 radical as reactive
species [105]. However, Sahle-Demessie and coworkers were the first who showed
theutility of even commercially available Fe(NO3)3�9H2Oas anoxidation catalyst [106].
Turnover and chemoselectivity turned out to be strongly dependent on the alkene
substrate and the partial pressure (Scheme 3.20).
Whereas under ambient oxygen pressure only 20% of cyclohexene 1a was con-

verted to an equimolarmixture of 2-cyclohexen-1-ol (2a) and 2-cyclohexen-1-one (3a),
a mixture of oxygen and nitrogen at elevated pressures (3.4 bar/10.3 bar) improved
both conversion and chemoselectivity, favoring the enone 3a (70%) as comparedwith
the allylic alcohol 2a (14%). In addition, cyclohexanediol 5was produced in 16%yield.
In contrast, the product distribution of 1,5-cyclooctadiene 1b clearly varied. Under
aerobic conditions, 1b gave exclusively the epoxide 4b; under pressurized conditions
the allylic oxidation products 2b and 3b were also formed in minor amounts
(Scheme 3.20). When the reaction was carried out with FeCl3�2H2O instead of
Fe(NO3)3�9H2O as catalyst, no oxidation products could be detected, thus indicating
that nitrate must be directly involved in the catalytic cycle.

3.2 Oxidative Allylic Oxygenation and Amination j93



3.2.2.2 Fe(III) Complexes with Bidentate Ligands
Jiang et al. studied homogeneous mono- and bimetallic catalysts derived from first-
row transitionmetal acetylacetonate complexes and RuCl2(PPh3)3 in the oxidation of
cyclohexene 1a under atmospheric oxygen pressure [107]. With catalysts Fe(acac)3
and RuCl2(PPh3)3, neat 1a was oxidized to allylic alcohol 2a and enone 3a in
ratios 2a : 3a¼ 38 : 62 (Fe) and 42 : 58 (Ru) with a TON of 198 and 140, respectively.
For a 1:1 mixture of both catalysts, however, a synergistic effect was observed,
resulting in an improved TON (294) [107].
Owing to their relevance in steroid chemistry Okamoto et al. investigated aerobic

allylic hydroxylations of octahydronaphthalene derivatives such as 1c in the presence
of Fe(III) picolinate complexes Fe(PA)3�H2O (Scheme 3.21) [108]. The combination
of electrolysis and the Fe(PA)3–O2–MeCN system suppressed epoxidation almost
completely, leading exclusively to the oxidation products 2c and 3c, albeit with low
yields. In contrast, when alkene 1c was submitted to chemical oxidation using the

Scheme 3.20

Scheme 3.21
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system Fe(PA)3�H2O–35% H2O2–MeCN, a mixture of alcohol 2c, enone 3c and
epoxide 4c was obtained. It should be emphasized that in both cases the allylic
oxidation took place only at the 7-H with a slight preference for the 7a-hydrogen
abstraction. However, the electrochemical method is limited to trisubstituted bridge-
head double bonds.

3.2.2.3 Fe3þ/Fe2þ Porphyrin and Phthalocyanine Complexes
Iron porphyrin complexes were of tremendous interest because they can serve as
chemicalmodels for cytochromeP450monooxygenase [109]. Allylic hydroxylation by
heme iron complexes follows the �rebound mechanism� depicted in Scheme 3.22.
Starting from iron(III) porphyrin complex 6, the high-valent iron(IV)-oxo porphyrin
p-cation radical 7 is formed with various oxidants such as single oxygen atom donors
(i.e. iodosobenzene), hydroperoxides (i.e. alkyl hydroperoxides, H2O2, peracids) or
molecular oxygen. Iron(IV)-oxo species 7, which corresponds to Compound I in CYP
450 monooxygenases [109c], induces hydrogen abstraction from the alkene sub-
strate 1, resulting in the formation of Fe3þ(OH) complex 8 and allylic radical 9. In a
�rebound process� and subsequent cleavage, the allylic alcohol 2 is produced and the
precursor catalyst 6 is regenerated by replacement of the axial ligand with water or
solvent.
Porphyrin complexes, however, are prone to oxidative decomposition and there-

fore synthetic applications are hampered by rapid catalyst deactivation. This problem
can be overcome by attaching electron-withdrawing groups to the periphery of the
porphyrin system. Another problem is the poor chemoselectivity. In many cases,
addition to the C¼C double bond and formation of the epoxide are much faster than
the corresponding hydrogen abstraction, which leads to the allylic alcohols. This is

Scheme 3.22 Proposed rebound mechanism shown for the hydroxylation of cyclohexene 1a [109].
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illustrated by a study by Appleton et al. [110], who also observed that the chemo-
selectivity depended on the ring size of the alkene (Scheme 3.23). In all cases, the
formation of epoxide 4dominated, but cyclopentene 1d and cyclohexene 1a gave up to
24%of the corresponding enones 3a,d and allylic alcohols 2a, d.However, virtually no
trace of allylic oxidation was found for cycloheptene 1e and cyclooctene 1f.
The prevalence for epoxidation seems to be independent of the electronic structure

of the porphyrin or the type of oxidant. For example, the catalytic oxidation of
cyclohexene 1a with molecular oxygen and isobutyraldehyde in the presence of
Fe3þ(TPP)Cl (TPP¼ tetraphenylporphyrin) in 1,2-dichloroethane yielded exclusively
the epoxide 4a and only trace amounts of the allylic alcohol 2a or ketone 3a, as
demonstrated by Nam et al. [111].
Similar results were reported by Niño et al. for FeTPPCl intercalated in a-

zirconium phosphate and isobutyraldehyde (a-ZrP-Imi-Fe(TPPCl)] [112]. Several
strategies have been developed to overcome the epoxidation problem. O�Shea et al.
used iron(III) porphyrin nitrite (PFeNO2) which was generated in situ from oc-
taethylporphyrin in FeCl3 with potassium crown ether nitrite in NMP–1%HOAc for
the oxidation of cyclohexene 1a (Scheme 3.24,A) [113]. Allylic alcohol 2awas formed
with exceptional selectivity (90%) together with enone 3a as a minor byproduct. By
using 15N-labeled nitrite salts, it was demonstrated that 15NO2

� is bound directly to
the iron center and oxygen atom transfer resulted in the formation of PFe15NO.
A remarkable solvent effect on the chemoselectivity was discovered by Agarwala

and Bandyopadhyay (Scheme 3.24, B) [114]. When cyclohexene 1a was oxidized with
tBuOOH in the presence of an electronegative substituted iron(III) porphyrin
complex in CH2Cl2–MeOH, epoxide 4a was the predominant product (69% yield)
in addition to alcohol 2a and ketone 3a as byproducts in 20% and 11% yields,

Scheme 3.23
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respectively. However, on replacing the solvent mixture with MeCN–H2O the
reaction was much faster, yielding entirely 2-cyclohexen-1-ol (2a) (Scheme 3.24,
C). In a competing experiment, a 1:1 mixture of cyclohexane and cyclohexene 1awas
converted to cyclohexanol (17%) and 2-cyclohexen-1-ol (2a) (76%), indicating amuch
faster allylic hydroxylation than alkane hydroxylation. In situUV/Vis studies revealed
the presence of the iron(IV)-oxo porphyrin p-cation radical 7.
Another approach to improved chemoselectivity utilizes sterically hindered alkenes,

as reported by Konoike et al. (Scheme 3.25) [115]. Ursolic acid 12, a steroid with a
highly congested trisubstituted double bond, undergoes allylic hydroxylation at the
C-11 position with MCPBA and tetrakis(pentafluorophenyl)porphyrin iron chloride
[Fe(PFPP)Cl] as a catalyst to give a single diastereomer 13 in 91% yield. With sterically
less encumbered systems only epoxidation was observed.
Exclusive enone formation could be achieved by electrocatalytic oxygenation of

2-cyclopentene-1-acetic acid in the presence of a water-soluble iron(III) porphyrin
(2-TMPyP)Fe [2-TMPyP¼ tetrakis(N-methyl-2-pyridyl)porphyrin]. Unfortunately,
neither yields nor TONs are given [116].
A recent contribution to the chemoselectivity problem is the composite photo-

catalysis developed by Maldotti et al. [117]. Cyclohexene 1a was subjected to photo-
initiated oxidation in Nafion membranes containing Pd(II) porphyrin Pd(4-TMPyP)
[4-TMPyP¼meso-tetrakis(N-methyl-4-pyridyl)porphyrin] and Fe(III) porphyrin 11 to

Scheme 3.24

Scheme 3.25
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give a mixture of the allylic hydroperoxide 14 (71%), alcohol 2a, enone 3a and
additionally the ethyl ether 15 (29% overall yield) (Scheme 3.26).
As illustrated in Scheme 3.26, the role of the Pd(II) porphyrin complex is the

photochemically sensitized generation of singlet oxygen (1O2), which forms the
allylic hydroperoxide 14. Subsequent Fe3þ porphyrin-catalyzed hydrogen abstraction
from 14 yields the peroxy radical 16, while the catalytic Fe3þ species is recycled by
homolytic O�O bond cleavage of 14 to give the alkoxy radical 17. Both radicals 16
and 17 are involved in the dark reaction where the remaining cyclohexene is
consumed.
In comparison with metal porphyrins, the corresponding metal phthalocyanines

aremuchmore stable against oxidative decomposition.Murahashi et al. reported that
chlorinated Fe(II) phthalocyanine is particularly well suited for aerobic allylic
oxidation employing acetic aldehyde as a cofactor (Scheme 3.27) [118]. Under these
conditions, cyclohexene 1a is converted to a mixture of 2a and 3a in 70% overall yield
and the epoxide 4a as byproduct (30%). Acetic aldehyde is proposed to autoxidize by

Scheme 3.26
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the Fe catalyst to acetic peracid, which then transfers an oxygen atom to the Fe
phthalocyanine complex leading to an iron(IV) species as reactive intermediate.
Weber et al. utilized dinuclear m-oxo iron(III) phthalocyanines 18 as catalysts in

the aerobic oxidation of a-pinene 1g, resulting in the formation of trans-verbenol 2g,
verbenone 3g and a-pinene oxide 4g in almost equimolar amounts. Additionally,
3-pinen-2-ol 19 was obtained (Scheme 3.28) [119].
Applying the same conditions to cyclohexene 1a gave preferably enone 3a (39%)

and cyclohexenol 2a (48%), while epoxide 4a was detected in only 12% yield.

Scheme 3.27

Scheme 3.28
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The strong preference towards enone formation, which was realized by Gonz�alez
et al. employing iron(III) tetrasulfophthalocyanine and tBuOOH (Scheme 3.28,
method B) [120], could be further improved by immobilization of the phthalocyanine
complex on silica (method C). Under these conditions, m-oxo dimeric species are
suggested to be the active catalysts.

3.2.2.4 Iron(III) Salen Complexes
Whereas metal porphyrins suffer from catalyst deactivation, phthalocyanines are
often poorly soluble, hampering the synthesis of tailor-made metal phthalocyanines.
In contrast, the salen complexes provide an attractive alternative as potential ligands
for oxidation catalysis due to their convergent synthesis from easily available building
blocks and their pronounced stability towards oxidative degradation. Thus, B€ottcher
et al. designed a series of iron complexes bearing achiral and chiral salen ligandswith
different electronic and steric properties [121]. The most promising catalyst was 20,
which converted cyclohexene 1a under aerobic conditions into amixture of 2a and 3a
in about a 1 : 2 ratio (Scheme 3.29). Cyclovoltammetric experiments revealed that
unlike porphyrin complexes, the catalytic activity is not correlated with the redox
potential of the salen complexes.

3.2.2.5 Non-heme Iron Complexes with Tetra- and Pentadentate Ligands
Hemeandnon-heme iron complexes have special relevance to biological systems. The
former represent model compounds for cytochrome P450 monooxygenase and the
latter those for both mononuclear iron enzymes such as catechol dioxygenase,
lipoxygenases, isopenicillin N-synthase (IPNS), 1-aminocyclopropane-1-carboxylic
acid oxidase, pterin-dependent hydroxylases, Rieske dioxygenases [122] and dinuclear
ironenzymessuchasmethanemonooxygenase or ribonucleotide reductase [122, 123].
Mukerjee et al. developed a tetradentate ligand 21 structurally related to the salen
ligands previously reported [124]. Upon deprotonation, ligand 21 forms the dinuclear
Fe complex 22 in the presence of trans-Fe2þ(N-methylimidazole)2Cl2(MeOH)2 in
anhydrousMeOH–MeCN (1:99) under anaerobic conditions (Scheme 3.30). Interest-
ingly, the turnover depended strongly on the oxidation state of the iron centers, with

Scheme 3.29
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the mixed valence state giving the highest TONs. The active catalysts 22 provided
alcohol2a andenone 3a as themajorproducts. TheFe3þ,Fe3þ catalyst 22, however,was
almost inactive (Scheme 3.30).
Two examples of non-heme iron complexes with tetradentate ligands should be

presented, illustrating the problems associated with the use of such complexes for
synthetic purposes.
Rowland et al. prepared a low-spinFe(III) complex 24 fromN,N-bis(2-pyridylmethyl)

amine-N-ethyl-2-pyridine-2-carboxamide23 (Scheme3.31) [125].Whencyclohexene1a
reacted with complex 24 and a large excess of H2O2, among the oxidation products
epoxide 4a predominated (TON 17).

Scheme 3.30

Scheme 3.31
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Scheme 3.32

Roelfes et al. prepared a non-heme iron(II) complex 26 from pentadentate ligand
N,N-bis(2-pyridylmethyl)-N-bis(2-pyridyl)methylamine 25 (Scheme 3.32) [126]. In the
presence of H2O2, complex 26 reacted to a low-spin Fe(III)OOH intermediate, which
was cleaved homolytically to an oxo Fe(IV) species and a hydroxy radical. Both
species are capable of oxidizing various organic substrates via a radical pathway
(Scheme 3.32). Under the catalysis of complex 26, cyclohexene 1a was oxidized with
excess H2O2 to amixture of products 2a, 3a and 4a. The TONwas found to be solvent
dependent, with higher TON in acetonitrile than in acetone (Scheme 3.32). In no case
were isolated yields given and, furthermore, the allylic oxidation is limited to
cyclohexene 1a.
Finally, a biomimetic iron complex should be discussed, which serves as a model

for the antitumor antibiotic bleomycin. Activated bleomycin, an oxygenated Fe–
bleomycin complex, is probably responsible for the oxidative damage of DNA [127].
Starting frompentadentate ligand 27, Nguyen et al. synthesized the iron(III) complex
28, which was used to oxidize cyclohexene 1a (Scheme 3.33) [127d]. Chemoselectivity
and catalytic activity depended on the oxidant. Whereas tBuOOH produced only
allylic oxidation products 2a and 3a, H2O2 gave an almost equimolarmixture of 2a, 3a
and 4awith decreasedTONs.Both theTONand chemoselectivity of 3a versus 2awere
improved by the addition of 10% water to tBuOOH, albeit with accompanying
epoxide formation.
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3.2.3
Oxidative Allylic Aminations

Although allylic amines are valuable building blocks for synthetic organic chemistry,
the direct catalytic insertion of a nitrogen atom into the allylic C�H bond is
difficult [128]. Seminal contributions came from the groups of Jørgensen [129] and
Nicholas [130]. They reported independently that iron phthalocyanines andmixtures
of Fe2þ/Fe3þ salts, respectively, catalyzed the allylic amination of alkenes with
N-phenylhydroxylamine 29a as the nitrogen transfer reagent.
Upon screening various transition metal catalysts in the reaction of a-methyl-

styrene 1h withN-phenylhydroxylamine 29a, Jørgensen and coworkers obtained the
best result for 2-phenyl-3-(phenylamino)propene 30a with iron(III) phthalocyanine
[Fe(Pc)]. In this case, the decomposition of 29a to aniline, azobenzene and azoxy-
benzene was minimized (Scheme 3.34).

Scheme 3.33

Scheme 3.34 Allylic amination of a-methylstyrene 1h with
N-phenylhydroxylamine 29a according to the groups of Jørgensen
(method A) [129] and Nicholas (method B) [130].
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Iron phthalocyanine catalysis is more effective for alkenes conjugated to an aryl
ring as compared with the Fe2þ/Fe3þ salts (Scheme 3.34), whereas the Nicholas
method worked much better for acyclic non-conjugated alkenes such as 1i
(Scheme 3.35).
Depending on the type of iron catalyst, the reaction seems to take different

mechanistic pathways. According to Johannsen and Jørgensen�s results, the catalytic
cycle starts with the formation of nitrosobenzene 32 either by disproportionation of
hydroxylamine 29a to 32 and aniline in the presence of oxo iron(IV) phthalocyanine
(PcFe4þ¼O) or by oxidation of 29a [131]. The second step, a hetero-ene reaction
between the alkene 1 and nitrosobenzene 32, yields the allylic hydroxylamine 33,
which is subsequently reduced by iron(II) phthalocyanine to afford the desired allylic
amine 30 with regeneration of oxo iron(IV) phthalocyanine (Scheme 3.36). That
means the nitrogen transfer proceeds as an �off-metal� reaction. The other bypro-
duct, azoxybenzene, is probably formed by reaction of 29a with nitrosobenzene 32.
In contrast, Srivastava and Nicholas proved that in the FeCl3/FeCl2-catalyzed

allylic amination an intermediate free nitrosobenzene can be excluded
(Scheme 3.37) [130, 132]. For example, when a mixture of a-methylstyrene 1h and

Scheme 3.35

Scheme 3.36 Proposed mechanism of the allylic amination
according to Johannsen and Jørgensen [128b, 131].

Scheme 3.37 Trapping reaction (A) and amination (B) according
to Srivastava and Nicholas [130, 132].
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2,3-dimethylbutadiene 34 was heated with nitrosobenzene 32 in dioxane, a smooth
hetero-Diels–Alder reaction to derivative 35 occurred (A). However, when the same
mixture was heated with hydroxylamine 29a in the presence of FeCl2/FeCl3, only
allylic amines 30a and 36were obtained in 24% and 20% yield, respectively. No trace
of hetero-Diels–Alder product 35 was found.
Furthermore, as shown in Figure 3.9, Nicholas and coworkers isolated azodioxide

complex 37 as a reactive intermediate, which could be characterized by X-ray crystal
structure analysis [132, 133]. Isotope labeling studies established complex 37 to be
indeed the catalytically active species.
More recently, Srivastava and Nicholas discovered the direct allylic amination with

nitroaromatics 38 as effective aminating agents under catalysis by the inexpensive
[CpFe(CO)2]2 (Scheme 3.38) [134].
The electronic properties of the nitroarene strongly influence the reactivity.Where-

as nitrobenzene 38a gave the amination product 30a in high yield, electron-withdraw-
ing substituents decreased the yield. With 4-methoxynitrobenzene 38d, almost no
product 30d was isolated.
The use of [Cp�Fe(CO)2]2 rather than [CpFe(CO)2]2 had a particular pronounced

effect on the reaction with aliphatic alkenes, as depicted in Scheme 3.39 [135]. The
yields increased significantly. Again, the reaction proceeded with high regioselecti-
vity in favor of the less substituted carbon of the vinyl unit in starting alkene 1.
It was originally proposed that under the reaction conditions CO reduces

the nitrobenzene 38a to nitrosobenzene 32. However, no free nitrosobenzene
could be detected by trapping experiments. Instead, the carbamoyl complex 39 was
isolated and crystallized (Figure 3.10) [135]. Although complex 39 showed
decreased catalytic activity in the allylic amination as compared with [Cp�Fe(CO)2]2

Figure 3.9 Isolated catalytically active intermediate 37 [132, 133].

Scheme 3.38
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{krel [Cp�Fe(CO)2]2 : 39� 15:1}, it seems to be a minor but significant contributor
to the overall catalytic cycle (e.g. a resting state) with the 17-electron monomer
Cp�Fe(CO)2 being the active catalyst [136]. Two other putative intermediates, 40 and
41, were isolated and crystallized [137], but in contrast to complex 39 they were
completely inactive.
In order to reduce the reaction temperature and CO pressure necessary for the

allylic amination with nitrobenzene 38a in the presence of [Cp�Fe(CO)2]2, Nicho-
las and coworkers developed a photochemically assisted method, that requires
only 3–6 atm CO and 80–120 �C to produce the allylic amines in reasonable
yields [138].
The above-mentioned catalytic allylic aminations employing N-phenylhydro-

xylamine 29a and nitroso- (32) or nitrobenzene 38a, respectively, as nitrogen transfer
reagent are mainly limited by the rather difficult removal of the phenyl ring from the
finalN-phenyl-N-allylamine. As a possible solution, Nicholas�s group studied a novel
aminating agent, 2,4-dinitrophenylhydroxylamine 29b, in the FeCl2/FeCl3-catalyzed
amination [139] (Scheme 3.40).
The allylic amines 30e and 31d were obtained in 87% and 75% yield, respectively.

N-Alkylation and subsequent treatment with methylamine–40% water or pure
butylamine gave the correspondingN-methyl-N-allylamine 42 and 43 in good overall
yield.

Scheme 3.39

Figure 3.10 Isolated putative catalytic intermediates 39–41 [135, 137].
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3.2.4
Conclusion

From thediscussion above, the following conclusions canbe drawn.Apart fromsome
selected examples, the issue of chemoselectivity and catalytic activity in iron-catalyzed
allylic hydroxylation has not so far been solved. In particular, synthetically useful
methods with a broad scope concerning alkene substrates are still lacking. Further-
more, inmany cases it seems to be difficult to avoid overoxidation of the allylic alcohol
to the corresponding enone. In addition, most published procedures utilize the
alkene in a large excess (often as a solvent), thus limiting the use of functionalized
alkenes which are not commercially available.
On the other hand, for allylic aminations very promising results have been realized

with regard to regioselectivity, catalytic activity and substrate scope. However, further
efforts are necessary to find nitrogen transfer reagents which allow convenient
deprotection and isolation of the allylic amine.
Finally, the issue of stereoselectivity has not even been touched upon, neither in

allylic hydroxylations or aminations. Therefore, much more effort is needed to
develop reliable preparative methods.

Scheme 3.40
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3.3
Oxidation of Heteroatoms (N and S)

Olga Garc�ıa Mancheño and Carsten Bolm

3.3.1
Oxidation of Nitrogen Compounds

3.3.1.1 Oxidation of Hydroxylamines to Nitroso Compounds
Hydroxylamines play a significant role in modern industrial chemistry. Their most
important chemical properties include differential reactivity of the N and O termini,
changes in reactivity with pH and solubility in both aqueous and organic solvents.
Hence the study of reactions of hydroxylamine derivatives, especially their oxidation
to nitroso compounds, constitutes an important area of investigation.
The oxidation of aromatic hydroxylamines has beenwidely used in the preparation

of nitrosobenzenes. Among the methods described in the literature for this trans-
formation, the most common procedure involves heterogeneous oxidation using
iron(III) chloride [140]. This oxidation is normally slow, which can lead to the
formation of the corresponding azoxy derivatives through coupling of the formed
nitroso compound with the unreacted hydroxylamine. In addition, low yields are
sometimes obtained due to the partial instability of the starting hydroxylamine and/
or nitroso product. Illustrative examples of this transformation are shown in
Table 3.2 [141].
A related reaction is the oxidation of 2-hydroxylaminofluorene with ferric

ammonium sulfate (Scheme 3.41) [142]. In this reaction, 2-nitrosofluorene, which

Table 3.2 Oxidation of aryl hydroxylamines with FeCl3.

Entry R0 R00 R00 0 Yield (%)

1 H OCONHPh H 93
2 H OH H 60
3 H H Cl 100
4 CN Cl H 36
5 H Cl Me 91

Scheme 3.41 Synthesis of 2-nitrosofluorene.
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belongs to a family of nitroso compounds with anti-carcinogenic activity, is
generated.

3.3.1.2 Oxidation of Arylamines
The classical oxidation of the nitrogen atom of arylamines leads to nitro compounds;
however, hydroxylamines and/or the corresponding azobenzenes can also be
obtained.
The oxidation of aniline and its para-substituted analogues has been described

using potassium ferrate (K2FeO4) in alkaline aqueous solutions [143]. The product
obtained in this oxidation is highly dependent on the pH of the reaction
(Scheme 3.42). Thus, when a 1mol dm�3 solution of NaOH was employed, the
corresponding nitro compound was isolated. On the other hand, diazobenzene was
obtained at pH9 (0.05mol dm�3 sodiumphosphate buffer). In both transformations,
ferrate first oxidizes the amine nitrogen to form arylhydroxylamine, which is readily
further oxidized to the corresponding nitrosobenzene. At high pH, nitrosobenzenes
reactwith the excess of aniline to give azobenzenes, whereas theuse of dilute aqueous
NaOH solution produces exclusively nitrobenzenes.
The oxidation of aniline with potassium ferrate/K10 clay has also been de-

scribed [144]. The reaction at room temperature gave diazobenzene as sole product
(63%, Scheme 3.43).

3.3.1.3 Other N-Oxidations

Oxidation of Pyridines Fe2O3-catalyzed direct oxidation of pyridine by combined use
of molecular oxygen (1 atm) and isovaleraldehyde in 1,2-dichloroethane gives pyri-
dine N-oxide in 89% isolated yield [145]. Isovaleraldehyde was converted into the
corresponding acid under the reaction conditions (Scheme 3.44).

Scheme 3.42 Oxidation of aniline derivatives.

Scheme 3.43 Potassium ferrate/K10 clay-catalyzed oxidation of aniline.

Scheme 3.44 Fe2O3-catalyzed oxidation of pyridine to itsN-oxide.
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Recently, an application of this type of oxidation reaction towards the synthesis of
2-halopyridine N-oxide derivatives, which are intermediates of pyrithione antimi-
crobial agents, has been patented by a Korean company [146]. It is reported that iron
(III) oxide (10–100mol%) provides the best results among all iron catalysts tested,
such as FeCl3, Fe2(SO4)3 and Fe(ClO4)3.

Oxidation of Oximes A different type of N-oxidation reaction involves the direct
oxidation of oximes to nitro compounds. Although a variety of oxidizing agents have
been described for this reaction, the use of non-heme iron-based systems is rather
limited. In this context, the oxidation of the oxime group in tetrahydro-4H-pyrido[1,2-
a]pyrimidines was carried out at room temperature in the presence of 50mol% of
Clayfen [K10 montmorillonite-supported iron(III) nitrate] (Scheme 3.45) [147]. Un-
der these conditions the corresponding nitro derivatives were obtained in 32–35%
yield. 15N mass studies revealed that the reaction involved the direct oxidation of the
hydroxyimino group.

Oxidation of Thiosemicarbazoles Oxidative cyclization to thiadiazoles in good yields
from thiosemicarbazones can be performed using FeCl3 in benzene–water at room
temperature (Scheme 3.46) [148].

3.3.2
Oxidation of Sulfur Compounds

3.3.2.1 Oxidation of Thiols to Disulfides
The conversion of thiols into disulfides (oxidative S�S coupling) is an important
reaction in synthetic organic chemistry and many stoichiometric and catalytic metal
reagents have been reported as oxidants for this transformation. However, there are
only few reports on the oxidation of thiols using iron-based systems.
In 1966, it was found that stoichiometric amounts of Fe2O3 were capable of oxidiz-

ing acyclic thiols to disulfides in hydrocarbon media at 55 �C (Scheme 3.47) [149].

Scheme 3.45 Example of oxime group oxidation with Clayfen.

Scheme 3.46 Synthesis of thiadiazoles.
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Subsequently, the oxidative coupling of thiols to give disulfides using Clayfen (i. e.
K10 clay-supported ferric nitrate) was described by Laszlo�s group [150]. It was
proposed that the reaction occurred via a thionitrite intermediate (RSNO). This
method does not require the use of gaseous nitrogen oxides and uses mild reaction
conditions (hydrocarbon solutions at room temperature) to obtain the desired
symmetrical disulfides in good yields (�97%). The same group also studied the
performance of potassium ferrate (K2FeO4) as an oxidant toward thiols in the
presence of K10 clay [144]. Whereas the oxidation of thiophenol was inferior to that
with the use of Clayfen, with deactivated substrates such as tert-butyl or isopropyl
thiols, K2FeO4 improved the outcome of the reaction significantly (Table 3.3).
The oxidative coupling of thiols catalyzed by FeIII-exchanged montmorillonite in

phosphate buffer (pH 7.2) has also been demonstrated (Scheme 3.48) [151]. This
system gives the corresponding disulfide as the sole product, which is in contrast to a
previous report [152], where oxidation of thiols catalyzed by ion-exchanged clay gave
the sulfide as the major product.
Joshi and coworkers reported thefirst catalytic oxidation of thiols using an iron(III)

complex (Table 3.4) [153]. FeIII-EDTA proved to be an excellent catalyst for the
oxidation of a variety of aromatic, aliphatic and heterocyclic thiols under alkaline
conditions using molecular oxygen as the primary oxidant. Aromatic thiols were
found to be more reactive than aliphatic thiols, for which the reactivity was strongly
dependent upon the pH of the medium.

Scheme 3.47 Fe2O3-mediated oxidation of thiols to disulfides.

Table 3.3 Synthesis of disulfides using Clayfen-type oxidants.

Yield (%)

Entry Thiol Clayfen K2FeO4/K10 clay

1 PhSH 97 85
2 t-BuSH 39 70
3 i-PrSH – 75

Scheme 3.48 Oxidative coupling of thiols catalyzed by FeIII-montmorillonite.
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The oxidative dimerization of thiols was catalyzed by anhydrous FeCl3 and sodium
iodide under air at room temperature in acetonitrile (Table 3.5) [154]. The corre-
sponding disulfides were formed in excellent yields (96–99%).
Moreover, the formation of 1,2-dithiacylopentane from 1,3-propanedithiol was

achieved in 55% yield under high dilution conditions (Scheme 3.49).
Remarkably, although oxidation of thiols has been more intensively studied,

reports on the selective coupling of dithiols are rare due to facile competitive
polymerization reactions [155].

3.3.2.2 Oxidation of Sulfides
Sulfoxides can be considered as oxidized sulfides and are interesting molecules in
organic chemistry. The sulfur atom in sulfoxides presents a lone pair of electrons,

Table 3.5 FeCl3/NaI-catalyzed dimerization of thiols.

Entry R Yield (%)

1 Ph 97
2 Bn 99
3 Cy 98
4 n-Bu 97
5 2-Fur 96

Table 3.4 FeIII-EDTA-catalyzed oxidation of thiols with molecular oxygen.

Entry R pH Yield (%)

1 Ph 7.8 96
2 p-MeO(C6H4) 7.8 87
3 2-Py 8.0 84
4 Bn 8.5 98
5 n-Bu 9.5 93
6 n-C7H15 9.5 87

Scheme 3.49 Oxidation of dithiols.
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providing it with a tetrahedral molecular geometry. Thus, when its two organic
residues are dissimilar, the sulfur is a chiral center. Chiral sulfoxides have found
application in certain drugs [156] and they are also employed as chiral auxiliaries or
ligands. Selective oxidations of sulfides to sulfoxides with iron catalysts have been
reported, offering alternatives to existing methods.

Non-asymmetric Oxidations Su�arez and coworkers described the oxidation of
sulfides using FeBr3 or (FeBr3)2(DMSO)3 (10mol%) and nitric acid as oxidant
(Table 3.6) [157]. Both iron catalysts are able to provide sulfoxides in good yields
(65–99%).
Oxidation of sulfides to sulfoxides and sulfones was achieved in moderate to high

yields with good selectivity by using 1mol% of Fe2O3 as catalyst with molecular
oxygen in the presence of isovaleraldehyde (Table 3.7) [145].
Firouzabadi et al. described a solvent-free oxidation of sulfides using stoichiomet-

ric amounts of Fe(NO3)3�9H2O. This hydrated iron(III) salt is able to oxidized aryl and
alkyl sulfides efficiently at room temperature leading to their corresponding sulf-
oxides in good yields (92–97%) (Scheme 3.50) [158]. The reaction also proceeds in
refluxing ethyl acetate; however, lower yields of the desired sulfoxides are usually
obtained.

Table 3.6 FeBr3-based catalytic oxidation of sulfides with nitric acid.

Yield (%)

Entry Sulfide FeBr3 (FeBr3)2(DMSO)3

1 n-Bu–S–n-Bu 96 99
2 Ph–S–Me 65 81
3 Bn–S–Ph 93 91

Table 3.7 Fe2O3–O2–isovaleraldehyde catalytic system.

Yield (%)

Entry Sulfide Sulfoxide Sulfone

1 Et–S–Et 75 10
2 Ph–S–Me 81 8
3 Ph–S–Ph 65 Trace
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Another successful iron-catalyzed reaction is sulfoxidation, consisting of the use of
the binary catalyst Fe(NO3)3�9H2O–FeBr3. This systemwas able to catalyze efficiently
the oxidation of sulfides at room temperature in MeCN under air (Table 3.8) [159].
In recent years, hypervalent iodines have been employed to oxidize various organic

substrates. H5IO6 is also capable of oxidizing sulfides to sulfoxides in pyridine [160].
However, it has been established that the oxidation of sulfides in the presence of
catalytic amounts of FeCl3 (3mol%) takes place in shorter reaction times than that
without the catalyst, indicating the catalytic effect of this iron salt (Scheme 3.51) [161].
Finally, iron catalysts based on salen-type ligands have been used. These iron(III)–

salen complexes were regarded as enzyme models, using PhIO as oxidant
(Scheme 3.52) [162]. Initially, the corresponding active iron–oxo complexes were
formed by reaction with PhIO and isolated before use. A stoichiometric amount of
the iron–oxo complex allowed the efficient oxidation of a variety of aryl methyl
sulfides in moderate to good yields.

Asymmetric Oxidations Catalytic asymmetric oxidation of sulfides has attracted
great interest in recent decades. The field is dominated by use of titanium, manga-
nese and vanadium complexes, and examples of the use of iron catalysts are less
common. The challenging asymmetric oxidation of sulfides with non-heme iron
catalysts has been achieved with success in a few cases.

Scheme 3.50 Solvent-free oxidations in the presence of Fe(NO3)3�9H2O.

Table 3.8 Fe(NO3)3�9H2O–FeBr3 catalytic system.

Entry R Yield (%)

1 Ph 98
2 p-CN(C6H4) 99
3 p-NO2(C6H4) 98
4 t-Bu 89

Scheme 3.51 FeCl3/H5IO6 oxidations.
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The first example of iron-catalyzed asymmetric oxidation of sulfides was described
by Fontecave and coworkers in 1997 [163]. An oxo-bridged diiron complex, which
contained (�)–4,5-pinenebipyridine as chiral ligand, was reported to catalyze sulfide
oxidations with H2O2 in acetonitrile, having the potential to transfer an oxygen atom
directly to the substrates. However, the enantioselectivity of this process remained
rather low (�40% ee, Scheme 3.53).
The major breakthrough in this field was achieved in 2003 by Legros and

Bolm [164], who reported a highly enantioselective iron-catalyzed asymmetric sulfide
oxidation. Optically active sulfoxides were obtained with up to 96% ee in good yields
under very simple reaction conditions using Fe(acac)3 as precatalyst in combination
with a Schiff base-type ligand (Table 3.9). Furthermore, inexpensive and safe 35%
aqueous hydrogen peroxide served as terminal oxidant.
The best results were obtained in the oxidation of aryl methyl sulfides (ee >86%,

entries 1–7). Moreover, good enantioselectivities have also been achieved with more
challenging substrates possessing alkyl groups such as ethyl, benzyl and allyl, which
gave the corresponding sulfoxides with 82, 79 and 71% ee, respectively (entries 8–10).
The presence of 1mol% of lithium 4-methoxybenzoate (AX) drastically improved the
effectiveness of this reaction [164b]. Without this additive, sulfoxides were obtained
in low yields (15–44%) and inferior enantioselectivities (26–78% ee) [164a]. Based on
the observed asymmetric amplification, the intervention of a diiron species with a
bridging monocarboxylate has been suggested [164c]. However, to date no evidence
on the nature of the catalytic species has been obtained.

Scheme 3.52 Use of oxo-iron(salen) oxidants.

Scheme 3.53 Oxo-bridged diiron complex for sulfide oxidations.
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This methodology has been successfully applied to the asymmetric synthesis of
(R)- and (S)-sulindac (90–92% ee), which is a chiral sulfoxide marketed as an anti-
inflammatory drug (Scheme 3.54) [165].
Shortly thereafter, Bryliakov and Talsi described chiral [iron(salen)Cl] catalysts for

the asymmetric sulfide oxidation using PhIO as terminal oxidant (Table 3.10) [166].
Whereas good selectivities in the formation of sulfoxides vs. sulfones were achieved,
only poor to moderate enantiomeric excesses were obtained with this system
(22–62% ee).
In addition, these iron(salen) catalysts can oxidize sulfides using other oxidants

such as H2O2, TBHP or m-CPBA with notable chemical selectivity (75–98%);
however, no enantioselectivity was observed.
Non-heme FeII complexes of pentadentate ligands with pyrrolidinyl moieties have

also been described for the oxidation of aryl methyl sulfides (Table 3.11) [167]. This
system showed high selectivity in the formation of sulfoxides, but provided low

Table 3.9 Fe(acac)3–Schiff base ligand-catalyzed asymmetric oxidations.

Entry Sulfide Yield (%) ee (%)

1 Ph–S–Me 63 90
2 p-Tol–S–Me 78 92
3 p-MeO(C6H4)–S–Me 66 86
4 p-Br(C6H4)–S–Me 59 94
5 p-Cl(C6H4)–S–Me 60 92
6 p-NO2(C6H4)–S–Me 36 96
7 2-Naph–S–Me 67 95
8 Ph–S–Et 56 82
9 Ph–S–Bn 73 79
10 Ph–S–CH2CH¼CH2 63 71

Scheme 3.54 Synthesis of sulindac.
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enantioselectivities, even when 4-methoxybenzoic acid (AH) was used as an additive
(�27% ee).
Recently, Egami and Katsuki developed an effective Fe(salan)-catalyzed oxidation

of sulfideswithH2O2 inwater (Table 3.12) [168]. The reaction can be carried out using
low catalyst loadings (1mol%) in air and at room temperature (20 �C). High yields
and enantioselectivities (81–96% ee) were achieved not only for alkyl aryl sulfoxides
but also for alkyl alkyl sulfoxides.

Table 3.10 Chiral Fe(salen)Cl catalysts.

Entry Sulfide Fe(salen)Cl Conversion (%) ee (%) Configuration

1 Ph–S–Me (R,R)-A 96 22 S
2 Bn–S–Ph (R,R)-A 95 62 S
3 Bn–S–Ph (S,S)-B 91 62 R

Table 3.11 Pyrrolidinyl-FeII catalysts for sulfide oxidations.

Entry X Yield (%) ee (%)

1 H 85 27
2 Me 93 26
3 MeO 91 25
4 NO2 62 11
5 Br 89 19
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3.3.2.3 Oxidative Imination of Sulfur Compounds
The oxidative imination of sulfides and sulfoxides via nitrene transfer processes leads
to N-substituted sulfilimines and sulfoximines. This reaction is interesting as chiral
sulfoximines are efficient chiral auxiliaries in asymmetric synthesis, a promising
class of chiral ligands for asymmetric catalysis and key intermediates in the synthesis
of pseudopeptides [169]. However, very few examples of such iron-catalyzed trans-
formations have been described.
BachandKorber reported in1998 that iron(II) chloride couldbeused incombination

with tert-butyloxycarbonyl azide (BocN3) for nitrene transfer to sulfides and sulfox-
ides [170]. Whereas usually 1 equiv. of FeCl2 was employed in the imination of
sulfoxides, catalytic amounts of this iron salt (25mol%) could also be applied
(Table 3.13).
The reaction proceeds stereospecifically, giving sulfoximines from the correspond-

ing enantiomerically enriched sulfoxides without racemization. The NH-sulfoxi-
mines can then be obtained after Boc cleavage with trifluoroacetic acid. Bolm et al.
applied this reaction in the synthesis of sulfoximines having a benchrotene skeleton
(Scheme 3.55) [171].
The imination of sulfides with this catalytic system has been proved to proceed

more readily than for the corresponding sulfoxides [169]. Thus, sulfilimines can be
obtained in moderate to good yields, especially when acetylacetone or DMF is added
(Table 3.14).

Table 3.12 Fe(salan)Cl-catalyzed sulfide oxidations in water.

Entry R0 R00 Yield (%) ee (%)

1 p-Tol Me 88 96
2 p-MeO(C6H4) Me 88 95
3 p-Cl(C6H4) Me 72 94
4 o-Cl(C6H4) Me 86 96
5 o-MeO(C6H4) Me 77 93
6 Ph Et 73 81
7 Bn Me 85 87
8 c-C6H11 Me 73 88
9 n-C8H17 Me 73 89
10 n-C12H25 Me 79 94
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As a direct application of this transformation, the combination of FeCl2 and BocN3

was subsequently used for the imination of allyl sulfides, which undergo a [2,3]-
sigmatropic rearrangement in the reaction media (Scheme 3.56) [172].
Recently, Van Vranken�s group demonstrated that propargyl sulfides are also able

to undergo this transformation upon treatment with (dppe)FeCl2, affording N-
allenylsulfenimides (Scheme 3.57) [173].
Bolm and coworkers discovered that inexpensive and easy to handle iron(III)

acetylacetonate [Fe(acac)3] was also capable of catalyzing nitrene transfer to sulfides
and sulfoxides using various sulfonyl amides in combination with iodosylbenzene
(Scheme 3.58) [174].

Table 3.13 FeCl2-catalyzed sulfoximidations with BocN3.

Entry R0 R00 FeCl2 (mol%) Yield (%)

1 Ph Me 100 74
2 Bn Me 100 70
3 Bn Me 25 56
4 Bn Et 100 95
5 i-Pr Me 100 54
6 Me Me 100 58

Scheme 3.55 Synthesis of benchrotene sulfoximines.

Table 3.14 FeCl2-catalyzed iminations of sulfides.

Entry Sulfide Yield (%)

1 Ph–S–Me 90
2 Bn–S–Me 61
3 Bn–S–Ph 57
4 Bn–S–Et 67
5 i-Pr–S–Me 36
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This catalytic system proved to be highly efficient. Thus, a low catalytic amount of
Fe(acac)3 (5–10mol%) permits the successful imination of a broad variety of
substituted sulfides and sulfoxides. The best results were obtained with nosyl
sulfonamide as nitrogen source (Figure 3.11). Moreover, as previously observed
with FeCl2, this catalyst also iminates sulfides more readily than sulfoxides.
The reaction proceeds in a stereospecific manner, with retention of configuration

at sulfur. It thereby constitutes an alternative access to enantiopure sulfoximines
from the corresponding optically active sulfoxides. The deprotection of the N-nosyl

Scheme 3.57 Allenyl sulfides imination/sigmatropic rearrangement sequence.

Scheme 3.58 Fe(acac)3-catalyzed iminations of sulfides and sulfoxides.

Figure 3.11 Representative examples of Fe(acac)3-catalyzed imination products.

Scheme 3.56 Allyl sulfides imination/sigmatropic rearrangement sequence.
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products under standard reaction conditions gives, without epimerization, syntheti-
cally valuable NH-sulfoximines in good yields [175].
In analogy with the corresponding known iron–oxo complexes, an iron nitrene

complex (LnFe¼NR) has been proposed as a reactive intermediate in these processes
for both catalytic systems described above [176].
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4
Reduction of Unsaturated Compounds with Homogeneous
Iron Catalysts
Stephan Enthaler, Kathrin Junge, and Matthias Beller

4.1
Introduction

Within the different molecular transformations, reduction processes play one of the
major roles inorganic chemistry.Apart fromstoichiometric reactions, transitionmetal-
catalyzed reactions offer an efficient and versatile strategy and present a key technology
for the advancement of �green chemistry�, specifically for waste prevention, reducing
energy consumption, achieving high atom efficiency and creating advantageous
economics [1]. Among the most popular and extensively studied catalytic reactions
with respect to industrial applications is the hydrogenation of unsaturated compounds
containing C¼C, C¼O and C¼N bonds, since addition of molecular hydrogen
provides high atom efficiency [2, 3]. In this regard, for activation of the molecular
hydrogen or hydrogen donors, transition metal catalysts are essential. Commonly
expensive and rare late transition metals (Ir, Rh or Ru) are applied as the catalyst core.
Therefore, substitution by ubiquitously available, inexpensive and less toxic metals is
one of themajor challenges for future research. Consequently, the use of iron catalysts
is especially desirable [Theprice for iron is relatively low (the current price for 1 t of iron
is �US$300) in comparison with rhodium (US$5975 per troy ounce), ruthenium
(US$870 per troy ounce) or iridium (US$460 per troy ounce), due to the widespread
abundance of iron in the Earth�s crust and its easy accessibility. Furthermore, iron is an
essential trace element (daily dose for humans 5–28mg) and plays an important role
in a wide range of biological processes]. This chapter summarizes the impact of iron
catalysts on hydrogenation and hydrosilylation chemistry and ismainly directed to the
reduction of C¼C, C¼O and C¼N bonds. Further catalytic applications have been
summarized elsewhere, e.g. reduction of nitro compounds and dehalogenations [4].

4.2
Hydrogenation of Carbonyl Compounds

The relevance of carbonyl hydrogenation processes is impressively emphasized by
the broad scope of applications, for example, as building blocks and synthons for
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pharmaceuticals, agrochemicals, polymers, synthesis of natural compounds, aux-
iliaries, ligands and key intermediates in organic syntheses (Figure 4.1) [5].
In the past, this field has been dominated by ruthenium, rhodium and iridium

catalysts with extraordinary activities and furthermore superior enantioselectivities;
however, some investigations were carried out with iron catalysts. Early efforts were
reported on the successful use of hydridocarbonyliron complexes [HFem(CO)n

�] as
reducing reagent fora, b-unsaturated carbonyl compounds, dienes and C¼Ndouble
bonds, albeit complexes were used in stoichiometric amounts [7]. The first catalytic
approachwas presented byMarkó et al. on the reduction of acetone in the presence of
Fe3(CO)12 or Fe(CO)5 [8]. In this reaction, the hydrogen is delivered by water under
more drastic reaction conditions (100 bar, 100 �C). Addition ofNEt3 as co-catalyst was
necessary to obtain reasonable yields. The authors assumed a reaction of Fe(CO)5
with hydroxide ions to yield HFe(CO)4

� with liberation of carbon dioxide since basic
conditions are present and exclude the formation ofmolecular hydrogen via thewater
gas shift reaction. HFe(CO)4

� is believed to be the active catalyst, which transfers the
hydride to the acceptor. The catalyst presented displayed activity in the reduction of
several ketones and aldehydes (Scheme 4.1) [9].
Later on, Vancheesan�s group reported the transfer hydrogenation of ketones

utilizing 2-propanol or 1-phenylethanol as hydrogen source (Scheme 4.2) [10]. A
phase transfer catalyst was essential to support the hydrogenation catalyst Fe3(CO)12
or Fe(CO)5 since a liquid–liquid biphasic system was used as solvent. Under mild
reaction conditions, several ketones were hydrogenated to the corresponding alco-
holswith turnover frequencies of up to 13 h�1.Mechanistic investigations indicated a
similar process as reported by Markó et al. [8].
More recently, Chen et al. reported an asymmetric transfer hydrogenation

(Scheme 4.3) based on [Et3NH][HFe3(CO)11] and chelating chiral ligands [11]. In
the presence of enantiopure diaminodiphosphine iron catalysts they claimed good
conversion and enantioselectivity up to 98% ee (substrate 5j).

Scheme 4.1 Reduction of ketones and aldehydes by using the
Fe(CO)5�NEt3 system according to Markó et al.

Figure 4.1 Selected pharmaceuticals based on chiral alcohols [6].
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In 2006, we reported the application of an easy to adopt in situ concept composed of
an iron source, e.g. FeCl2 or Fe3(CO)12, monodentate phosphines and tridentate
nitrogen ligands in the transfer hydrogenation of aliphatic and aromatic ketones
using 2-propanol as hydrogen source (Scheme 4.4) [12]. The influence of different
reaction parameters on the reduction of the model substrate acetophenone 5b were
studied in detail. A crucial influence of base and base concentration was displayed
since only sodium isopropoxide gave a reasonable amount of product. In comparison
with ruthenium-based transfer hydrogenations, a higher temperature is necessary.
Notably, the advantage of this in situ concept is underlined by easy tuneability of the
iron catalyst, due to the broad availability of simple phosphines and amines.
Numerous phosphorus and amine ligands were subjected to the model reaction.
However, the best results were obtained with a catalyst composed of Fe3(CO)12,
triphenylphosphine and 2,20 : 60,200-terpyridine or, surprisingly, 3 equiv. of pyridine
with respect to iron. The latter resembles a straightforward catalyst with regard
to industrial applications. After several optimization steps, an active catalyst was

Scheme 4.2 Phase transfer catalyzed transfer hydrogenation of ketones by Vancheesan et al.

Scheme 4.3 Enantioselective transfer hydrogenation catalyzed by
iron complexes according to Chen et al.

Scheme 4.4 In situ catalyst based on FeCl2–terpy–PPh3 in the transfer hydrogenation of ketones.
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developed which exhibited activity comparable to that of Ru3(CO)12-based catalysts
and was successful in the reduction of several ketones with good to excellent
conversions [13].
Very recently, the effectiveness of FeCl2–terpy–PAr3 catalysts was demonstrated in

the hydrogenation ofa-substituted ketones, which are interesting 1,2-diol precursors
(Scheme 4.5) [14]. Excellent yields, chemoselectivities and activities [turnover fre-
quencies (TOFs) up to 2000 h�1) were achieved under optimized conditions.
Apart from synthetic aspects, we obtained some useful information concerning

the mechanism, even if the �real� catalyst structure so far remains unclear. Various
experiments proved the presence of a homogeneous catalyst. Following the original
work on Ru, Rh and Ir catalysts, deuterated hydrogen donors were applied since for
transfer hydrogenation two common mechanisms are established, nominated as
direct hydrogen transfer via formation of a six-membered cyclic transition state
constituted of metal, hydrogen donor and acceptor, and second the hydridic route,
which is subdivided into two pathways, themonohydride and dihydridemechanisms
(Scheme 4.6). More specifically, the formation of monohydride–metal complexes
promotes an exclusive hydride transfer from carbon (donor) to carbonyl carbon
(acceptor), whereas a hydride transfer via dihydride-metal complexes leads to no
accurate prediction of hydride resting state, for the reason that the former hydride
was transferred to carbonyl carbon (acceptor) as well as to the carbonyl oxygen
(acceptor) [15].
To specify the position and the nature of the transferred hydride, the reaction was

performed with 2-propanol-d1 as solvent/donor, sodium 2-propylate as base and
Fe3(CO)12/PPh3/TerPy as catalyst under optimized conditions. In the transfer
hydrogenation of acetophenone a mixture of two deuterated 1-phenylethanols was
obtained (Scheme 4.7, 9a and 9b). The ratio between 9a and 9b (85 : 15) indicated a
specificmigration of the hydride, albeit some scrambling was detected. However, the
incorporation is in agreement with the monohydride mechanism, implying the
formation of metal monohydride species in the catalytic cycle.
Parallel to the work on in situ three-component catalysts, a nature-inspired in situ

catalyst based on iron porphyrin complexes, was developed, since high stability of the

Scheme 4.6 Hydridic route established for transfer hydrogenation with Rh-, Ru- and Ir-catalysts.

Scheme 4.5 Reduction of a-substituted ketones in the presence of iron catalyst.
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complexes is known and inertness against oxygen and moisture is feasible [16].
The porphyrin catalysts achieved even higher activities than three-component
system in the transfer hydrogenation of ketones (Scheme 4.8). After optimization
of reaction parameters, TOFs up to 642 h�1 at low catalyst loadings (0.01mol%) were
attained. Ligand screening emphasized porphyrin 10 as a module of a highly active
catalyst, suitable for further investigations on substrate variations. Various ketones
were reduced in good to excellent yields. Notably, naturally occurring hemin was also
used in this study. Even if lower activity was attained, it is a worthwhile system, due
to its abundance and easy handling. Advantageously, no pre-catalyst formation is
necessary.
Applying Fe porphyrin catalysts and 2-propanol as hydrogen donor, various

a-hydroxyl-protected ketones are reduced to the corresponding monoprotected
1,2-diols in good to excellent yields after optimization (Scheme 4.9) [17]. Remarkably,
addition of small amounts of water (5–10mol%) boosted the catalyst activity up to
2500 h�1 at low catalyst loadings (0.01mol%).

4.3
Hydrogenation of Carbon–Carbon Double Bonds

Since the 1960s, tremendous efforts have been made in the field of homogeneous
hydrogenation of C�C double bonds, as emphasized by innumerable reports, and

Scheme 4.8 Biomimetic transfer hydrogenation of ketones with iron porphyrin catalysts.

Scheme 4.7 Deuterium incorporation catalyzed by the
Fe3(CO)12–terpy–PPh3 system under transfer hydrogenation
conditions.
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later rewarded by integration into several industrial processes (Figure 4.2). However,
an even broader use in industry is expected owing to the availability of similar active
and selective hydrogenation catalysts containing inexpensivemetals (e.g. Fe and Cu).
Indeed iron catalysts are known to transfer hydrogen to C�C double bonds. Early

examples were carried out with metal salts activated by aluminum compounds in
the hydrogenation of non-funtionalized alkenes under comparatively mild reaction
conditions (0–35 �C and low hydrogen pressure) [19]. Some research groups focused
on the application of iron carbonyls due to the easier removal of the carbonyl ligands,
for generating an active site, compared with halogens and avoidance of activating
reagents [20]. Unsaturated carboxylic acid derivatives, e.g. methyl linoleate and
methyl linolenate, which contain two and three non-conjugated double bonds,
respectively, were described in the mid-1960s (Scheme 4.10) [21, 22]. As catalyst
precursor Fe(CO)5 was utilized at high temperature. The authors proposed as the
first step an isomerization of the double bonds catalyzed by Fe(CO)5 to obtain
various dienes or trienes. A hydrogenation process was observed in the case of
conjugated dienes to yield monoenes via an iron–carbonyl–diene complex (18),
whereas dienes were formed in the hydrogenation of methyl linolenate (16). The
activity of the system was improved when the iron–carbonyl–diene complex 18 was
used instead of Fe(CO)5 as precursor. Analysis of the reaction mixture revealed
monoenes as major products with unselective double bond distribution accompa-
nied by small amounts of fully saturated compounds. Later, Cais and Maoz studied
the reaction of methyl hexa-2,4-dienoate as a model for fatty acids in more detail and
reported several mechanistic considerations [23].

Figure 4.2 Selected pharmaceuticals that are accessible by
asymmetric C�C double bond hydrogenation [5, 18].

Scheme 4.9 Reduction of a-substituted ketones in the presence of iron porphyrin catalysts.
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Tajima and Kunioka described the hydrogenation of conjugated dialkenes, in
particular 1,3-butadiene, in the presenceof activated [CpFe(CO)2Cl] (Scheme4.11) [24].
AlEt3 and PhMgBr were tested as activation reagents; the AlEt3-activated complex
showed the best performance. The authors proposed the formation of an iron–alkyl
species that undergoes hydrogenolysis to create an active metal hydride. The compo-
sition of the final mixture was dominated by cis- and trans-2-butene (ratio �1 : 1).
Furthermore, traces of 1-butene were observed, whereas the catalyst was completely
inactive for the hydrogenation of the monoalkene to yield n-butane.
Nishiguchi and Fukuzumi reported on the transfer hydrogenation of 1,5-cyclooc-

tadiene (cod) in the presence of catalytic amounts of FeCl2(PPh3)2 (10mol%) at high
temperatures (up to 240 �C) [25]. As hydrogen source polyhydroxybenzenes, e.g.
pyrogallol, pyrocatechol or hydroquinone, have been proven to be superior for this
reaction, whereas primary and secondary alcohols led to lower conversion. The
hydrogenation of 1,5-cyclooctadiene led to cyclooctane as the main product, but the
unsaturated cyclooctene and isomerization products were also observed.
Later, other groups recognized a reactivity increase with respect to hydrogenation

rate when Fe(CO)5 was treated with light [26, 27]. The authors assumed the expulsion
of one carbonyl ligand to form an unsaturated species induced by near-ultraviolet
irradiation. After complexation of the alkene again activation by light removed
another carbonyl ligand to allow hydrogen coordination/activation. A number of

Scheme 4.10 Fe-catalyzed hydrogenation of methyl linoleate.

Scheme 4.11 Hydrogenation of butadiene with CpFe(CO)2Cl (Cp¼ cyclopentadienyl).
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unsubstituted alkenes (e.g. ethylene, propylene, cis-3-hexene, cyclopentene, cyclooc-
tene) were hydrogenated to give alkanes in moderate yield (up to 50%), but the
catalyst was inactive for sterically demanding alkenes (e.g. 1,2-dimethylcyclohexene),
aldehydes and nitriles. Furthermore, alkynes were subjected to this photocatalyzed
reduction, but only low yields (<5%) of the corresponding alkenes were obtained.
Inspired by the properties of metalloproteins and metalloenzymes in biological

processes, Inoue�s group established a hydrogenation protocol based on active sites
of enzymehydrogenases,which contain an iron–sulfur cluster (Scheme4.12) [28, 29].
For their biomimetic approach, the Fe4S4 cluster 24 was used as an active-site model
and tested in the hydrogenation of octene (21) and stilbene (23) with molecular
hydrogen. A necessity for activation of the cluster with phenyllithium was reported.
The amount of activation reagent played a crucial role in the catalytic activity and
selectivity; thereby, an optimum in the hydrogenation of octene was attained when
12.5mol% phenyllithium and 75mol% for stilbene hydrogenation, respectively,
were applied. Noteworthy, in the case of defined internal octenes, isomerization of
the double bond takes place to give different internal octenes, due to b-hydride
elimination. 1-Octene is extracted to some extent faster from this mixture by
hydrogenation [28]. The final composition of cis-stilbene hydrogenation indicated
also an isomerization, because significant amounts of trans-stilbene were observed,
whereas the hydrogenation of trans-stilbene was unaffected by isomerization [29].
At the beginning of the 1990s, a switch to iron catalysts stabilized by either

phosphines or nitrogen ligands took place. Bianchini and coworkers carried out a
detailed comparative study on the transfer hydrogenation ofa,b-unsaturated ketones
using non-classical trihydride iron, ruthenium and osmium complexes containing
tetradentate phosphines (Scheme 4.13) [30, 31]. Complex 26 furthermore exhibited
activity in the hydrogenation of alkynes to yield alkenes [30]. In the presence of
cyclopentanol as hydrogen donor, several a, b-unsaturated ketones were hydroge-
nated to the corresponding saturated ketones with good to excellent selectivity under
mild reaction conditions (Scheme 4.13). In some cases, e.g. with benzylideneacetone
or 2,3-cyclohexenone, the unsaturated or saturated alcohols were formed by the
catalyst 26, and good selectivity was observed. Noteworthily, no co-catalyst, e.g. base,
was necessary to activate the catalyst or the hydrogen donor, which is needed for
other catalyst systems. However, for carbonyl hydrogenation, e.g. acetophenone and
cyclohexanone, the Fe catalyst displayed only low activity. No activity was found for
aldehydes and C¼C systems without additional carbonyl functionality.

Scheme 4.12 Bio-inspired iron catalyst in the hydrogenation of C�C double bonds.
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Reduction of styrene was reported by Kano et al. using NaBH4 as hydrogen source
in the presence of iron porphyrin complex 30 (Scheme 4.14) [32]. Good TOFs up to
81 h�1 and good chemoselectvities were obtained in protic solvents with a catalyst
loading of 1mol% at room temperature. The reaction has been proven to be a radical
process since to some extent 2,3-diphenylbutane was detected. A similar approach
was used in the hydrogenation of a, b-unsaturated esters by Sakaki and coworkers,
who reported an improvement in catalyst activity (TOF¼ 4580 h�1) [33]. A detailed
study of the reaction mechanism displayed a crucial influence of the protic solvent
because the hydride is assigned by NaBH4 and the proton by methanol.
More recently, Chirik�s group has shown elegantly the application of low-valent

iron complexes in the hydrogenation of various C�C double and triple bonds [34].
Based on the mentioned work of Wrighton et al. [26], an approach to stabilized
14-electron L3Fe(0) fragments was presented. The catalyst precursors were synthe-
sized by reduction of dihalogen complexes 33 containing a tridentate pyridinedii-
mine ligand with sodium amalgam or with sodium triethylborohydride under an
atmosphere of nitrogen (Scheme4.15). The bis-dinitrogen complexes 34obtained are
relative labile compounds and a loss of one equivalent of dinitrogen in solution at
room temperature or an easy exchange against hydrogen or alkynes occurred. The
catalyst activity was studied in the context of C�C double and triple bond hydro-
genation. Applying 0.3mol% of the iron catalyst, simple alkenes such as 1-hexene
and cyclohexene were hydrogenated with TOFs up to 1814 h�1 under comparatively

Scheme 4.13 Application of non-classical iron trihydride complex
in transfer hydrogenation according to Bianchini and coworkers.

Scheme 4.14 Reduction of a,b-unsaturated ester catalyzed by iron porphyrin 30.
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mild reaction conditions (4 atm hydrogen pressure and room temperature). The
reaction was also carried out under preferred solvent-free conditions in neat sub-
strates, leading to comparable activity. The scope and limitation of the catalyst system
were demonstrated in the hydrogenation of various alkene units enclosing geminal,
internal and trisubstituted alkenes and also dialkenes. The activity attained decreased
in the order terminal alkenes > internal alkenes¼ geminal alkenes > trisubstituted
alkenes. In addition, one example of a functionalized alkenes was mentioned.
However, lower activity was observed for dimethyl itaconate, albeit using higher
catalyst loadings. In the case of cyclohexene, some detailed investigations empha-
sized deactivation of the catalyst by arene complexation either from the solvent or
the aryl groups in the ligand [35]. Noteworthily, on comparing the activity of catalyst
34 (TOF = 1814 h�1) with those of common catalysts, e.g. Pd/C (TOF= 366 h�1),
RhCl(PPh3)3 (10 h�1) or [Ir(cod)(PCy3)(py)]PF6 (75 h�1) in the hydrogenation of
1-hexene under optimized conditions, a significantly higher value was reached with
the iron catalyst.
Subsequently, Chirik�s group studied the influence of replacing the imino func-

tionalities in ligand system 34 by phosphino groups (Scheme 4.16) [36]. A different
coordination mode was found since only one nitrogen ligand was replaced by
hydrogen. The unstable complex 38was also tested in the hydrogenation of 1-hexene,
but no improvement in activity was observed.
Using the same synthetic method as described for catalyst 34, diimine complexes

39 were also attainable (Scheme 4.17) [37]. Due to the instability of dinitrogen

Scheme 4.15 Preparation of catalyst precursors containing
tridentate nitrogen ligands and abilities in catalytic reactions
according to Chirik and coworkers.

Scheme 4.16 Application of iron–aminodiphosphine complexes in hydrogenation reactions.
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complexes, stabilization was achieved by introducing more suitable ligands, e.g.
alkynes, alkenes or dialkenes. However, in the hydrogenation of 1-hexene under
comparable conditions, only low activities were observed. Apart from the synthesis
and application of low-valent iron complexes, Chirik and co-workers carried out some
mechanistic investigations.
The suggestion for the catalytic cycle is presented in Scheme 4.18. Initially, an

unsaturated iron complex is formed by expulsion of both dinitrogen molecules.
Next, coordination of the alkene takes place, which is preferred since activation of
hydrogen is also feasible. After alkene coordination, oxidative addition of hydrogen
yields a formally 18-electron complex. Insertion of the alkene gave an alkyl complex,
which recreated the starting complex via reductive elimination. Notably, the alkene
complex also supports an isomerization of the double bond, hence an extension of
possible intermediates is conceivable.

Scheme 4.17 Hydrogenation with low-valent iron complexes
(cod¼ 1,5-cyclooctadiene; coe¼ cyclooctene).

Scheme 4.18 Mechanism for the hydrogenation process proposed by Chirik and coworkers.
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4.4
Hydrogenation of Imines and Similar Compounds

So far, only a few hydrogenations of unsaturated CN functionalities utilizing iron
catalysts have been described. On the one hand, hydrogenation ofN-benzylideneani-
line to yield N-benzylaniline was carried out by Radhi and Markó in the presence of
catalytic amounts of [NEt3H][HFe(CO)4], whichwas also applied for ketone/aldehyde
reduction (see above) [38]. Even though good to excellent activities were obtained in
various solvents, for the reaction to proceed harsh conditions are required (150 �C,
100 bar). On the other hand, Kaesz and coworkers reported the reduction of nitrogen
heterocycles under water-gas shift conditions [39]. Fe(CO)5 was used as the catalyst at
high temperature and pressure.Moderate turnover numbers in the range 18–37were
obtained. In the case of isoquinoline (42) asmain product, the formylated compound
43 is observed (Scheme 4.19).

4.5
Catalytic Hydrosilylations

In addition to catalytic reductions with molecular hydrogen or hydrogen donors,
silanes also represent useful reducing agents [40].
Most examples in the literature on hydrosilylation with iron complexes as

catalyst concern Fe(CO)5 or related iron carbonyl compounds [41]. The first use
of iron pentacarbonyl was reported for the reaction of silicon hydrides with
alkenes at 100–140 �C to form saturated and unsaturated silanes according to
Scheme 4.20 [42, 43].
An excess of alkene favored the formation of the unsaturated product 44whereas the

silylatedcompound45dominatedathighersilanetoalkeneratios.Thedescribedreaction
was also carried out in the presence of colloidal iron and led to results similar to those
obtained with Fe(CO)5. Hydrosilylation of vinyltrimethylsilane 46 with chlorosilanes
R3SiH using the modified iron carbonyl complex (CH2¼CHSiMe3)Fe(CO)4 [44, 45]

Scheme 4.19 Hydrogenation of aromatic nitrogen heterocycles.

Scheme 4.20 Fe-catalyzed hydrosilylation of C�C double bonds.
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gave a mixture of a- and b-isomers of the silylated product 47 and the unsaturated
product 48 attained by dehydrogenative silylation (Scheme 4.21).
The proportions of the compounds formed, a-47, b-47 and 48, depend on the

nature of the hydrosilane R3SiH used. There is an indirect relationship between the
yield of the unsaturated silane 48 and the catalytic activity of R3SiH (Cl3SiH >
Cl2MeSiH > ClMe2SiH > Me3SiH). With the exception of Me3SiH, the a-isomer is
mainly formed in all reactions studied. Iron pentacarbonyl is known to hydrosilylate
functionalized alkenes (Scheme 4.22) [46]. For instance, hydrosilylation of acrolein
(49) with Et3SiH gave up to 95%of amixture of cis- and trans-MeCH¼CHOSiEt3 (50),
whereas acrolein diethyl acetal (51) formed the Markovnikov product Et3-
SiCH2CH2CH(OEt)2 (52) and Et3SiOEt via C�Obond cleavage. Allylic alcohol reacts
in the presence of Fe(CO)5 to give CH2¼CHCH2OSiEt3 (54) and PrOSiEt3 (55).
In 1993, Murai�s group examined the effectiveness of the iron-triad carbonyl

complexes Fe(CO)5, Fe2(CO)9 and Fe3(CO)12 as catalysts for the reaction of styrene
with triethylsilane [47]. Whereas Fe(CO)5 showed no catalytic activity, Fe2(CO)9
and Fe3(CO)12 formed selectively b-silylstyrene 57a and ethylbenzene 58. Interest-
ingly, Fe3(CO)12 is the catalyst that exhibited the highest selectivity. This trinuclear
iron carbonyl catalyst was also successfully applied in the reaction of different para-
substituted styrenes with Et3SiH giving only the (E)-b-triethylstyrenes in 66–70%
yield (Scheme 4.23).
Hydrosilylation reactions catalyzed by iron carbonyl compounds often occur under

drastic thermal conditions. Schroeder and Wrighton reported a photocatalyzed
reaction of trialkylsilaneswith alkenes in the presence of Fe(CO)5 at low temperatures
(0–50 �C) [48]. It is well known that irradiation ofmononuclearmetal carbonyls leads

Scheme 4.21 Hydrosilylation of vinyltrimethylsilane 46.

Scheme 4.22 Hydrosilylation of functionalized alkenes.

4.5 Catalytic Hydrosilylations j137



to efficient dissociative loss of CO to yield coordinative unsaturated, 16-electron,
intermediates (Scheme 4.24) [26].
Irradiation of Fe(CO)5 in the presence of a trialkylsilane (R3SiH) and alkene

initially yields a mixture of Fe(CO)4(alkene) and (H)(SiR3)Fe(CO)4, which were
determined by infrared spectroscopy. (H)(SiR3)Fe(CO)3(alkene) is postulated to be
the catalytically active species photogenerated from these intermediates according to
Scheme 4.24. Continuous irradiation is needed to maintain a steady-state concen-
tration of the repeat unit �Fe(CO)3�. Such an iron tricarbonyl complex was also
detected by infrared spectroscopy in the photoinduced addition of R3SiH to 1,3-
butadiene with Fe(CO)5 [49].Polymer-anchored iron carbonyl species were reported
to catalyze the hydrosilylation of 1-pentene with HSiEt3 to give a mixture of pentyl-
and pentenylsilanes [50]. The different pathways of the mechanism of transition
metal-catalyzed hydrosilylation are summarized in Scheme 4.25. A commonly
proposed mechanism involves the insertion of the alkene into the Fe�H bond of
the complex (H)(SiR3)Fe(CO)3(alkene) followed by reductive elimination of the alkyl
and silyl groups to form an alkylsilane (pathway B). In an alternative mechanism,
insertion of the alkene into the Fe�Si bond of the complex (H)(SiR3)Fe(CO)3(alkene)
is discussed (pathwayA). This route, which is also suggested for the use of Fe3(CO)12,
explains the formation of vinylsilanes as by-products in hydrosilylations [51].

Scheme 4.24 Formation of the catalytic active species by irradiation.

Scheme 4.23 Hydrosilylation of styrene derivatives.
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The photoinduced alkene insertion into the Fe�Si bond of (h5-C5Me5)Fe(CO)Rwas
shown to be reversible (reaction C) [52]. A reactivity study of the complex (H)Fe
(CO)4SiPh3 with nucleophiles allowed a better understanding of the underlying
reaction processes [53]. Under photochemical conditions, the activation or the substi-
tution of the carbonyl ligands supports the classicalmechanism involving insertion of
the coordinated alkene into the Fe�Si (A) or the Fe�H (B) bonds. Under thermal
conditions, however, direct additionof theFe�Hgroupbya radical or ionicprocesscan
occur, as observed in the reaction of (H)Fe(CO)4SiPh3 with isoprene. Thesemechanis-
tic investigations of photogeneratedhydrosilylationhave been extended to the reaction
oftheironcarbonylcomplex(CH2¼CHSiMe3)Fe(CO)4withvinylsilaneandR3SiH[45].
Tetrahedral heterometallic clusters containing iron have proven to be suitable catalysts
in thephotoinitiatedhydrosilylationof acetophenonewith triethylsilane [54].Although
achiralFeCoMoStetrahedronwasused,only racemicproductandracemicclusterhave
been isolated. This can be explainedbyphoto-racemizationof the chiral catalyst, which
proceeds faster than the hydrosilylation reaction. Instead of irradiation, metal vapor
generation at �196 �C was described as the activation method for transition metal
catalysts [55]. Ironvapor co-condensedwith isoprene catalyzed thehydrosilylationwith
triethoxysilane. Not surprisingly, exclusive 1,4-addition was observed.
Brunner�s group investigated the influence of thermal or photoinduced activation of

Fe(Cp)(CO) complexes in thehydrosilylationof acetophenone (4b)withdiphenylsilane,
formingquantitatively the silylated1-phenylethanol 59 (Scheme4.26) [56, 57]. Brunner

Scheme 4.25 Proposed catalytic cycle for the hydrosilylation of
alkenes in the presence of Fe(CO)5.
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Scheme 4.26 Asymmetric hydrosilylation with chiral iron complexes.

and coworkers also reported the successful application of [(indenyl)Fe(CO)2(CH3)]
complexes in the hydrosilylation of ketones, but extension to the hydrogenation of
styrenes with molecular hydrogen was impossible since catalyst deactivation was
observed.
The absence of silyl enol ether 60 can be explained by a hydrosilylation mecha-

nism involving an Fe�Si�H three-center bond rather than an Fe�H species.
Although optically active ligands of type 62, 63 and 64 containing chiral iron atoms
were used, only poor enantioselectivities below 10% eewere achieved [L¼DIOP,O-
isopropyliden-2,3-dihydroxy-1,4-bis(diphenylphosphino)butane] [58]. The rate-de-
termining step in this reaction is the thermal loss of the phosphine ligand L in 62
and 63 and methyl migration in 64, followed by addition of phenylsilane and
subsequent reaction with acetophenone. Under photoirradiation conditions, hy-
drosilylation occurred very rapidly with complex 65 as catalyst, producing the
silylated (S)-1-phenylethanol 59 in 33% ee. This was the first appreciable example of
an enantioselective iron-catalyzed hydrosilylation of ketones. Recently, Nishiyama
and Furuta pursued a different elegant strategy to find an efficient catalytic system
based on iron [59]. They combined Fe(OAc)2 and a multi-nitrogen-based ligand
such as N,N,N0,N0-tetramethylethylenediamine (tmeda), bis-tert-butylbipyridine
(bipy-tb) or bis(oxazolinyl)pyridine (pybox) to catalyze the hydrosilylation of ketones
to give the corresponding alcohol after acidic cleavage of the silyl ether (Figure 4.3).
The reaction was carried out undermild conditions (THFat 65 �C, 24 h), producing
yields up to 95%. Using tmeda as nitrogen ligand, hydrosilylation works also with
other aromatic ketones.
The application of chiral tridentate nitrogen ligands leads to the enantioselective

reduction of methyl 4-phenylphenyl ketone 66 (Scheme 4.27). Whereas pybox-bn 68
gave 37% ee of 67, bopa-ip 69 and -tb 70 increased the enantioselectivity up to 57%and
79% ee, respectively. Recent results from Beller�s group revealed that it is possible to
perform Fe-catalyzed hydrosilylations of acetophenone also in the presence of chiral
phosphine ligands likeDuPhos. Enantioselectivities up to 99% ee have been achieved
for electronically rich and sterically hindered aryl ketones [60]. In addition, diaryl and
dialkyl ketones were converted into the corresponding alcohols in good to excellent
enantioselectivities (up to 79% ee). The same research group also developed a general
and highly chemoselective method for hydrosilylation of aldehydes using ferrous
acetate and tricyclohexylphosphine as catalyst system and PMHS (polymethylhy-
drosiloxane) as hydride source [61].
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Iron-catalyzed hydrosilylations of alkenes in the presence of nitrogen ligands
were first realized by Chirik and coworkers [34, 35]. They investigated the reaction of
1-hexene with PhSiH3 or Ph3SiH in the presence of iron catalyst 34 containing a
tridentate pyridinediimine ligand (Scheme 4.15), which led to silylation over a
course of minutes at ambient temperature. In both cases, the anti-Markovnikov
product was formed exclusively. On the basis of these results, a series of alkenes
(see Scheme 4.15) were examined. Terminal alkenes such as 1-hexene and styrene
reacted most rapidly, followed by gem-disubstituted alkenes and internal alkenes.
The silylation of alkynes was also examined and proceeded efficiently under mild
conditions to give the corresponding silylalkene.

4.6
Conclusion

Since the beginning of transition metal-catalyzed hydrogenations and hydrosilyla-
tionsmore than 40 years ago, a tremendous number of studies have been directed to
developing powerful methods for organic synthesis. In the past, Rh, Ir and Ru were
clearly the metals of choice for such transformations. Several hundred catalysts
are nowadays commercially available to chemists around the world. However, the

Figure 4.3 Substrate range in the Fe-catalyzed hydrosilylation of
ketones in the presence of tmeda.

Scheme 4.27 Asymmetric hydrosilylation of ketone 66 with iron
catalysts according to Nishiyama and Furuta [59].
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accelerated costs and the stronger requirements for pharmaceuticals cast a shadow
on these commonly used transition metals.
For the mid-term future, we expect an increased use of more available and

�biomimetic� metals. Clearly, iron is an ideal example of this. Unfortunately, simple
method transfer from Rh, Ir and Ru to Fe is not readily possible. So far, iron-based
hydrogenations and hydrosilylations are far off becoming general methods for
organic chemistry. Typically comparatively high catalyst loadings and harsh reaction
conditions are required. In order to allow for more synthetic applications, especially
more functional group tolerance and also efficient control of stereoselectivity are
needed. There are some promising developments such as the recent work of the
groups of Chirik andNishiyama, who demonstrated that these goals can be achieved.
It will be interesting to take part in this renaissance of iron chemistry.
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5
Iron-catalyzed Cross-coupling Reactions
Andreas Leitner

5.1
Introduction

In recent decades, transition metal-catalyzed carbon carbon bond-forming reactions
have been developed into an indispensable tool for organic synthesis [1]. In particular,
nickel- and palladium-catalyzed cross-coupling processes display an impressive
application profile and have frequently been used in academia and industry [2].
Several important discoveries based on rational ligand design and diligent optimi-
zation of reaction conditions have been accomplished and the substrate scope of
thesemethodologies has been significantly extended even tounreactive aryl chlorides
and molecules bearing sensitive functional groups [3]. In view of developing
environmental benign chemical processes to reduce waste and production costs,
new transition metal cross-coupling processes are highly desirable. Especially rapid
increasing prices of precious metals together with high costs of ligands can impede
the application of transition metal-catalyzed methodologies on an industrial scale.
Therefore, the development of catalysts based on inexpensive, low-toxicitymetals and
cheap ligands is an appealing challenge in chemical research. The implementation of
iron salts as pre-catalysts in cross coupling reactions opens up new avenues in this
context [4]. This chapter summarizes the synthetic scope and some mechanistic
discussions of these powerful methods.

5.2
Cross-coupling Reactions of Alkenyl Electrophiles

In 1971, a year before the groups of Corriu and Kumada [5] independently reported
the groundbreaking work on the topic of nickel-catalyzed cross-coupling reactions of
aryl and vinyl halides with Grignard reagents, Tamura and Kochi described an iron-
catalyzed vinylation reaction of Grignard reagents with vinyl halides (Scheme 5.1) [6].
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This process proceeded highly stereospecifically with retention of the configura-
tion of the vinylic halide. Interestingly, (E )-alkenyl bromides reacted an order of
magnitude faster than the corresponding (Z )-substrates. The catalyst has been
described as an iron(I) species formed by reduction of an iron(III) precursor with
theGrignard reagent. The reduced iron species appeared to bemetastable and tended
to deactivate, most probably by aggregation. Although high yields of cross-coupling
product were obtained withmethylmagnesium bromide, under the same conditions
ethylmagnesium bromide afforded ethane and ethylene as side-products in signifi-
cant amounts [7]. These side-reactions can be attributed to the available b-hydrogens
in EtMgBr. Kochi�s mechanistic proposal is depicted in Scheme 5.2 [8]. The catalyst
can be formed by reduction of the pre-catalyst, naturally an iron salt in the oxidation
state (þII) or (þIII), by the Grignard reagent. Subsequent oxidative addition of the
vinyl halide to the formal iron(I) species produces an iron(III) species. Transmetalla-
tion of the alkyl group from the organomagnesium compound to iron and final
reductive elimination deliver the cross-coupling product with recovery of the iron(I)
catalyst. A mechanistic delineation of this catalytic system is difficult to accomplish,
since all organometallic intermediates are extremely unstable and impractical to
isolate.

Scheme 5.2 Mechanism proposed by Kochi.

Scheme 5.1 Stereospecific iron-catalyzed cross-coupling reaction
reported by Kochi and Tamura in 1971.
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Later, Molander et al. extended this reaction to aryl-Grignard reagents by lowering
the temperature and optimizing the solvent [9]. Futhermore, use of excess of alkenyl
halide, as described in the initial mechanistic work of Kochi�s group, proved to be
unnecessary.
The rather limited synthetic scope of the iron-catalyzed cross-coupling reaction

between alkenyl electrophiles and alkyl-Grignard reagents was significantly improved
by Cahiez and Avedissian by introducing NMP (N-methylpyrrolidone) as co-sol-
vent [10]. As depicted in Scheme 5.3, only 5%of the desired product could be obtained
in pure THF. Addition of 9 equiv. of NMP (with respect to the Grignard reagent)
enhanced the yield up to 85%. Most probably, NMP stabilizes organometallic iron
intermediates, which are accountable for the turnover of the whole catalytic process.

Under these mild reaction conditions, cross-coupling reactions of vinyl halides
(X¼ I, Br, Cl) proceed chemo- and stereoselectively with high yields (Table 5.1,
entries 1–3). Increase of the steric bulk of the Grignard reagent leads to a general
trend of decreasing yields in the order Me� 1� > 2� > 3� (entries 4–7). The latter are
prone to give reduced products over the decomposition pathway of the organome-
tallic intermediate through b-hydrogen elimination [11]. The configuration of the
vinylic double bond has no significant influence on the rate of the reaction (entries 10
and 11). Reactions with cyclic Grignard reagents and cyclic alkenyl halides display
high conversions (entries 12 and 13). Vinyl–vinyl and aryl–vinyl cross-coupling
reactions were conducted at higher temperatures of 15–20 �Cwith reasonable yields
(entries 14 and 15).
Organomanganese reagents display a similar reactivity profile (Table 5.1, entries

16 and 17) [12]. Although the reaction rates are lower, yields and selectivities are
generally high.
Furthermore, bromothioetheneswere reported as fairly useful electrophiles for the

coupling reaction with secondary Grignard reagents (Table 5.1, entries 18 and
19) [13]. These transformations occur highly stereo- and chemoselectively at the
vinyl bromidemoiety whereas the thiophene functionality remains conserved under
the described reaction conditions.
As exemplified in Table 5.2, the iron-catalyzed cross-coupling reaction with

Grignard reagents proceeds with high yields even if reactive functional groups such
as esters, ketones, alkyl chlorides and protected amines [14] are present (entries 1–4, 6
and 10). Free alcohol groups can be tolerated by protection through deprotonation and
generation of the correspondingmagnesium salt (entry 5) [15]. In particular, the scope
of this methodology has been advanced by introducing functionalized aryl-Grignard
reagents developed by Knochel and co-workers (entries 6–9).Most impressive, an aryl
nonaflate (Nf ) moiety (entry 8) remains intact during the cross-coupling event [16].
Alkenyl triflates were established by F€urstner�s group as suitable substrates

(Table 5.3) [17]. A variety of alkenyl triflates of ketones, b-keto esters and cyclic

Scheme 5.3 Effect of NMP as additive.
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Table 5.1 Iron catalyzed cross-coupling reactions of alkenyl halides.
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1,3-diketones can be cross-coupled with Grignard reagents in good to excellent yields
by applying Fe(acac)3 as pre-catalyst of choice (Table 5.3, entries 1–13). In accord with
reactions of alkenyl halides, this cross-coupling reaction outperforms the uncatalytic
nucleophilic attack on other electrophilic sites in the substrates. This enables high
functional group tolerance to e.g. esters, enones, ethers, carbamates, acetals and
lactones.
Moreover, functionalized arylcopper reagents have been reported as appropriate

nucleophiles with alkenyl and dienyl sulfonates (Table 5.3, entries 14–18) [18].
Although aryl sulfonates showed little reactivity towards arylcopper reagents, alkenyl
sulfonates proved to bemuchmore reactive under the described reaction conditions.

Table 5.2 Functional group tolerance.
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Table 5.3 Iron catalyzed cross-coupling reactions of alkenyl sulfonates.
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This is in line with the general tendency in cross-coupling chemistry that alkenyl
halides are more reactive than aryl halides.
Alkenyl sulfones were also identified as suitable substrates by Julia and coworkers,

but reduction and 1,4-addition were observed in notable quantities [19]. In some
examples, sulfone electrophiles can give good yields and high stereoselectivities
(Scheme 5.4).

Cahiez and Avedissian further reported the cross-coupling reaction of cheap and
easily available enol phosphates [10]. These substrates are less reactive, which
explains the higher catalyst loadings and 2 equiv. of Grignard reagent are required
(Scheme 5.5).

Although bromothioethenes react chemoselectively at the halogen moiety
(Table 5.1, entries 18 and 19), Itami et al. identified alkenyl sulfides as electrophiles
for iron-catalyzed cross-coupling reactions with aryl- and alkyl-Grignard reagents
(Scheme 5.6) [20]. When reactions were conducted with phenyl vinyl sulfide in the
presence of catalytic amounts of Fe(acac)3, the cross-coupling event occurred
selectively in order to deliver the styrene product in good yield, whereas only tiny
amounts of the biaryl product could be detected. The scope of this reaction is still
rather limited, but the reactivity profile gives new appendages for mechanistic
examinations of such transformations.

Scheme 5.4 Iron-catalyzed cross-coupling reaction of alkenyl
sulfones developed by Julia and coworkers.

Scheme 5.5 Iron-catalyzed cross-coupling reaction of an enol
phosphate reported by Cahiez and Avedissian.

Scheme 5.6 Iron-catalyzed cross-coupling reaction of vinyl sulfides reported by Itami et al.
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5.3
Cross-coupling Reactions of Aryl Electrophiles

Aryl halides and sulfonates emerged as excellent electrophiles in nickel- and
palladium-catalyzed cross-coupling reactions [1]. Surprisingly, no comparable trans-
formations have been reported employing iron catalysts. In 2000, Bogdanovi�c�s
group reported, in one of a series of papers on the topic of inorganic Grignard
reagents, [Fe(MgX)2] as a powerful catalyst to generate Grignard reagents from aryl
chlorides and magnesium [21].
Such an inorganic Grignard reagent [22], in which magnesium has formally

inserted into one or more metal–halide bonds, was generated by treatment of
FeCl2 with 4 equiv. of RMgX to give a cluster species with the formal composition
[Fe(MgX)2]. This consists of small magnesium and iron centers that are connected
via intermetallic bonds. The reduction proceeded with release of the alkane R–H, the
corresponding alkene and the homodimer R–R from the Grignard reagent
(Scheme 5.7), similarly to the reduction process described by Smith and Kochi [7].

Since the inorganic Grignard species consists of formally iron(�II) centers, the
overall reaction does not stop once a zerovalent iron species is formed. Because such
species are able to add oxidatively to aryl chlorides as shown by Bogdanovi�c�s group,
F€urstner and Leitner re-evaluated iron-catalyzed cross-coupling reactions with aryl
halides based on a mechanistic hypothesis as depicted in Scheme 5.8 [23]. Oxidative
addition of the aryl halide to the inorganic Grignard reagent can result in an
organometallic iron species with the formal oxidation state zero [Fe(0)], which,
again, can be alkylated by the excess of Grignard reagent in analogy with the case of
the elementary steps passed through during the initial formation of [Fe(MgX)2] from
FeCl2 and RMgX (Scheme 5.7). Reductive elimination of the organic ligands should
form the desired product and regenerate the propagating iron species.

Scheme 5.7 Formation of an inorganic Grignard reagent described by Bogdanovi�c�s group.

Scheme5.8 F€urstner and Leitner�s proposal for the iron-catalyzed
cross-coupling reaction of aryl halides.
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In the event of afirst substrate screening, aryl iodides and bromides yieldedmainly
the reduced compound B with n-C6H13MgBr in presence of catalytic amounts of
Fe(acac)3 in THF–NMP at 0 �C (Table 5.4, entries 1 and 2). In contrast, the
corresponding aryl chloride furnished the desired product in quantitative yield
(entry 3); the triflate and even the tosylate, which turned out to be a difficult substrate
in nickel- and palladium-catalyzed reactions [24], were converted in high yields
(entries 4 and 5).
This reactivity profile turned out to be inverse to the general one of palladium- and

nickel-catalyzed cross-coupling reactions, where the activity decreases in the order
I>Br >Cl >OTs. Furthermore, activation of the C�Cl bond occurs with significant
higher rates compared to theuncatalyzednucleophilic attack on the polar ester group.
These types of iron-catalyzed reactions occur with high rates within minutes at or
below room temperature. The nature of the nucleophile emerged as crucial in this
cross-coupling event. The iron-catalyzed cross-coupling of n- and sec-alkylmagne-
sium halides (with �2 carbon atoms), trialkyl zincates and all types of organoman-
ganese reagents (RMnX, R2Mn, R3MnMgCl, R¼ alkyl, aryl) proceeds without
incident, whereas methyl- and phenylmagnesium halides react only in special cases.
Vinyl- and allyl-Grignard reagents, triethylaluminum and n-butyllithium failed to
afford any product. This may arise from the inability of these organometallic
compounds to reduce the iron pre-catalyst. Consistent with this notion is the fact
that reactions with other �non-reducing� carbon nucleophiles such as boronic acids,
stannanes and even RZnX and R2Zn do not result in any product formation [27].
F€urstner and Leitner�s mechanistic proposal is supported by a control experiment
adopting a structurally well-defined, isolated, nucleophilic iron compound with a
formal oxidation state of �II. Li2[Fe(C2H4)4], which was prepared by Jonas and
Schieferstein [25], afforded the cross-coupling reactionwith comparatively high rates
and yields (Scheme 5.9). This observation is of particular interest in the context that
the highly nucleophilic Na2Fe(CO)4 [ formally Fe(�II)] developed by Collman [26] did
not pursue the cross-coupling reaction under the reported conditions.

Table 5.4 Reactivity profile of aryl electrophiles in iron-catalyzed cross-coupling reactions.

Entry X A (GC) (%) B (GC) (%)

1 I 27 46
2 Br 38 50
3 Cl >95 —

4 OTf >95 —

5 OTs >95 —
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The iron-catalyzed cross-coupling reaction of aryl electrophileswith alkyl-Grignard
reagents appears to be widely applicable [27]. As outlined in Table 5.5, moderately
electron-deficient aryl and heteroaryl chlorides and tosylates reacted with good to
excellent yields. The range comprises benzene derivatives substituted with electron-
withdrawing substituents such as esters, nitriles, sulfonates, sulfonamides and –CF3
groups (entries 1–7) and also many heterocyclic compounds such as pyridine [28],
pyrimidine, triazine, quinoline, isoquinoline, carbazole, purine, pyridazine, pyra-
zine, quinoxaline, quinazoline, uracil, thiophene and benzothiophenes (entries
10–20). Most impressive is the replacement of a chloride function at C-6 of the
per-O-acetylated purine-b-D-ribofuranoside by the Grignard reagent in presence of
Fe(acac)3 (entry 17). Uncatalyzed nucleophilic attack on the labile ester protecting
groups did not occur. For the conversion of electron-rich arenes, the leaving group
has to be changed from chloride to triflate to obtain the desired cross-coupling
product (Table 5.5, entries 8 and 9) [29]. It is important to note that the reaction is,
however, sensitive to steric hindrance and ortho-substituted substrates give lower
yields than their para-substituted counterparts.
Furthermore, even the unprotected 6-chloropurine containing an N–H bond

undergoes efficient cross-coupling reactions, although an extra equivalent of the
Grignard reagent is necessary for the initial deprotonation and formation of
the corresponding magnesium amide (entry 15). The cross-coupling reaction of
4-chloromethyl benzoate with nonylmagnesium bromide to generate the liquid
crystalline material methyl 4-nonylbenzoate has been conducted even at multi-gram
levels with high efficiency (Scheme 5.10) [30].

Kharasch and coworkers reported in a series of classical papers that aryl-Grignard
reagents undergo catalytic decomposition with the formation of biaryls in presence

Scheme 5.9 Li2[Fe(C2H4)4] as defined catalyst with a formal Fe(�II).

Scheme 5.10 Cross-coupling reaction on a multigram scale.
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Table 5.5 Scope of aryl chlorides and sulfonates in iron-catalyzed
cross-coupling reaction with RMgBr.
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of metal salts and aryl halides as stoichiometric oxidizing agents [31]. Although
reactions with electron-deficient benzene derivatives under F€urstner et al.�s condi-
tions showed mainly homodimerization of the magnesium reagent in analogy with
the Kharasch reaction, p-electron-deficient heterocyclics undergo aryl–aryl cross-
coupling reactions in pure THF at �30 �C with good yields, but varying amounts of
Grignard dimerization product are inevitable (Table 5.5, entries 18–20). More
recently, Knochel�s group reported the first efficient iron-catalyzed aryl–aryl coupling
with Grignard-derived functionalized copper reagents (Table 5.6) [32].

Table 5.6 Iron-catalyzed aryl–aryl coupling reaction developed by Knochel�s group.
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It has been assumed that homo-coupling side-reactions may arise by the
formation of ferrate complexes with the highly reactive organomagnesium com-
pounds. Consequently, transmetallation of the aryl-Grignard to other metals
should result in organometallic compounds with less tendency to dimerize.
Applying organocopper reagents, however, the homodimerization reaction of the
organometallic compound can be reduced and the aryl–aryl cross-coupling pro-
ceeds readily with good to excellent yields. Remarkably, the nature of the electro-
phile plays an important role and the reactivity profile appears to be inverse
compared with the iron-catalyzed reaction described with organomagnesium
compounds. Aryl iodides achieved full conversion to the desired biaryl with
PhCu(CN)MgCl in presence of 10mol% Fe(acac)3 in DME–THF at room tempera-
ture after 30min, whereas the corresponding aryl chloride and triflate react with
significantly lower rates. No conversion was observed with tosylate as a leaving
group. The iron-catalyzed aryl–aryl couplingwith organocopper reagents tolerates a
broad range of functional groups such as ketones, esters, nitriles, amides and
acetals (Table 5.6). Remarkably, a methyl ketone, such as 2-iodophenyl methyl
ketone, undergoes cross-coupling in high yields without formation of significant
amounts of side-products by deprotonation of the methyl ketone or attack to the
carbonyl group (entry 1). The copper reagent, bearing a triflate protected alcohol,
reacts with ethyl 2-iodobenzoate to furnish the biaryl in 62% yield (entry 4).
Functionalized quinolinones and secondary amides turned out to react with aryl
cuprates, bearing electron-rich or electron-withdrawing subtitutents, with com-
paratively high yields (entries 6–10) [33].
The breakthrough towards the development of an efficient iron-catalyzed aryl–aryl

cross-coupling reaction applying aryl-Grignard nucleophiles was accomplished by
Hatakayama and Nakamura [34]. A broad evaluation of different iron sources and
ligands afforded a novel combination of iron fluoride salts with an N-heterocyclic
carbene ligand (NHC), which performs the conversion of aryl chlorides with aryl-
Grignard reagents in high yields (Scheme 5.11). Competing homocoupling reaction
of the Grignard reagent, as described by Kharasch�s group, was suppressed, most
likely due to addition of the fluoride anion. The catalyst is prepared by reduction of
FeF3�3H2Owith EtMgBr in the presence of the NHC ligand SIPr�HCl prior to its use
in the catalytic reaction.

Scheme5.11 Iron-catalyzed aryl–aryl cross-coupling reactionwith
Ar–MgX developed by Hatakayama and Nakamura.
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The new coupling reaction is sensitive to the nature of the leaving group (Table 5.7,
entries 1–5). Whereas aryl chlorides generally give high yields, aryl bromides and
iodides show poor conversions and fluorobenzene did not react in any case.
In general, this novel catalyst performs the cross-coupling reaction of electron-rich,
-neutral and -poor aryl chlorides with high yields up to 98% (Table 5.7). Dimethy-
lamino and methylthio groups did not interfere (entries 8 and 9). Reactions with
sterically crowded substrates (entry 6) and even with mesitylmagnesium bromide
(entry 7) were performed successfully. The mechanistic proposal suggests that
the fluoride anion coordinating to the iron center suppresses the formation of
a ferrate complex (Ar1Ar22Fe and Ar1Ar23Fe) [35], which can undergo non-
selective reductive elimination. From the mechanistic point of view it is important

Table 5.7 Iron-catalyzed aryl–aryl coupling with aryl-Grignard reagents
developed by Hatakayama and Nakamura.

160j 5 Iron-catalyzed Cross-coupling Reactions



to note that the outlined aryl–aryl coupling displaysmuch lower reaction rates (24 h at
60 �C) than the corresponding aryl-alkyl coupling (Table 5.4, 5min at 0 �C).
Iron-catalyzed cross-coupling reactions of aryl electrophiles are not restricted to

carbon nucleophiles such as Grignard reagents or cuprates. Recently, Taillefer et al.
reported an iron–copper bimetallic catalyst which permits efficient cross-coupling
reactions between aryl halides and nitrogen nucleophiles (Scheme 5.12) [36]. In the
presence of 0.3 equiv. of Fe(acac)3, 0.1 equiv. of CuO and base (2 equiv. Cs2CO3)
in DMF at 100 �C, a broad variety of azoles such as pyrazole, imidazole, pyrrole,
triazole, indole and a cyclic amide (pyrrolidin-2-one) undergo cross-coupling with
aryl halides undermild reaction conditions with high yields up to 90%. In particular,
this process is highly compatible with sensitive functional groups such as esters,
aromatic amines, nitriles and nitro groups. Overall, the reaction proceeds cleanly
and no obvious side-reactions, for example from the reduction of the aryl halide,
were observed.

5.4
Cross-coupling Reactions of Alkyl Electrophiles

Transition metal-catalyzed cross-coupling reactions of alkyl halides and sulfonates
have been an unsolved problem for a long time, although excellent ligand systems
were known for aryl- and alkenyl electrophiles in Pd- andNi-catalyzed processes [37].
In particular, the poor reactivity of alkyl electrophiles in order to add oxidatively
to the metal center and the proclivity of the resulting metal fragment to undergo
destructive b-hydrogen elimination rendered alkyl electrophiles especially challeng-
ing substrates [38]. The application and design of special ligands and careful
fine tuning of the reaction conditions allowed the activation of primary and secondary
alkyl electrophiles in nickel- and palladium-catalyzed reactions [39]. Taking these
difficulties into account, it was remarkablewhenNakamura et al. reported in 2004 the
first iron-catalyzed cross-coupling reaction of secondary alkyl halides with aryl-
Grignard reagents applying iron(III)chloride and TMEDA (N,N,N0,N0-tetramethyl-
ethylenediamine) as preferred catalyst [40]. Conducting the reactions at low
temperature (�78 to 0 �C) and adding a solution of Grignard reagent and amine
slowly via a syringe pump to the reaction mixture, cyclic, acyclic, primary and
secondary alkyl halides were transformed in good to excellent yields in the range
45–99% and no side-reactions occurred with substrates bearing polar ester groups
(Table 5.8, entries 1, 5, 9 and 10). At the same time, Nagano and Hayashi published
similar work applying Fe(acac)3 in boiling diethyl ether as the catalytic system
(Table 5.8, entries 6–8) [41]. Slow addition of the nucleophile was not required but

Scheme 5.12 Iron-catalyzed C�N coupling reaction developed by Taillefer et al.

5.4 Cross-coupling Reactions of Alkyl Electrophiles j161



Table 5.8 Scope of iron-catalyzed cross-coupling reactions with sp3 electrophiles.
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lower yields (60–73%) were reported for similar substrates. Notably, the reaction
conditions permit an intriguing reaction profile. A chemoselective conversion of a
primary alkyl halide in the presence of an aryl triflate group could be accomplished.
This is surprising, considering that F€urstner�s group reported aryl triflates as valuable
electrophiles for iron-catalyzed cross-coupling reactions. Subsequent treatment of
the resulting aryl triflate with n-butylmagnesium bromide in THF–NMP under
F€urstner�s conditions delivered the final product in 90% yield (Scheme 5.13).

Bedford et al. demonstrated that pretreating of FeCl3 with amines such as
triethylamine, TMEDA or DABCO prior to its application in catalysis permits
iron-catalyzed cross-coupling reactions, which can be performed in refluxing diethyl
ether in high yields, and slow addition of the Grignard reagent is not required
(Table 5.8, entries 2–4, 11 and 12) [42]. Optimum activities were obtained with either
mono- or bidentate tertiary amines; chelating primary and secondary amines showed
a lower performance. Under these conditions, no excess of amine is required and the
Fe:N molar ratio was kept at 1:2. In a further intriguing report, Bedford et al.
described polyethylene glycol (PEG)-stabilized iron nanoparticles as catalyst, which
are generated in situ by reduction of FeCl3 with the Grignard reagent [43]. Treatment
of an ethereal solution of FeCl3 and PEG with 5 equiv. of tolylmagnesium bromide
gave a black solution. TEM analysis of this solution showed iron nanoparticles with a
typical size range of about 7–13 nm in anMgX2matrix. This catalyst performed cross-
coupling reactions of alkyl halides with aryl-Grignard reagents equally well with
yields from 30 to 91% (Table 5.8, entries 13 and 14).
In line with the mechanistic proposal (Scheme 5.8) that iron species with a formal

oxidation state of �II could be accountable for the iron-catalyzed cross-coupling of
aryl halides, F€urstner�s group further applied the isolated complex [Li(tmeda)]2
[Fe(C2H4)4] to the cross-coupling reaction of alkyl halides [44]. The tetrakis(ethylene)
ferrate complex demonstrated a fascinating chemoselectivity profile. Apart from
primary and secondary alkyl bromides, propargylic and allylic halides react smoothly
with high yields of 67–98%. Under these mild reaction conditions (THF, �20 �C), a
plethora of polar functional groups such as ketones, esters, enoates, chlorides,
nitriles, isocyanates, ethers, acetals and trimethylsilyl functionalities remain intact
(Table 5.8, entries 15–21). Despite allylic phosphates being described as substrates in
iron-catalyzed reactions, efficient reactionwith allylic bromides could be achieved for
the first time with high selectivities in favor of the linear product (Table 5.8, entry 19).
Note that complete loss of optical purity has been observed in the reaction of (R)-2-
bromooctane (Table 5.8, entry 18). Tertiary alkyl halides and primary alkyl chlorides

Scheme 5.13 Chemoselectivity profile in iron-catalyzed cross-coupling reactions.
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(Table 5.8, entry 20) were found to be inert. This is contrary to the findings outlined
above, where alkyl chlorides were reported as feasible substrates (Table 5.8, entries 4,
5 and 8).
Recently, Cahiez et al. reported hexamethylenetetramine (HMTA) in combination

with TMEDA as an appropriate additive for reactions performed with Fe(acac)3
(Table 5.8, entries 22–26) [45]. Although this catalyst showed no reaction with alkyl
chlorides, primary and secondary alkyl bromides and iodides gave good to excellent
yields of 39–94%. They also developed amore convenient method for the application
of FeCl3 as catalyst, which is highly hygroscopic and corrosive. Treatment of FeCl3
with 1.5 equiv. of TMEDA gives a non- hygroscopic solid complex [(FeCl3)2(tmeda)3],
which can be easily isolated quantitatively by simple filtration. The yields of the
reactions conducted with this complex are slightly higher (5–10%) and the coupling
can be performed at room temperature with slow addition of the Grignard reagent
(Table 5.8, entries 25–26). Notably, [(FeCl3)2(tmeda)3] can be stored at room tempera-
ture without any special precautions and no additional additive has to be added to
conduct the reaction.
Another interesting catalyst concept was reported by Bica and Gaertner, applying

an iron-containing ionic liquid (bmim-FeCl4) as catalyst (Scheme 5.14), which can be
easily generated by treatment of commercially available bmim-Cl (butylmethylimi-
dazolium chloride) and FeCl3�6H2O [46]. The hydrophobic ionic liquid can be
isolated by phase separation.

Cross-coupling reactions employing the ionic liquid catalyst were conducted
under biphasic conditions without an inert atmosphere and proceeded with high
yields in a range 60–89%. The product was removed by decantation and the catalyst
trapped in the ionic liquid can be reused. This highly practicable work-up procedure
can offer new possibilities for applying this reaction on a large scale in industrial
processes. Since the yields and reaction rates of reactions with bmim-FeCl4 are
comparable to those in reactions conducted with FeCl3 and an N-heterocyclic
carbene as reported by Bedford and coworkers, one can conclude that the nature
of the catalytically active species in both reactions is related [47].
Transition metal-catalyzed cross-coupling reactions between vinyl organometallic

compounds and unactivated alkyl halides that can be usually performed with
palladium, nickel and cobalt are of particular synthetic interest [37–39]. Recently,
the groups of Cahiez [48] andCossy [49] concurrently reported the first iron-catalyzed
reaction of alkenyl Grignard compounds with primary and secondary alkyl halides
(X¼Br, I) (Scheme 5.15). The two protocols basically differ in the iron source

Scheme 5.14 bmim-FeCl4 catalyst reported by Bica and Gaertner.
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deployed, Fe(acac)3 and FeCl3, respectively, and in the quantitiy of amine additives
applied. Whereas Cossy et al. reported 1.9 equiv. of TMEDA (with respect to
the Grignard reagent) as an essential additive, Cahiez et al. transferred a similar
catalyst, recently developed for the cross-coupling of alkyl halides with ArMgX
[Fe(acac)3–TMEDA–HMTA (1:2:1)] [45], successfully to perform this type of reaction.
The scope of this reaction includes a- or b-monosubsituted as well as a, b- or

a, b-disubstituted alkenylmagnesium bromides, which undergo cross-coupling
under the outlined reaction conditions with various cyclic and acyclic alkyl bromides
and iodides. In general, this newmethod tolerates several functional groups such as
ethyl esters, acetal groups, trimethylsilyl protecting groups, amides, ethers andnitrile
groups (Table 5.9).

Scheme 5.15 Cross-coupling of alkenyl-Grignard reagents with alkyl electrophiles.

Table 5.9 Cross-coupling of alkenyl-Grignard reagents with sp3 electrophiles.
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Chai�s group reported Fe(OAc)2 in the presence of the bidentate phosphine ligand
Xantphos in diethyl ether as catalyst for iron-promoted sp3–sp3 coupling reactions of
alkyl bromides with alkyl-Grignard reagents (Scheme 5.16) [50]. The yields varied in
the range 46–64%, since the formation of the alkene, which is formed by elimination
of the alkyl halide in the presence of the organomagnesium compound, and also the
disproportionation of the Grignard reagent, are difficult to suppress.

Iron-catalyzed cross-coupling reactions of alkyl electrophiles are not limited to
organomagnesium compounds [51]. Nakamura et al. reported the successful appli-
cation of diarylzinc reagents employing FeCl3 and TMEDA in THF at 50 �C as
preferred catalyst [52]. To circumvent the dissipation of one aryl group of
the diarylzinc reagent, Knochel�s methodology to introduce the dummy ligand
Me3SiCH2 has been applied successfully (Table 5.10, entries 2 and 3). Functionalized
primary and secondary alkyl halides react with diorganozinc reagents in good to
excellent yields. Note that heterocyclic organozinc reagents can also be employed. In
general, arylzinc reagents bearing electron-withdrawing groups were found to be
slightly less reactive that the corresponding phenyl reagent.

Scheme 5.16 sp3–sp3 coupling reactions reported by Chai�s group.

Table 5.10 Cross-coupling reaction of sp3 electrophiles with
diarylzinc reagents reported by Nakamura et al.
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A controversial discussion about the mechanism of the iron-catalyzed cross-
coupling reaction of alkyl electrophiles with aryl-Grignard reagents has appeared in
the literature. Whereas Hayashi and coworkers proposed a classical catalytic cycle
including the elementary steps of oxidative addition, transmetallation and reductive
elimination, the groups of Nakamura, Bedford, Cossy and Cahiez suggested a
radical related pathway. Scheme 5.17 delineates a highly simplified representation
of a radical-based coupling reaction proposed by Bedford and coworkers. In the first
step, the pre-catalyst is reduced to the oxidation state n. Subsequently the catalyst
reacts with the alkyl halides by transfer of a single electron to generate an alkyl
radical (via the intermediate formation of a radical anion) and an [Fe(nþ1)]X]
intermediate.

Nakamura�s and Bedford�s groups propose a metal-bound radical intermediate
rather than a free radical. Transmetallation with the Grignard reagent generates an
iron–aryl complex which reacts further with the alkyl radical to give the cross-
coupling product with regeneration of the catalyst. This mechanistic proposal
could be supported by following findings: (1) enantiomerically pure alkyl halides
react with complete loss of optical purity [53] and (2) radical cyclization and ring
opening reactions occur prior to the cross-coupling reaction [Scheme 5.18, reactions
(1) and (2)].
Considering the racemization in the cross-coupling process of enantiomerically

pure alkyl halides (Table 5.8, entry 18), F€urstner et al. partially support a theory
delineating a metal-bound radical. However, they also call attention to several
compounds set up for analogous 5-exo-trig cyclizations but that do not cyclize under
identical conditions of the cross-coupling reaction [Scheme 5.18, reaction (3)].
Consequently, care has to be taken in generalizing this mechanistic proposal.

Scheme 5.17 Simplified radical coupling pathway proposed by Bedford and coworkers.
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5.5
Cross-coupling Reactions of Acyl Electrophiles

Functionalized ketones display valuable synthetic building blocks and their func-
tionality is present in various natural products, pharmaceuticals and materials
science target molecules [54]. In general, ketones are generated by acylation of
organometallic intermediates and organomanganese reagents have proved to be
especially useful [55]. Organomagnesium compounds cause an inherent reactivity
problem and stoichiometric reactions generate significant amounts of tertiary
alcohols through over-reaction of the ketone with another Grignard molecule. This
destructive side-reaction can be suppressed by implementing a transition metal
catalyst. Especially iron has been shown to be a highly efficient catalyst in acylation
reactions of Grignard reagents with acyl chlorides. Based on early studies of iron-
catalyzed acylation reactions by Kraus and coworkers [56], Marchese and coworkers
found general conditions for the acylation of aryl- and alkyl-Grignard reagents
applying Fe(acac)3 as catalyst in THFat 0 �C or room temperature (Table 5.11, entries
1–5) [57].
Thioesters were also identified as suitable substrates (Table 5.11, entry 3) and the

reaction can also be performed with di-Grignard reagents in high yields (Table 5.11,
entry 5) [58]. F€urstner�s group further improved the ketone synthesis by applying a
lower reaction temperature of�78 �C, which opened up the possibility of employing
functionalized substrates with a view to application in total synthesis (Table 5.11,
entries 6–9) [17, 59]. Likewise, Reddy and Knochel reported the application of
diorganozinc reagents in a similar reaction with acid chlorides (Table 5.11, entry
10) [60].
Because the iron-catalyzed formation of diaryl ketones oftengives low yields,

Knochel�s group tackled this problem by introducing aroyl cyanides as alternative
acylation agents [61]. These types of compounds are more powerful in acylation

Scheme 5.18 Radical cyclication versus direct cross-coupling.
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reactions, because the adjacent cyano group enhances the reactivity of the carbonyl
group. In THF at �10 �C in thepresence of Fe(acac)3 (5mol%), a broad variety of
functionalized aroyl cyanides can be transformed to the corresponding diaryl
ketones with high yields of up to 98% and functional groups such as esters,
nitriles and methyl ethers remain intact under the described reaction conditions
(Scheme 5.19).

Scheme 5.19 Ketone synthesis via aroyl cyanides developed by Knochel�s group.

Table 5.11 Range of acyl chlorides and sulfonates in iron-catalyzed cross-coupling reactions.
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5.6
Iron-catalyzed Carbometallation Reactions

The iron-catalyzed addition reaction of organometallic compounds to alkynes and
alkenes, generally refered as carbometallation reaction [62], constitutes a further, but
less investigated although still very important, carbon–carbon bond formation
method. Early results of Lardicci and coworkers indicated that the addition reaction
of trialkylaluminum reagents to alkynes in presence of FeCl3 results in a complex
mixture of products containing minor amounts of the desired compound [63].
In contrast, Hosomi�s group reported efficient carbometallation reactions of
alkyllithium reagents with alkynes bearing alkoxy or a tertiary amine group in
presence of 10mol%of an iron catalyst with high yields up to 97% (Scheme 5.20) [64].

Since an excess of n-BuLi has been inevitable, iron-ate complexes were proposed as
catalytic relevant species, which generate a vinyllithium intermediate by carbome-
tallation. The latter was verified by a quench with aldehydes and ketones with
generation of the corresponding allylic alcohol. It is important to note that these
reactions took place in low yields with alkyl-Grignard reagents.
Arylmagnesation of unfunctionalized alkynes with aryl-Grignard reagents em-

ploying a cooperative catalyst that consists of a copper and an iron salt was reported by
Hayashi�s group (Scheme 5.21) [65]. In general, these reactions occur with good
yields from 36 to 90% and high stereoselectivity (E/Z¼ 18–99 : 1), which indicates
that the arylmagnesation proceeds with a high syn selectivity.

Note that no product formation could be obtained in absence of the iron or copper
catalyst.Without copper, the iron catalyst generates only stoichiometric amounts (with
respect to iron) of an alkenyliron species, which is not reactive towards further
transformations such as transmetallation or polymerization. A cuprate, generated by
CuBr and ArMgBr, did not undergo carbometallation with the alkyne. These results
indicate that the main role of the copper catalyst is most likely to promote the metal

Scheme 5.20 Carbometallation reaction employing alkyllithium
reagents reported by Hosomi�s group.

Scheme 5.21 Arylmagnesation developed by Hayashi�s group.
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exchange between the alkenyliron species and the aryl-Grignard reagent. As depicted
in Scheme 5.22, addition of an aryliron species generates an alkenyliron intermediate,
which transfers the alkenyl group to copper by transmetallationwith the diaryl cuprate
with regeneration of the iron catalyst. Further, transmetallation between the alkenyl
(aryl) cuprate and ArMgBr releases alkenylmagnesium bromide with formation of
Ar2CuMgBr to complete the catalytic cycle.

Recently, Zhang and Ready reported an iron-catalyzed carbomagnesation reaction
of primary and secondary (homo)propargylic alcohols with n-alkyl-Grignard reagents
which generates highly regioselective Z-configured tri- and tetrasubstituted alkenes
(Scheme 5.23) [66].

In contrast to the carbometallation with aryl-Grignard reagents to unfunctiona-
lized alkynes, this reaction does not require a co-catalyst such as copper. Only in one
example, applying PhMgBr, was CuBr added in accord with the protocol reported by
Hayashi�s group. Although the nature of the catalytically active species remains
unclear, an alkoxide-directed carbometallation which yields a (vinyl)iron intermedi-
ate is proposed.
Although the iron-catalyzed synthesis of allenes from propargylic halides was

reported by Pasto and coworkers in 1978 [67], little progress was achieved in this field
until recently [68]. In 2003, F€urstner and coworkers discovered propargylic epoxides
as valuable substrates for the reaction with Grignard reagents in presence of catalytic
amounts of Fe(acac)3 to generate 2,3-allenol derivatives (Scheme 5.24) [69].

Scheme 5.22 Mechanistic proposal for the arylmagnesation developed by Hayashi�s group.

Scheme 5.23 Carbometallation of (homo)propargylic alcohols reported by Zhang and Ready.
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The reaction can be conducted under mild reaction conditions and the major
isomer is syn configured,most likely due to directed delivery of the nucleophile to the
alkyne by coordination of the catalyst to the oxygen atom of the substrate. Thereby,
the central chirality of the substrate is transferred to the axial chirality of the resulting
2,3-allenol. This method complements established copper-catalyzed reactions with
propargyl epoxides, which furnish the anti-configured allenol. In particular, these
reactions occur under ligand-free conditions and gives high yields up to 98% [70].
Nakamura et al. reported iron-catalyzed carbometallation reactions of cyclopro-

pane acetal derivatives (Scheme 5.25) and bicyclic alkenes with Grignard and
organozinc reagents [71]. Of particular interest is the application of the chiral
diphosphine (R)-p-Tol-BINAP in combination with the diamine TMEDA in enan-
tioselective additionwhere an ee of up to 92%could be obtained. Thesefindings are of
importance considering that most iron-catalyzed cross-coupling reactions can be
performed under ligand-less conditions. The high ee value clearly demonstrates that
the phosphine ligand remains on the iron center during the reaction since no racemic
by-products are formed by competing side-reactions.

5.7
Conclusion

Since the discovery of transistion metal-catalyzed cross-coupling reactions by the
groups of Kochi, Kumada and Corriu in the early 1970s, impressive progress has
been achieved in the development of thesemethods into a synthetically indispensable

Scheme 5.24 Synthesis of 2,3-allenol derivatives developed by F€urstner and coworkers.

Scheme 5.25 Carbometallation of cyclopropane acetals reported by Nakamura et al.
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tool. Whereas nickel- and palladium-catalyzed processes have frequently been
applied in academia and industry, iron-catalyzed transformations seemed to have
been largely overlooked. Increasing production costs based on high prices of energy
and raw materials and also high standards in environmental protection are forcing
chemical research to develop clean, selective, highly efficient, environmentally
benign and sustainable chemical processes. In this context, chemical reactions-
catalyzed by cheap, non-toxic iron salts are highly desirable. In recent years,
important discoveries have been accomplished in the field of iron-catalyzed cross-
coupling chemistry. Although by far less general compared with their nickel and
palladium counterparts, a detailed study of the rather unclear mechanism should
open up new opportunities to develop new reactions and improve turnover numbers,
space–time yields and selectivity profiles of existing transformations. The renais-
sance of iron as a homogeneous catalyst for novel chemical reactions is reflected in
the rapidly increasing number of publications, and exciting discoveries within this
fast-growing field of research can be expected in the near future.
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6
Iron-catalyzed Aromatic Substitutions
Jette Kischel, Kristin Mertins, Irina Jovel, Alexander Zapf, and Matthias Beller

6.1
General Aspects

Functionalization of C�H bonds via aromatic substitution is an important means of
adding functional groups to all kinds of arenes and as such is of significant relevance
to many areas of chemistry. Notably, the key step in several industrially important
reactions is an electrophilic attack on aromatic p-systems by carbocations or other
strong electrophiles.
Typically, in electrophilic aromatic substitutions, the electrophilic attack results

from the high electron concentration on both sides of the aromatic ring [1]. For the
large majority of such reactions the mechanism can be described as an arenium
ion mechanism (Scheme 6.1): The attacking electrophile forms a p-complex (1)
first. Then, a s-bond to an aromatic carbon atom is formed, resulting in a change
of hybridization from sp2 to sp3. The positive charge of this s-complex (2) is
delocalized by the corresponding mesomerically stabilized cyclohexadienyl cation.
Finally, the proton is released from the sp3 C atom with concomitant re-aromati-
zation of the ring system. Here, also a p-complex occurs as a transition state [2, 3].
In addition to protons, sulfur, nitrogen, oxygen, halogen and carbocations are the
most common electrophiles, resulting in Friedel–Crafts reactions [4], formyla-
tions and carboxylations.
Another possible but rarely seen mechanism is the unimolecular SE1 mechanism

(Scheme 6.2). It is observed in certain cases in the presence of strong bases.
Nucleophilic aromatic substitutions are more difficult in principle. Here, three

types of mechanisms are discussed (Scheme 6.3): addition–elimination mechanism
(SNAr), elimination–addition mechanism (SN1) and aryne mechanism. In addition,
radical-type mechanisms are also possible.
With respect to iron catalysts, iron(III) chloride is one of the most common

catalysts known for electrophilic aromatic substitutions and has been widely used in
the past. In general, it is an inexpensive and eco-friendly reagent featuring a higher
catalytic activity than other metal chlorides [5, 6].
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Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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6.2
Electrophilic Aromatic Substitutions

6.2.1
Halogenation Reactions

One of themost important reactions in arene synthesis is the halogenation of arenes.
Conventionally, these reactions are performed directly by bromine or chlorine [7].
However, on the laboratory scale chlorine is not easily manageable and is a toxic gas.
Therefore, it is not often used in academic research. For iodinations normally a
strong oxidizing agent is required. In halogenations, often unintentional side-chain

Scheme 6.1 Arene-mechanism of electrophilic aromatic substitution.

Scheme 6.2 SE1 mechanism (unimolecular electrophilic substitution).

Scheme 6.3 Examples of the mechanism of nucleophilic aromatic substitutions.
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halogenations take place. Hence the development of more practical and selective
halogenation procedures is still an important topic. Tanemura et al. [8] presented an
iron(III) chloride-catalyzed halogenation of arenes using N-chloro-, N-bromo- and
N-iodosuccinimide to give the corresponding core-substituted products in good
yields. Whereas electron-rich substrates can be halogenated by catalytic amounts
(10mol%) of FeCl3 (Scheme 6.4), for electron-poor substrates stoichiometric
amounts of a Lewis acid are necessary. This simple and mild method represents
a useful alternative to classical halogenation reactions, but selectivity issues are not
improved, unfortunately.

6.2.2
Nitration Reactions

Aromatic nitrations, classically performed by the use of large quantities of nitric or
sulfonic acid [9], are notorious for their corrosiveness, potential risk of explosion, low
regioselectivity, oxidative degradations and low efficiency. Recent alternative meth-
odologies, such as the Kyodai nitration [10], utilize nitrogen oxides instead of acid
systems. For instance, Mori and coworkers [11] presented an iron(III)-catalyzed
nitration procedure with nitrogen dioxide and molecular oxygen under neutral
conditions. Both non-activated and moderately activated arenes were nitrated suc-
cessfully, giving the corresponding nitro derivatives in fair to good yield and
selectivity. Two examples are shown in Scheme 6.5.
Other viable alternatives are organic nitration agents and solid acid catalysts.

Improved regioselectivities of nitration reactions and in certain cases even reversal of

Scheme 6.4 Halogenation of 1,4-dimethoxybenzene with N-chlorosuccinimide catalyzed by FeCl3.

Scheme 6.5 Iron-catalyzed nitration of arenes. �o :m : p¼ 32 : <1 : 68.
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the isomer ratio of nitration products are observed, for instance in zeolite-induced
nitrations [12].

6.2.3
Sulfonylation Reactions

Organosulfones are versatile synthons and of great interest as agrochemicals [13],
polymers [14] and pharmaceuticals [15]. They can be effectively synthesized by using
sulfonyl chlorides in a modified Friedel–Crafts acylation. Aluminum chloride is
widely used as a Lewis acid catalyst in the laboratory and industry but generates an
enormous amount of solid waste. Therefore, a really catalytic sulfonylation method
is highly desirable. As catalysts for the sulfonylation of arenes some metal halides,
zeolites [16] and Brønsted acids [17] (polyphosphoric acid [18]) have been reported.
Traditionally, FeCl3 is used as a Lewis acid in this type of reaction and it has been
employed at least in stoichiometric amounts [19]. However, several interesting new
catalysts have been reported lately [20]. Among them, an Fe(III)-exchanged mont-
morillonite catalyst [21], which catalyzes the sulfonylation of benzene with p-
tolylsulfonyl chloride, produced 84% of the corresponding aryl sulfone product
within 12 h at 80 �C. This example indicates a novel inexpensive methodology for
Friedel–Crafts sulfonylation, because the catalyst can be reused for several cycles.
Additional advantages are operational simplicity, environmental acceptability, non-
corrosiveness, mild reaction conditions and high yields. Another FeCl3-catalyzed
sulfonylation [22] of aromatic substrates utilizes microwave (MW) irradiation under
solvent-free conditions. With this method, developed by Dubac and coworkers, even
electron-poor aryl halides can be sulfonylated (Scheme 6.6). Benzene and its
derivatives such as toluene also gave effective sulfonylation with reaction times of
a few minutes.
Friedel–Crafts sulfonylation of benzene and its derivatives can also be carried

out using iron(III) chloride-based ionic liquids, as was shown by Samant and
coworkers [23]. For example, the synthesis of diphenyl sulfone, an important
intermediate for the anti-leprosy drug Dapsone, was achieved in 78% yield catalyzed
by 1-butyl–3-methylimidazolium chloride combined with FeCl3 (Scheme 6.7).
This method was further improved by utilizing catalytic amounts of ionic liquids

under MW irradiation. The reactions were extremely clean, giving good yields of the
corresponding sulfones, and a substantial reduction in reaction time was observed
(Scheme 6.8).

Scheme 6.6 FeCl3-catalyzed sulfonylation of aromatics.
�o :m : p¼ (a) 2 : 0 : 98; (b) 0 : 0 : 100; (c) 2 : 0 : 98.
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6.2.4
Friedel–Crafts Acylations

The main industrial route to aromatic ketones is via the Friedel–Crafts acylation,
nowadays classified as an environmentally hostile processwith gaseous effluents and
mineral wastes. Typically catalyzed by the Lewis acid AlCl3, this is a self-blocking
reaction due to the complexation of the Lewis acid with substrates with alkoxy
substituents or/andwith the aryl ketone product. Stoichiometric amounts of the non-
regenerable catalyst AlCl3 are required, accompanied by high temperatures. Further,
thework-up steps involving hydrolysis of the intermediate complex produces copious
amounts of inorganic waste materials.
Therefore, the search for better and �really� catalytic Friedel–Crafts acylations has

been an ongoing task during recent decades.Numerous protocols aimed at this target
were published, including the application of different Lewis acids (FeCl3 [24],
ZnCl2 [25], BiCl3 [26]) (Scheme 6.9) and various metal chlorides [27], Brønsted
acids, such as superacidic systems [28] and sulfonic acids [29], more specifically
trifluoromethanesulfonic acid (triflic acid) and zeolites [30] (Scheme 6.10). Recently,
water-stable metal triflates [31] and their analogues, the bis(trifluoromethane)
sulfonimides [32], have also been reported as catalysts for acylation reactions.

Scheme 6.7 Sulfonylation of benzene catalyzed by FeCl3-based ionic liquid.

Scheme 6.8 [bmim]Cl�FeCl3-catalyzed sulfonylation of toluene
and chlorobenzene under MW irradiation. �o :m :
p¼ (a) 11 : 0 : 89; (b) 0 : 0 : 100.

Scheme 6.9 FeCl3-catalyzed acylation with an optically active acyl chloride.
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In most instances these catalysts were not satisfactory in terms of yield, range of
substrates and turnover numbers of the catalyst. Additionally, they were mostly
efficient only in the case of activated aromatics. In order to develop also Friedel–Crafts
acylations of less activated or even deactivated arenes, a new generation of catalysts
had to be developed. Here, particularly bismuth(III) triflate [33] and hafnium(IV)
triflate in the presence of lithium perchlorate [34] or triflic acid [35] are effective,
alternative catalysts actually acylating benzene, toluene and halobenzenes.
In 2000, Dubac�s group reported the microwave-assisted Friedel–Crafts acylation

of slightly activated and deactivated arenes under solvent-free conditions with FeCl3
as catalyst. Here, for the acylation of toluene a 90% product yield is obtained after
5min of irradiation and an overall reaction time of 30min in the presence of only
5mol% of FeCl3. A sequential MW irradiation at 300W afforded the acylation of
fluorobenzenewith 2-chlorobenzoyl chloride,with a surprisingly high yield of 92%of
2-chloro–40-fluorobenzophenone (Scheme 6.11).
Although these reactions operate under solvent-free conditions (with an excess of

the arene),many Friedel–Crafts acylations utilize volatile and hazardous halogenated
solvents. Here, their replacement by ionic liquids can considerably lower the
environmental risks and provide a �greener chemistry�. Ionic liquids with their
unique miscibility properties, high thermal stability and miniscule vapor pressure
are valuable alternatives for the wide range of traditional solvents available.
Recently, it was proven by in situ spectroscopic studies [36] that the mechanism of

the Friedel–Crafts acetylation is not altered by using ionic liquids. Experimental data

Scheme 6.10 Montmorillonite K10–Fe(III) as reusable catalyst for
the quantitative acylation of anisole by p-nitrobenzoyl chloride.
�o :m : p¼ 20 : 0 : 80.

Scheme 6.11 Arylation of arenes catalyzed by FeCl3 under
microwave irradiation. �o :m : p¼ 12 : 3 : 85.
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and theoretical calculations indicate the acylium ion [CH3CO]
þ [MCl4]

� as key
intermediate in these reactions and an ionic mechanism is assumed.
In 2001, H€olderich�s group [37] presented 1-methyl–3-butylimidazolium chlor-

oferrate (Fe-IL) in addition to Al-IL and Sn-IL as a catalyst for Friedel–Crafts
acylations. In the acetylation of anisole with acetic anhydride, full conversion of the
acylating agent was observed using Fe-IL. The immobilization of these catalysts,
however, led to some serious problems such as catalyst leaching.
Xiao and Malhotra [38] reported investigations with pyridinium-based ionic

liquids. Here, especially [EtPy]þ [CF3COO]
� was very effective in the acylation

reaction of benzene (81% conversion of acylating agent; 75 �C) even in the absence
of any catalyst. On employing additional FeCl3 (stoichiomerically) with this ionic
liquid, the conversion of acetic anhydride improved up to 97% at 50 �C. Higher
conversions were seenwith toluene comparedwith benzene, but bromobenzenewas
less reactive. The combination of [EtPy]þ [CF3COO]

� with FeCl3 was found to be an
excellent system for this type of acetylation since the ionic liquid can be recovered
quantitatively with negligible loss of activity.

6.2.5
Friedel–Crafts Alkylations

One of the most common examples of an electrophilic aromatic substitution is
Friedel–Crafts alkylation [40]. These days, many important industrial processes are
based on this type of Friedel–Crafts-chemistry [41]. The manufacture of high-
octane gasoline, ethylbenzene, synthetic rubber, plastics and detergent alkylates are
examples. Moreover, the Friedel–Crafts alkylation is among the most fundamental
and convenient processes for C�C bond formation on arenes, especially for the
synthesis of fine chemicals and agrochemicals containing functionalized arenes
and heteroarenes.
Through the interaction of an alkylating agent, a hydrogen atom of the aromatic

core, in the case of alkylation of arenes, is replaced by an alkyl group driven by a
Friedel–Crafts catalyst. A variety of alkylating agents (e.g. alkyl halides, alcohols,

Figure 6.1 Charles Friedel and James Mason Crafts [39].
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alkenes, alkynes and many more) can be used in this reaction. The most common
ones are shown in Equations (6.1)–(6.3).

PhHþRX �����!catalyst
PhRþHX ð6:1Þ

PhHþROH �����!catalyst
PhRþH2O ð6:2Þ

PhHþRCH¼CH2 �����!catalyst
Ph(R)C¼CH2 ð6:3Þ

Equation (6.1) shows the conventional alkylation method using alkyl halides and a
Lewis acid catalyst such as anhydrous AlCl3. However, as stated before, this catalyst
poses several problems, such as its need for stoichiometric amounts, difficulty in its
separation and recovery, disposal of spent catalyst, corrosion, high toxicity and
moisture sensitivity. Beyond this, the reaction has other significant drawbacks such
as drastic reaction conditions (high temperature, strongly acidic conditions), low
regioselectivities, undesired side-reactions (polyalkylations, skeletal rearrange-
ments) and, above all, large amounts of waste (salt) byproducts. Additionally, often
the application of protecting group chemistry or the introduction of activating groups
is needed to build up defined C�C bonds. For these reasons, nowadays the
development of new direct C�C coupling reactions of arenes has become an
important topic in organometallic chemistry, which demands organometallic cataly-
sis. In recent years, a great deal of effort has been directed towards the promotion of
this reaction, mainly through replacement of common Lewis acids and the develop-
ment of alternative alkylating agents. Selected examples are discussed below.

6.2.5.1 Alkylation with Alcohols, Ethers and Esters
Alcohols are preferred alkylating agents rather than alkyl halides because only water
occurs as a byproduct in these reactions instead of hydrogen halides. However,
alkylations with alcohols and related agents (ethers, esters, etc.) typically require
considerably larger quantities of catalyst due to its interaction with the alkylating
agent. Another reason is the deactivation of the catalyst by water formed during the
course of the reaction.
Besides traditional Brønsted and Lewis acids, Friedel–Crafts reactions specifically

with benzyl alcohols have been studied primarily with scandium triflate [42], but
also with triflates of various lanthanides [43]. Advantageously, most of these
catalysts are efficient and stable also in the presence of water and can be easily
recovered. Equally, heterogeneous catalysts [44] were successfully employed for
Friedel–Crafts alkylations with alcohols, offering an easy set-up and work-up. Until
today, surprisingly few other transition metal-catalysts have been reported for this
type of reaction. Here, until recently only stoichiometric [45] palladium-mediated
benzylation of arenes have been described, although a multitude of related
allylations [46] using allylic alcohols and palladium catalysts are known. More
recently, also ruthenium [47], rhenium [48], gold [49] and iron [50] complexes have
attracted attention for arene alkylations but mainly by propargylic alcohols and their
derivatives (Scheme 6.12). In 1989, the ruthenium-catalyzed benzylation of arenes
with benzyl formates [51] was described, requiring high temperatures (200 �C). A
combination of an iridium complex and tin(II) chloride employed in catalytic
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amounts allows the benzylation of toluene with 4-methylbenzyl alcohol with a
maximum product yield of 95% [52]. More recently, Baba�s group published an
indium trichloride-catalyzed alkylation of indoles [53] and other nucleophiles such
as active methylene compounds and alkoxy ketones.
We demonstrated that in the presence of catalytic amounts of several transition

metal compounds [54], arenes and heteroarenes could be easily benzylated using
benzylic acetates as benzylating agents. Interestingly, this method allows also the
benzylation of non-activated arenes.Here, IrCl3 andH2[PtCl6] were the best catalysts.
Later HAuCl4 [55] also proved to be a very effective catalyst in this type of C�C
coupling reaction.
Thefirst general iron-catalyzed arylation of benzyl alcohols andbenzyl carboxylates

was published by our group in 2005 [56]. A practical synthesis of a multitude of

Scheme 6.12 FeCl3-catalyzed alkylation of arenes with propargylic acetates.

Scheme 6.13 Benzylation of different arenes with 1-phenylethyl
acetate; GC yield (regioselectivity). Reaction conditions: 0.5mmol
1-phenylethyl acetate, 10mol% FeCl3, 2.0mmol arene, 5mL
CH2Cl2, 50 �C, 20 h; (a) 5mL arene, no solvent; (b) 5mLMeNO2,
120 �C; (c) 5mL MeNO2.
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diarylmethanes and arylheteroarylmethanes under mild conditions (50–80 �C, with-
out strong acid and base) was described. Several examples are given in Scheme 6.13.
Notably, this reaction shows a high tolerance towards a wide variety of functional

groups, such as CHO, CO2R, I, Br, Cl, F, OHandOMe, and also thiophene and furan
derivatives, which is a rare feature in Friedel–Crafts-type chemistry. In the reaction
with o-xylene, various alcohols were successfully used as benzylation agents, forming
the corresponding products in high yield and selectivity (Table 6.1).
In these transformations, water is the only by-produced, so this arylationmethod is

a state-of-the-art �green� route to diarylmethanes via Friedel–Crafts chemistry.

6.2.5.2 Alkylation with Alkenes
An even more attractive version of Friedel–Crafts alkylations is the utilization of
alkenes as electrophiles. These reactions profit on the one hand from the versatility
and the availability of the starting materials and on the other from the high atom
economy [57]. In this respect, in 2006 we presented a convenient iron-catalyzed
protocol for the hydroarylation of styrenes (Scheme 6.14) [58].

Table 6.1 Various alcohols in the reactions with o-xylenea.

Alcohol Yield (%) Regioselectivityb

99 99 : 1

>99 89 : 11

>99 69 : 31

99 69 : 31

>99 93 : 7

98 99 : 1

61 75 : 25

37 62 : 38

aReaction conditions: 0.5mmol alcohol, 5mL o-xylene, 10mol% FeCl3, 80 �C, 24 h.
b4-alkylated o-xylene:3-alkylated o-xylene.
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Again FeCl3�6H2O is the catalyst of choice for the benzylation of o-xylene by 4-
chlorostyrene (Table 6.2). This iron-catalyzed arylation reaction of styrenes allows the
synthesis of a wide variety of 1,1-diarylalkanes employing various styrenes and
diverse arenes. Scheme 6.15 illustrates selected examples of successfully synthesized
1,1-diarylalkanes and Table 6.3 shows the diversity of different substituted styrenes
employed as benzylating agents.
Apart from ourwork, few publications have appeared so far concerning this type of

hydroarylation of styrene. For example, Periana�s group described in 2005 the
hydroarylation of styrene with benzene using a bis-tropolonato–iridium(III) organ-
ometallic complex [59]. However, in contrast to the results above, the linear product
(anti-Markovnikov product) was preferentially generated.

Scheme 6.14 Reaction of o-xylene with 4-chlorostyrene.

Table 6.2 Catalyst screening for the reaction of o-xylene with 4-chlorostyrenea.

Entry Catalyst Temperature (�C) Conversion (%)b Yield (%)c Regioselectivityd

1 HCl 80 8 0 –

2 TFA 80 10 0 –

3 pTSA 80 20 11 93 : 7
4 HOAc 80 24 0 –

5 FeCl3 80 100 87 >99 : 1
6 FeCl3�6H2O 80 100 87 >99 : 1
7e FeCl3�6H2O 80 93 84 98 : 2
8 ZnCl2 80 2 0 –

9 CuCl2�2H2O 80 6 0 –

10 NiCl2 80 1 0 –

11 Co(OAc)2�4H2O 80 16 0 –

12 PdCl2 80 5 0 –

13 MesW(CO)3 80 3 0 –

14 RhCl3 80 2 0 –

15 IrCl3 80 19 9 96 : 4
16 H2PtCl6 80 80 57 >99 : 1
17 CeCl3 80 5 0 –

18 La(OTf)3 80 3 0 –

19 Sc(OTf)3 80 40 30 94 : 6
20 Ag(OTf)3 80 4 0 –

21 Y(OTf)3 80 7 0 –

22 Yb(OTf)3 80 11 0 –

aReaction conditions: 0.5mmol 4-chlorostyrene, 5mL o-xylene, 20 h.
bGC conversion of 4-chlorostyrene.
cGC yield of arylated products with 4-[1-(4-chlorophenyl)ethyl]-1,2-dimethylbenzene as main
product.
d4-/3-substitution.
e1 h.
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During the same year, both an acid-catalyzed [60] and a TiCl4-catalyzed [61] ortho-
alkylation of anilines with styrene were published, but offering only a very low
selectivity. The reaction of anisole and styrene catalyzed byMo(CO)6 [62] afforded the
corresponding branched diaryl product with a comparable yield and selectivity as
shown by our protocol. Furthermore,Michelet and coworkers successfully employed
substituted styrenes in a gold-catalyzed tandem Friedel–Crafts-type addition–
carbocyclization reaction [63].
Interestingly, enantioselective alkylation reactions [64] were also developed using,

for instance, Cu(OTf)2, [65], [Cu(SbF6)2, Zn(OTf)2] [66], Cu(ClO4)2�6H2O [67] or Sc
(OTf)3 [68] in combination with diverse chiral ligands. Remarkably, organocatalytic
alkylations of pyrroles, indoles and anilines by 3-phenylpropenal have been also
developed [69].

6.3
Nucleophilic Aromatic Substitutions

For reasons of completeness, nucleophilic aromatic substitution reactions [70] will
alsobementionedhere,buttheyarelessimportantandthereforenotdiscussedindetail.

Scheme 6.15 Reaction of styrene and 4-chlorostyrenewith various
(hetero)arenes; GC conversion of styrene/GC product yield
(regioselectivity). Reaction conditions: 0.5mmol styrene/
4-chlorostyrene, 10mol% FeCl3, 5mL arene, 80 �C, 4 h; (a)
2mmol arene, 5mL CH2Cl2; (b) 2mmol arene, 5mL cyclohexane,
20 h; (c) 2mL arene, 32 h.
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Bothiron-[71]andruthenium-activated[72]nucleophilicaromaticsubstitutionshave
been intensively studied insolution.Thesemetal-assistedSNArreactionsareemployed
for diverse applications such as the synthesis of monomers for liquid crystal produc-
tion [73], macrocyclic ethers [74], unsymmetrical diaryl ethers [75], novel p-phenyle-
nediamines [76] and biologically active heterocycles [77] and also for the a-arylation of
carbonyl and heterocarbonyl compounds [78]. A general process of heteroaromatic
substitutionby catalytic amounts of an iron(II) saltwas describedbyMinisci�s group in
1983 [79]. Here, hydroxylamine-O-sulfonic acid is involved in a radical decomposition
initiated by FeSO4. Employing various hydrogen donor molecules, selective substitu-
tions of protonated 4-methylquinoline were achieved (Scheme 6.16).

Table 6.3 FeCl3-catalyzed reaction of o-xylene with different styrenesa.

Entry Styrene Productb
Conversion
(%)c

Yield
(%)d Regioselectivitye

1 100 89 >99 : 1

2
100 98 90 : 10

3
100 85 86 : 14

4
100 99 84 : 16

5 100 >99 90 : 10

6
100 77 90 : 4

7f 100 95 72 : 28

8f 67 65 >99 : 1

aReaction conditions: 0.5mmol (substituted) styrene, 10mol% FeCl3, 5mL o-xylene, 80 �C, 4 h.
bMain product.
cGC conversion of styrene.
dGC yield of arylated products.
e4-/3-substitution.
f20 h.
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In the following years, this method was improved to a regioselective acylation [80]
and also an alkylation reaction [81].
Iron sulfate [82] and iron chloride [83] have also been reported as catalysts for the

nucleophilic aromatic substitution of unactivated aryl halides. As solvents, liquid
ammonia and DMSO at room temperature are used (Scheme 6.17).
Systematic studies [84] revealed later that a radical SRN1 pathway occurs in the case

of conjugated substrates.
In order to investigate the scope and limitation of this iron-catalyzed substitution

reaction, various nucleophiles [85] and electrophiles were employed in subsequent
years [86]. FeBr2 [87] was found to promote this reaction, also, but stoichiometric
amounts were necessary.
In 2001, FeBr2 was described as an active catalyst in the synthesis of a-aryl- and

a-alkylthioacetylamides even in very low quantities (0.6–1.6mol%) [88]. An impres-
sive example is shown in Scheme 6.18.
In 2002, an iron-activated nucleophilic aromatic substitution on a solid phase

(resin-bound) was published by Ruhland et al. [89]. They demonstrated its first
application by the synthesis of a library of o-, m- and p-heteroatom-substituted

Scheme 6.16 Radical functionalization of heteroarenes.

Scheme 6.17 Cation-induced SNAr reaction.

Scheme 6.18 FeBr2-catalyzed synthesis of a-phenyl-N-thioacetylmorpholine.
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N-phenylpiperazines and related compounds. Noteworthily, in contrast to methods
in solution with covalently bound activating groups such as nitro or carbonyl groups,
here the cyclopentadienyl iron moiety is removable.
Recently, Taillefer et al. reported an Fe/Cu cooperative catalysis in the assembly of

N-aryl heterocycles by C�N bond formation [90]. Similarly, Wakharkar and co-
workers described theN-arylation of various amines with aryl halides in the presence
of Cu�Fe hydrotalcite [91]. Interestingly, Correa and Bolm developed a novel and
promising ligand-assisted iron-catalyzed N-arylation of nitrogen nucleophiles with-
out any Cu co-catalysts (Scheme 6.19) [92]. Differently substituted aryl iodides and
bromides react with various amides and N-heterocycles. The new catalyst system
consists of a mixture of inexpensive FeCl3 and N,N0-dimethylethylenediamine
(dmeda). Clearly, this research established a useful starting point for numerous
future applications of iron-catalyzed arylation reactions.

Scheme 6.19 Fe-catalyzed N-arylation according to Correa and Bolm.
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7
Iron-catalyzed Substitution Reactions
Bernd Plietker

7.1
Introduction

Substitution reactions, i.e. the replacement of an atom or molecular fragment for
another, represent one of the fundamental transformations in organic chemistry.
Depending on the character of the leaving group, nucleophiles or electrophiles can be
introduced at a defined position in the starting material. This Section will focus on
iron-catalyzed nucleophilic substitutions as a mean for the chemo-, regio- and
stereoselective construction of new C-atom bonds. Due to their increasing impor-
tance, nucleophilic substitutions involving reaction between alkyl halides or sulfo-
nates and aryl or alkyl metal species in the presence of catalytic amounts of iron are
summarized in a separate section on cross-coupling chemistry (Chapter 5). Reactions
involving an Fe-catalyzed electrophilic substitution of an aromatic C�Hbond by any
other atom are presented in Chapter 6.

7.2
Iron-catalyzed Nucleophilic Substitutions

7.2.1
Nucleophilic Substitutions of Non-activated C�X Bonds

7.2.1.1 Introduction
Several methods for iron-catalyzed nucleophilic substitution reactions have been
developed in recent years. In general, these reactions canbe subdivided into twomain
categories depending on the catalytic character of the iron source employed.
Traditionally, several formal substitutions are catalyzed by Fe3þ salts. In these
reactions, the metal salt acts as a Lewis acid and coordinates to the leaving group
X in the startingmaterial. The resulting increase in positive charge at the carbon atom
facilitates the reaction with an incoming nucleophile. Depending on the steric and

Iron Catalysis in Organic Chemistry. Edited by Bernd Plietker
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electronic properties of the startingmaterial and the reaction conditions, this classical
reaction pathway can follow an SN1- or SN2-type mechanism (Scheme 7.1).
Within the past 20 years, ferrates, i.e. anions possessing iron as the center atom,

have found increasing application as nucleophilic complexes in substitution chemi-
stry. In these reactions, the ferrate replaces the leaving group X in a first nucleophilic
substitution event. A transfer of one ligand from the metal atom (i.e. a reductive
elimination, path A, Scheme 7.2) or substitution of themetal atom via external attack
of the nucleophile (path B) concludes this mechanistic scenario. However, the exact
mechanism in ferrate-catalyzed nucleophilic substitutions is still under debate. Apart
from the ionic mechanism, radical processes are also discussed in the literature.

7.2.1.2 Nucleophilic Substitutions Using Lewis Acidic Fe Catalysts
In 1976, Miller and Nunn observed remarkable rate accelerations in the Finkelstein
reaction between tertiary alkyl chlorides and NaI in the presence of Fe- or Zn salts
(Scheme 7.3) [1]. Using CS2 as the solvent, the reaction took place within a few hours,
giving rise to tertiary alkyl iodides in almost quantitative yield.

Scheme 7.1 Nucleophilic substitutions catalyzed by Lewis acidic Fe salts.

Scheme 7.2 Nucleophilic substitutions involving ferrate catalysts.

Scheme 7.3 Fe-catalyzed Finkelstein reaction of tertiary alkyl chlorides.
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Using azides as pseudohalide substituents, Fe salts open up new reaction path-
ways. In the presence of catalytic amounts of FeCl3 and stoichiometric amounts of
dimethylhydrazine, benzylic azides can be transformed into aryl-substituted hydra-
zones [2]. The reaction is believed to involve a Lewis acid coordination to the terminal
nitrogen followed by a proton shift and subsequent addition of an aryl-substituted
hydrazine. The following skeletal rearrangement is driven by the extrusion of
nitrogen while generating the desired products in good yields (Scheme 7.4).
Apart from these examples, the activated substrate–Fe complex is more frequently

used as an electrophilic reagent, for example in electrophilic aromatic substitutions
(Chapter 6).

7.2.1.3 Substitutions Catalyzed by Ferrate Complexes
Whereas iron-based Lewis acidic catalysts have found frequent use in organic
chemistry, the nucleophilic displacement of a leaving group by an iron–ate complex
to give organo-iron complexes (Scheme7.2) has attracted comparatively less attention
in catalysis. This is even more surprising if one considers the beginning of the Fe-
catalyzed cross-coupling chemistry in the early 1980s. At that time, Kocchi presented
thefirst example of anFe-catalyzed cross-coupling reaction [3]. The ferrate ionneeded
for this reaction was prepared by reacting an Fe salt with an excess of a Grignard
reagent. Since then, the stoichiometric organometallic chemistry of ferrate ions
formed in situ has been investigated in detail; however, catalytic applications using
these complexes have been reported only occasionally [4]. The recent search for new,
environmentally benign and inexpensive transitionmetal catalysts has led to a revival
of this chemistry. Based uponKocchi�s seminal contributions [3], a variety of research
groups were able to develop sophisticated and improved protocols for iron-catalyzed
cross-coupling reactions (Chapter 5) and nucleophilic substitutions. Inmost of these
reactions, the active iron species is formed in situ by reacting an Fe salt with a
Grignard or zinc reagent to form ferrates via a formal ligand exchange event [5].
Mechanistic studies on catalytic reactions involving tetraalkylferrates indicate that a
radical mechanism takes place with a double SET [6]. Two structurally characterized,

Scheme 7.4 Mechanism of the preparation of hydrazones from azides.
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catalytically active low-valent Fe complexes are shown in Figure 7.1, with the latter
complex most likely being involved in reactions catalyzed by a combination of an Fe
salt and an alkylmetal reagent [7].
Although the exact mechanism still remains elusive and may be dependent upon

the reaction conditions, various substitution processes are efficiently catalyzed. The
most prominent area of application of these complexes is the cross-coupling
chemistry. The dehalogenation of aromatic halides using catalytic amounts of Fe
salts and a reducing agent such as lithium powder is mechanistically related and can
be applied to a variety of different halogenated aromatic compounds [8]. Alkyl-
Grignard reagents can also be used as reducing agents in this type of chemistry;
however, this observation is in sharp contrast to the results obtained in Fe-catalyzed
cross-coupling reactions (Scheme 7.5) [9].

A formally related yetmost likelyUllman type of arylation of nitrogen nucleophiles
was reported most recently. A bimetallic catalytic system of Fe(acac)3�CuO was
shown to be highly active in the simple arylation of a variety of N-heterocycles with
aryl iodides and bromides in the presence of CsCO3. Although a deeper mechanistic
understanding awaits further investigations, the broad scope plus its operational
simplicity make this procedure especially amenable to applications on an industrial
scale (Scheme 7.6) [10].

Scheme 7.5 Fe-catalyzed dechlorination of aryl chlorides.

Figure 7.1 Structures of isolated catalytically active low-valent Fe complexes.

Scheme 7.6 Fe-catalyzed amination of aryl halides.
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Scheme 7.7 Heck-type reaction in the presence of Fe salts.

The replacement of a halogen by a low-valent ferrate catalyst is the key step
in an intramolecular Heck-type reaction using both alkyl and aryl halides
(Scheme 7.7) [11].
The catalytically active Fe complex is generated in situ upon mixing catalytic

amounts of FeCl2 with stoichiometric amounts of PhMgBr. A variety of alkyl and aryl
halides were employed in this study [Equations (7.1) and (7.2), Scheme 7.7]. The
corresponding cyclization products were obtained in good yields. Interestingly, it was
shown that the regioselectivity of the b-hydride elimination depends strongly on the
character of the Grignard reagent used [Equation (7.3), Scheme 7.7]. In the presence
of PhMgCl lacking any b-hydrogen, the elimination occurred solely at the aliphatic
moiety. Employing n-BuMgCl as the reductant, on the other hand, yielded a mixture
of olefinic and saturated products due to a competing b-hydride elimination from the
n-butyl substituent.
Aviv and Gross developed an interesting insertion reaction of diazo compounds

into a secondary amine–hydrogen bond in the presence of Fe–corrole complexes
(Scheme 7.8) [12]. Competition experiments performed in the presence of an amine
and an alkene revealed the N�H-insertion reaction to be much faster than the
cyclopropanation of the C¼C bond. Apart from this chemoselectivity issue, the
reactions are characterized by their very short reaction times: most insertion
reactions were completed within 1min at room temperature. Most recently, Woo�s
group reported on a similar process using commercially available iron tetraphenyl-
porphyrin [Fe(TPP)] dichloride [13].
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7.2.2
Nucleophilic Substitution of Allylic and Propargylic C�X Bonds

7.2.2.1 Reactions Catalyzed by Lewis Acidic Fe Salts

Introduction The combination of a polarized C�X bond and an allylic p bond
induces a fundamental change in substitution chemistry. Apart from reactions
similar to those shown in Scheme 7.1, the partial positive charge on the allylic
carbon atom allows for a further type of mechanism, i.e. conjugate substitution. On
the one hand, the nucleophilic substitution might follow an SN2-type mechanism
(Scheme 7.1), in which the metal activates the leaving group. Depending on the
nature of the leaving group and the Lewis acidic character of the catalyst, a concerted
and hence stereo- and regioselective SN2- or SN20-type reaction might take place. In
the presence of strongly acidic catalysts and/or good leaving groups, allylic cations
might be generated leading to a mixture of regio- and stereoisomeric products
(Scheme 7.9).

Scheme 7.8 Fe–corrole-catalyzed insertion of diazo compounds into N�H bonds.

Scheme 7.9 Possible mechanisms in allylic substitution catalyzed by Lewis acidic Fe salts.
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SN2-type Reactions Other leaving groups are also prone to undergo direct SN
reactions in the presence of Fe salts. Zhan and Liu described the direct Fe-catalyzed
etherification of propargylic acetates by O-nucleophiles to give rise to a variety of
functionalized propargylic ethers (Scheme 7.10) [14].
Apart from halides, pseudohalides and acetates, FeCl3 is able to activate hydroxyl

groups in a similar manner. Hence various substitutions of hydroxyl groups have
been developed, e.g. the condensation of alcohols or phenols with diphenylmethanol
to give DPM-protected alcohols [Equation (7.4), Scheme 7.11] [15] or the direct
coupling of allylic or benzylic alcohols with C�H-acidic compounds [Equation
(7.5)] [16].

The direct substitution of hydroxyl groups can also be extended towards pro-
pargylic alcohols. In the presence of FeCl3, a plethora ofO-,N- or S-nucleophiles are
able to react with substituted propargylic alcohols [17]. Amongst the variety of
nucleophiles, allylsilanes occupy an important position since this example resembles
a cross-coupling reaction between an organometallic compound and an alcohol
(Scheme 7.12) [17].

Scheme 7.10 Direct substitution of acetates by alcohols.

Scheme 7.11 Nucleophilic substitution of aliphatic alcohols.
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ConjugateNucleophilic Substitutions Although iron salts have found frequent use as
Lewis acidic catalysts in direct SN reactions, only one example of a catalytic activation
of the allylic leaving group by an Fe salt and its subsequent conjugate substitution by
an incoming nucleophile has been reported [18]. Using an immobilized Fe3þ source
(Fe3þ–K10 montmorillonite), various allylic alcohols derived via a Baylis–Hillman
reaction were coupled directly to aromatic compounds in a Friedel–Crafts-type
reaction. Depending on the nature of the electron-withdrawing group in the
2-position, either E- or Z-configured trisubstituted alkenes were obtained in good
to excellent yields (Scheme 7.13) [19].

An interesting Fe-catalyzed SN20-like carbene insertion reaction using diazo
compounds and allyl sulfides (the Doyle–Kirmse reaction) was reported by Carter
and Van Vranken in 2000 [20]. Various allyl thioethers were reacted with TMS-
diazomethane in the presence of catalytic amounts of Fe(dppe)Cl2 to furnish the
desired insertion products with moderate levels of stereocontrol [Equation (7.6),
Scheme 7.14]. The products obtained serve as versatile synthons in organic
chemistry, e.g. reductive desulfurization furnishes lithiated compounds that can
be used in Peterson-type olefinations to yield alkenes [Equation (7.7),
Scheme 7.14] [21].

Scheme 7.12 Nucleophilic substitutions of propargylic alcohols.

Scheme 7.13 Lewis acid-catalyzed conjugate substitution of allylic alcohols.
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7.2.2.2 Nucleophilic Substitutions Involving Ferrates

Introduction Substitutions involving ferrates as the catalytically active speciesmight
also encounter regio- and stereoselectivity problems (Scheme 7.15). The nucleophilic
substitution of the leaving group can occur either in an SN2- [Equation (7.8),

Scheme 7.14 Fe-catalyzed Doyle–Kirmse reaction.
LDMAN¼ lithium 1-(dimethylamino)naphthalenide [22].

Scheme 7.15 Possible mechanisms in allyl Fe chemistry.
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Scheme 7.15] or SN20-type mechanism [Equation (7.9)]. Depending on the nature of
the nucleophile and catalyst employed, the subsequent nucleophilic substitution of
the metal can follow either via a-elimination [path A, Equations (7.8) and (7.9),
Scheme 7.15], via an SN2 reaction (path B) or via an SN20-type reaction (path C). For
reasons of clarity, only strictly concerted and stereospecific SN2- or SN20-anti-type
mechanistic scenarios are shown in Scheme 7.15. The situation might, however, be
complicated if, e.g., the initial SN20-anti ionization event is competing with an SN20-
syn reaction. Erosion in stereo- and regioselectivity can be the result of these
competing reactions. Furthermore, fluxional intermediates such as p-allyl Fe
complexes are not shown in Scheme 7.15 for reasons of clarity. These intermediates
are known for a variety of late transition metal allyl complexes and will be referred to
later. Moreover, apart from these ionic mechanisms, radicals might also be involved
in the reaction. So far no distinct mechanistic study on allylic substitutions has been
published.

SN2-type Reactions In a series of reports, Yamamoto and coworkers summarized
the results obtained in the reaction of primary allylic phosphates using a combination
of a Grignard reagent and catalytic amounts of Fe(acac)3 (i.e. the Kharasch reac-
tion) [23]. The reaction proceeded at low temperatures with high selectivity in favor of
theSN substitution product independent of the double bondgeometry (Scheme7.16).
This observation was taken as an experimental indication of a direct SN-type reaction
without intermediate formation of a p-allyl Fe complex [path A or B, Equation (7.8),
Scheme 7.15]. Unfortunately, the stereoselective course has not been explored in
detail. Thus, a differentiation betweenmechanistic pathways A and B (Scheme 7.15)
is not possible. Interestingly, the use of NiBr2 gave rise to the same ipso-substitution
products whereas an SN20 mechanismwas observedwith the use of CuCN in catalytic
amounts.

Scheme 7.16 Fe-catalyzed substitution of primary allyl phosphates by Grignard reagents.

206j 7 Iron-catalyzed Substitution Reactions



The analogous reaction between a propargylic chloride and a Grignard reagent in
the presence of Fe salts, on the other hand, was shown to be highly dependent on the
substitution pattern of the propargylic chloride. Whereas terminal acetylenes favor
addition in an SN0 fashion, a TMS protecting group forces the reaction to follow a
formal SN-like mechanistic pathway (Scheme 7.17) [24].

Conjugate Nucleophilic Substitutions An interesting application of Fe-catalyzed
allylic substitutions has been reported by Nakamura and coworkers (Scheme 7.18)
[25]. Treatment of a meso-oxanorbornene with a combination of FeCl3 and RMgX in
the presence of TMEDA yielded a ring-opened product, in which four new centers of
chirality are formed with exclusive regio- and stereoselectivity. The reaction is
thought to proceed via a carbometallation-reductive ring-opening–b-hydride elimi-
nation [according to path A, Equation (7.9), Scheme 7.15]. Interestingly, the ferrate
catalyst attacks the double bond from the exo face pointing in the direction of a
probable precoordination between the metal complex and the oxygen bridge. From a
mechanistic point of view, the observed formation of byproducts arising from
competing b-hydride elimination or even hydride reduction appears very interesting.
It underlines the complexity of catalytic systems based on the use of Fe salts þ
Grignard reagent.

An interesting SN20-syn addition of Grignard reagents to propargyl epoxides in the
presence of Fe(acac)3 was reported by F€urstner and Mendez (Scheme 7.19) [26].
Based on earlier results from Pasto and coworkers [27], the method was developed
into a powerful tool for the synthesis of optically active allenol derivatives. The

Scheme 7.17 Conjugate versus direct substitution of propargylic chlorides.

Scheme 7.18 Fe-catalyzed conjugate addition–ring opening of oxanorbornenes.
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use of enantiomerically enriched oxiranes accessible via Shi epoxidation of the
corresponding enynes allowed for control of the interesting center-to-axial chirality
transfer. This method might be regarded as complementary to the well-elaborated
SN20-anti addition using organocopper reagents. As for the carbometallation reported
by Nakamura and coworkers (Scheme 7.18), a precoordination of the alkyl ferrate
reagent to the oxygen of the epoxide was postulated to be the origin of the observed
stereoselective course of this transformation [according to path A, Equation (7.9),
Scheme 7.15].
Complementary to the conjugate substitution reaction in which the nucleophile is

transferred directly from the tetraalkyl ferrate to the allylic ligand, preformed low-
valent Fe complexes can form reactive allyl–iron complexes via an SN20-type mecha-
nism [path C, Equations (7.8) and (7.9), Scheme 7.16]. These complexes react with
incoming nucleophiles and electrophiles in a substitution reaction. Depending on
the nature of the iron complex employed in the reaction, eithers- or p-allyl complexes
are generated.
The development of the stoichiometric allyl–iron chemistry might serve as a

textbook example of the development of pure academic research into a reliable
synthetic methodology. This interesting subdivision of organoiron chemistry was
opened up about 45 years ago when Emerson and Pettit reported on the isolation and
characterization of a cationic p-allyl–Fe(CO)4 complex [28]. Since these early discov-
eries, a plethora of p-allyl–Fe complexes have been isolated, most of which incorpo-
rate the metal in the oxidation state 0 and þ II in the presence of a variety of ligands.
The unique characteristic properties of p-allyl–Fe complexes (stability, purification by
distillation, sublimation, column chromatography, etc.) attracted the attention of
organic chemists soon after their discovery. However, whereas these compounds
have found widespread use as stable planar chiral synthons for a variety of non-
catalytic transformations [29], it was as early as 1979 that Roustan and coworkers
reported on the use of catalytic amounts of an iron complex in order to perform
an allylic substitution comparable to the well-established allyl–Pd complex
chemistry [30]. The application of catalytic amounts of the Hieber complex
Na[Fe(CO)3(NO)] [31] led to the substitution of an allylic chloride or acetate for a
malonate [Equation (7.13), Scheme 7.20]. Most importantly, they observed a prefe-
rence for the formation of the ipso-substitution product, i.e. the new C�Nu bond was
formed preferentially at the C atom that was substituted by the leaving group in the

Scheme 7.19 Fe-catalyzed conjugate addition to propargylic epoxides.

208j 7 Iron-catalyzed Substitution Reactions



starting material. In 1987, Xu and Zhou reported on an improved protocol of
Roustan�s original procedure in which they introduced the shelf-stable [Bu4N][Fe
(CO)3(NO)] as a suitable catalyst for this type of reaction [Equation (7.14),
Scheme 7.20) [32]. As observed by Roustan, the reaction proceeds with moderate to
good regioselectivities and with formal retention of the configuration with a clear
preference for the formation of the ipso-substitutionproduct [33]. Further experiments
indicated this allylic substitution to follow a s-allyl mechanism, hence the observed
regio- and stereoselectivities are a consequence of two subsequent SN20-anti reactions.
The intermediate formation of a p-allyl–Fe complex was excluded.
Although this catalytic reaction appeared to be of synthetic interest, it has since

then neither been applied in synthesis nor further developed. This might be
attributed in part to problems with reproducibility and catalyst stability under the
reaction conditions, although the Hieber complex was used in a stoichiometric
manner for the preparation of a variety of p-allyl–Fe complexes. These latter
compounds served as starting materials for a plethora of subsequent reactions [34].
The results obtained by Nakanishi and coworkers on the stability and reactivity of p-
allyl–Fe–nitrosyl complexes proved such intermediates to be reactive towards a
variety of nucleophiles; however, the Fe complexes formed upon nucleophilic
substitution were catalytically inactive. Hence, in order to maintain the catalytic
activity, the formation of intermediate p-allyl–Fe complexes had to be circumvented.
About 3 years ago we started our research in this field and envisioned the use of
amonodentate ligand to be a suitable way to stabilize the proposed catalytically active
s-allyl complex. The replacement of one CO by a non-volatile basic ligand was
thought to prevent the formation of the catalytically inactive p-allyl–Fe complex
(Scheme 7.21).
Indeed, the use of PPh3 increased the catalyst�s stability and reactivity, leading to a

significantly improved protocol for the Fe-catalyzed allylic substitution of various allyl
carbonates (Scheme 7.22) [35]. The substitution products were obtained in good to
excellent yields with almost exclusive regioselectivity in favor of the ipso-substitution
product. Furthermore, by using the leaving group as an in situ base no preformation
of the nucleophile was necessary.
A variety of different allylic carbonates and pronucleophiles can be employed

under the standard reaction conditions, giving rise to the allylated products in good to
excellent yields and regioselectivities. Moreover, the reaction scope was extended to

Scheme 7.20 Fe-catalyzed allylic substitution.
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the allylation ofN-nucleophiles. Initial experiments indicated the inherent basicity of
the substitution products to be problematic. However, in the presence of catalytic
amounts of piperidine hydrochloride (pip�HCl) as a buffer, different aromatic amines
were allylated with almost exclusive regioselectivities (Scheme 7.23) [36].
This protocol, which most likely involves the formation of a catalytically active

s-allyl–Fe species, was significantly improved by replacing the phosphane ligand
with an N-heterocyclic carbene [37]. The addition of a tert-butyl-substituted NHC
ligand allowed for full conversion in the exact stoichiometric reaction between allyl
carbonate and pronucleophile. Good to excellent regioselectivities were obtained in
the allylation of variousC-nucleophiles.Most importantly, thepbondgeometry in the
reaction of isomeric (E)- and (Z)-carbonates remained intact, giving rise to the
substitution products with full transfer of structural information from the carbonate
to the allylation product (Scheme 7.24) [38].
By changing the ligand�s topology, however, a significant change in the regiose-

lective course of the reaction is observed. Whereas a t-Bu-substituted ligand allows
for a regio- and stereoselective allylic substitution, an aryl-substituted ligand forces

Scheme 7.21 s- versus p-allyl mechanism in Fe-catalyzed allylic substitutions.

Scheme 7.22 Fe-catalyzed allylic alkylation. 2.5mol% [Bu4N][Fe
(CO)3(NO)], 3mol% PPh3, DMF, 80 �C, 24 h.
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the reaction to follow a p-allyl mechanism. This ligand dependant mechanistic
dichotomy resembles a promising starting point for the development of an asym-
metric Fe-catalyzed allylic substitution (Scheme 7.25). Moreover, the catalytic activity
of an intermediate p-allyl–Fe complex was proven by employing catalytic amounts of
a preformed p-allyl complex in the reaction. The regioselective course of the reaction

Scheme 7.24 Fe-catalyzed regio- and stereoselective allylic
substitution in the presence of NHC ligand. (i) [Bu4N][Fe
(CO)3(NO)] (cat.), MTBE, 80 �C.

Scheme 7.23 Fe-catalyzed allylic amination. 5mol%
[Bu4N][Fe(CO)3(NO)], 5mol% PPh3, 30mol% pip�HCl,
DMF, 80 �C.
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using either catalyst was identical [Equations (7.17) and (7.18), Scheme 7.25),
however, the p-allyl Fe-catalyst showed a remarkable increased reactivity and allowed
for a reduction in catalyst loading and reaction time by a factor of two [Equation (2),
Scheme 7.25].
Prior to these recent studies Nicholas and coworkers reported on the Fe2(CO)9-

catalyzed reaction between allylic acetates and sodium dimethylmalonate
(Scheme 7.26) [39]. Detailed mechanistic studies indicated that the Fe(0) complex
acts as a precatalyst that is activated in situ upon reaction with the nucleophile. The

Scheme 7.25 Fe-catalyzed allylic substitution via p-allyl mechanism.

Scheme 7.26 Allylic alkylation using Fe2(CO)9 as the catalyst – in situ generation of a ferrate.
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ferrate formed in the activation step undergoes a ligand exchange with the incoming
allylic acetate. The p-allyl–Fe complex formed in this reaction is attacked by the
nucleophile with formation of the product and regeneration of a catalytically active
ferrate. Although this reaction represents one of the few examples of catalytically
active p-allyl–Fe intermediates, no further investigation or synthetic application has
been published since then.

7.3
Conclusion

The increasing demand both from society and from science for more general,
efficient and affordable catalytic systems has spurred growing interest among
chemists both in academia and in industry to develop new catalytic reactions based
on ready available, environmentally benign and inexpensive catalysts. The nucleo-
philic substitutions represent an important class of reactions in organic synthesis.
With regard to their importance, several highly efficient catalytic systems based on
low-valent organoiron complexes have been developed within the past 20 years
(Figure 7.2). All of these active catalysts are characterized by a nucleophilic metal
center that allows efficient substitution of a leaving group. However, the exact
mechanisms in the nucleophilic substitutions are currently under debate. More
detailed studies on structure and activity relationships are needed in order to develop
even more active and general catalytic systems.

Figure 7.2 Structures of catalytically active low-valent Fe complexes.
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8
Addition and Conjugate Addition Reactions
to Carbonyl Compounds
Jens Christoffers, Herbert Frey, and Anna Rosiak

8.1
Introduction

A solution of anhydrous iron(III) chloride and also its hexahydrate in organic
solvents or water consists of several solvate or aqua complexes, e.g. [FeCl2(OH2)4]

þ,
if water plays a role in the reaction mixture. Since Fe(III) is a d5 ion, octahedral
complexes count 17 valence electrons. Consequently, these kinetically labile species
are in rapid equilibrium. The iron(III) ion is, of course, a strong and hard Lewis
acid. In addition to this Lewis acidity, these complexes also behave as strong
Brønsted acids in the presence of protic solvents such as alcohols or water. All three
effects – kinetic lability and Brønsted and Lewis acidity – make FeCl3 and
FeCl3�6H2O to extraordinary catalysts for the activation and fast conversion of
carbonyl compounds (structures 1 and 2, Figure 8.1). Moreover, with certain
chelating substrates, namely 1,3-dicarbonyl compounds, complexes such as in
structure 3 are formed with a six-membered chelate ring, which shows high
thermodynamic stability due to delocalization of p-electron density. In this species,
the so-called 1,3-diketonato ligand is anionic, hence deprotonation of the respective
1,3-dicarbonyl compounds occurs under the reaction conditions. This chapter will,
however, not only deal with simple iron(III) salts as catalysts, but also iron(II)
compounds andmore sophisticated tailored iron complexes will be included in this
overview. The subject of iron-catalyzed reactions in organic synthesis has recently
been reviewed twice [1].
This chapter will be divided into sections according to the electrophiles: aldehydes

and ketones, imines and iminium salts, carboxylic acid derivatives and finally a,b-
unsaturated carbonyl compounds, which undergo conjugate additions. Further
subdivision will be made according to the nature of the nucleophile, i.e. O-, N-,
S-, P- or C-nucleophiles. Finally, multicomponent heterocyclic syntheses will be
mentioned, if they consist at least of one iron-catalyzed addition step to a carbonyl
compound.
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8.2
Additions to Aldehydes and Ketones

8.2.1
Oxygen Nucleophiles

Acetals are one of the most prominent protective groups for 1,2-diols and aldehydes
or ketones [2]. Their formation or degradation proceeds under thermodynamic
control, i.e. either removal or use of an excess of water or another condensation
product. This equilibration is commonly catalyzed by various Brønsted or Lewis acids
and it is therefore no wonder that anhydrous FeCl3 has been reported for acetal
formation [3]. For the methylenation of carbohydrates with formaldehyde, the use of
heterobimetallic [Fe(III)–Sn(II)] catalysts was recommended [4]. For acetal cleavage,
FeCl3�6H2O may be used [5]. An attractive variant here is the heterogenization of
FeCl3 on wet SiO2, which simplifies the workup protocol [6]. In analogy with theirO,
O-congeners, the iron-catalyzed formation [7] and cleavage [8] of dithioacetals has
also been reported.
The formation of 1,1-diacetates 5 from aldehydes 4 and Ac2O dates back to early

systematic studies by Knoevenagel [9]. A representative example is given with the
preparation of compound 5a in Scheme 8.1. Several groups have since then
developed improved protocols for �acylal� formation [10]. It was realized that these
gem-diacetates such as compound 5b are perfect substrates for palladium-catalyzed

Scheme 8.1 FeCl3-catalyzed acylal formation as reported in 1914
(product 5a) and 2001 (product 5b).

Figure 8.1 Activation of carbonyl compounds by iron(III) salts.
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allylic substitution reactions if a,b-unsaturated aldehydes such as 4b are converted
(Scheme 8.1) [11].
Typical examples for acetals areO-glycosides. The anomeric carbon atom is always

a stereogenic center. Its configuration (a or b) and its epimerization are important
stereochemical issues in carbohydrate chemistry. Anomerization proceeds by elimi-
nation and addition of alkoxide or alcohol via an oxocarbenium ion. This equilibra-
tion is commonly catalyzed by Lewis or Brønsted acids and several reports used FeCl3
in anhydrous CH2Cl2 for this purpose [12]. However, FeCl3 was used not only for
epimerization, but also for O-glycosidation [13], which can even be performed in an
intramolecular fashion to give 1,6-anhydroglucopyranoses [14]. An interesting case
of O-glycosidation is the so-called Ferrier rearrangement, being the Lewis acid-
catalyzed transformation of a glucal to a 2,3-unsaturated pyranose [15]. This reaction
can be catalyzed by iron salts [16]. The iron-catalyzed example depicted in Scheme 8.2
works with high efficiency. Triacetylglucal 6 converts with only 0.01mol% FeCl3
within 5min to product 7 [17]. It is generally accepted that the Ferrier rearrangement
proceeds via an oxoallyl cation intermediate such as species 8.

8.2.2
Carbon Nucleophiles

As outlined in the preceding section, oxocarbenium ions can be generated from
acetals by using FeCl3 as a Lewis acid. In the presence of C-nucleophiles such as
silanes, C�C bond formation can be achieved. Two representative examples of iron-
catalyzed one-pot acetal formation and C�C coupling with allylsilane [18] or
TMSCN [19] are given in Scheme 8.3. In both cases, the dibenzylacetal is formed
in a first step and then converted with the C-nucleophilic reagent.
If alkenes areused insteadof silanes, the intermediate oxocarbenium ionundergoes

an �acetal�–ene reaction. An example is the reaction of acetal 11 with methylenecy-
clohexane to give the cyclohexenylmethyl-substituted product 12 (Scheme 8.4) [20].
Silenol ethers are electron-rich alkenes particularly suited for addition to cationic
species. Pinacolone-derived enol ether 13, for example, adds to an thioxocarbenium
ion generated in situ from S,S-acetal 14 to give thioether 15 (Scheme 8.4) [21].
Barbier-type reactions of alkyl iodides with ketones can be performed with SmI2

when Fe(III) compounds are used as catalysts [22]. Particularly efficient for the
intramolecular reaction of w-iodo ketones such as compound 16 turned out to be
Fe(dbm)3 (dbm¼ 1,3-diphenyl-1,3-propanedionato). The latter is an air-stable,
THF-soluble, non-hygroscopic complex that can be very easily prepared from

Scheme 8.2 Iron-catalyzed Ferrier transformation of glucals to 2,3-unsaturated glycosides.
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dibenzoylmethane in gram quantities. An example of bicycloalkan-1-ol formation is
given in Scheme 8.5 [23]. FeCl3 undergoes addition to alkynes and the resulting
iron–vinyl species can be converted with aldehydes. For example, coupling of
2 equiv. of alkyne 18a with heptanal (4c) and stoichiometric amounts of FeCl3
yields 1,5-dichloro-1,4-pentadiene derivative 19, interestingly with the two C–C
double bonds in opposite configuration (Scheme 8.5) [24a]. Conversion of
butynol 18b with isovaleraldehyde (4d) and stoichiometric amounts of FeCl3 results
in a Prins-type cyclization to give dihydropyran derivative 20 (Scheme 8.5) [24b].
The Lewis acid-catalyzed addition of nucleophilic allylsilanes to aldehydes (Sakurai

reaction) can be catalyzed with FeCl3 [25]. In contrast to silanes, allyl acetate is
commonly considered as an electrophilic reagent. In an electrochemical process,
which is catalyzed by iron(II), it can be transformed into a p-allyliron(II) species.
The latter adds as an allyl anion equivalent to aldehydes to give homoallylic
alcohols [26]. Instead of using electrochemistry, this process can also be performed

Scheme 8.3 One-pot acetal formation, cleavage and C�C coupling.

Scheme 8.4 Reaction of oxocarbenium ions and S-analogues with alkenes.
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as aReformatsky-type reactionwith an excess ofMnas an appropriate reducingmetal
(Scheme 8.6) [27].With Fe(II) only, the yields are low, however. They can be improved
by using ZnBr2 as a co-catalyst. Scheme 8.6 shows the formation of tertiary alcohol 22
from ketone 21 and allyl acetate with relatively large amounts of Zn, Fe and Mn
compounds.
Reaction of aldehydes with ethyl diazoacetate normally results in the formation

of b-oxo esters. When a cationic Fe(II) Lewis acid is used as the catalyst, an unexpec-
ted 1,2-aryl shift results in the formation of a-formyl arylacetic acid ester 23, which
is isolated as its enol tautomer (Scheme 8.6) [28]. The catalyst of this reaction,

Scheme 8.5 Addition of iron alkyl- and vinyl-intermediates to ketones and aldehydes.

Scheme 8.6 Umpolung of allyl acetate for the formation of
homoallylic alcohols and reaction of aldehydes with ethyl
diazoacetate.
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[CpFe(CO)2(thf )]
þ, is generated by protonation of the respective iron–methyl com-

plex with HBF4 in THF solution. Iron-catalyzed reactions of phenyldiazomethane
with aldehydes resulted in mixtures of ketones and epoxides [29].
The classic C�C bond-forming processes of aldehydes and ketones are aldol

reactions. In Scheme 8.7, an iron-catalyzed sequential methanol oxidation to
formaldehyde and its aldol reaction with b-oxo ester 24a is shown [30]. The oxidant
is 30% aqueous H2O2. Curiously for an oxidation, the reaction has to be performed
under an atmosphere of Ar in order to prevent a-hydroxylation of the b-oxo
ester [31]. The role of benzaldehyde (4f ) as substoichiometric additive is not
completely clear.
Aldol reactions of aldehydes with cycloakanones were performed in ionic liquids

and catalyzed by FeCl3�6H2O [32]. Mukaiyama aldol reactions of silylenol ethers
with aldehydes can be carried out in aqueousmedia; however, among several Lewis
acidic catalysts investigated, iron compounds were not the optimal ones [33]. If silyl
ketene acetals are applied as carbon nucleophiles in Mukaiyama aldol reactions,
cationic Fe(II) complexes give good results. As catalysts, CpFe(CO)2Cl [34] and
[CpFe(dppe)(acetone)]BF4 [35] [dppe¼ 1,2-bis(diphenylphosphano)ethane] were
applied (Scheme 8.8). No diastereomeric ratio was reported for product 26a.
AsymmetricMukaiyamaaldol reactions inaqueousmedia [EtOH–H2O(9 : 1)]were

reported with FeCl2 and PYBOX ligands 27a [36] and 27b [37]. The latter provides
product 28 with higher yield and diastereo- and enantioselectivity (Scheme 8.9).
The ee values given are for the syn-diastereoisomer.Whereas ligand 27a is a derivative
ofL-serine, compound 27b has four stereogenic centers, since it was prepared from

Scheme 8.7 Sequential oxidation of MeOH to H2C¼O and aldol reaction with a b-oxo ester.

Scheme 8.8 Mukaiyama aldol reactions of silyl ketene acetals with aldehydes.
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L-threonine. With ligand 27b, the selectivities can even be improved when Zn
(OTf)2 is used instead of FeCl2.

8.3
Additions to Imines and Iminium Ions

Doubly acceptor-activated imines with an intramolecular alkene moiety such as 29
can cyclize according to an electrophilicmechanism to give pyrrolidine, piperidine or
azepine derivatives. This reaction is induced by stoichiometric amounts of Lewis
acids, preferably trialkylsilyl triflates [38]. In certain cases FeCl3 can also be used, for
example for the preparation of azepinolactone 30 from imine 29 (Scheme 8.10) [39].
Catalytic amounts of FeCl3 are required for the addition of diethyl phosphite to an

Scheme 8.9 Asymmetric Mukaiyama aldol reactions with Fe(II)–PYBOX catalysts.

Scheme 8.10 Preparation of azepinolactone 30 and an a-aminophosphonate 31.
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iminium ion generated in situ from benzaldehyde (4f ) and aniline. Thea-aminopho-
sphonate 31 (an N,P-acetal) was isolated in quantitative yield (Scheme 8.10) [40].
An iron-catalyzed multicomponent reaction of aldehyde 4a, acetophenone, acetyl

chloride and acetonitrile, which was used as the solvent, gave b-amino ketones such
as 32 (Scheme 8.11) [41]. It was assumed that the sequence starts with an aldol
reaction of aldehyde and ketone and then proceeds further with a displacement of a
b-acetoxy group by the nucleophilic nitrile-nitrogen.
The reaction of imines such as 33 with ethyl diazoacetates yields complex product

mixtures consisting of aziridines and b-enamino esters. When phenyldiazomethane
is used as the nucleophilic component in this iron-catalyzed reaction, aziridines such
as 34 are obtained in high yield and as single diastereoisomers (Scheme 8.11) [42].
The catalyst is the same Fe(II)-complex that was applied for the preparation of
a-formyl ester 23 (cf. Scheme 8.6).

8.4
Additions to Carboxylic Acids and Their Derivatives

8.4.1
Oxygen Nucleophiles

Esterification is an important functional group interconversion on both the labora-
tory and bulk scales [43]. Since it is commonly catalyzed by Brønsted or Lewis acids, it
is not surprising that the use of iron salts has been reported in that field [44].
Amethod using Fe(III) as a catalyst for consecutive synthetic steps can be regarded as
particularly efficient. A classical example is the cleavage of an ether and subsequent
esterification, which can be regarded as a one-pot protective group interconversion.
In one of the first reports on FeCl3 as a catalyst for this transformation, methyl,
n-butyl, benzyl and silyl ethers have been investigated in addition to tert-butyl

Scheme 8.11 Preparation of an b-amino ketone and an aziridine.
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ethers [45]. The latter, however, turned out to be the most promising substrates for
this reaction, which has since then found numerous applications in organic
synthesis [46]. Speculations on the mechanism of the ether cleavage (SN1 on tBu,
SN1 or SN2 on the alkyl residue) were answered by the experiment illustrated in
Scheme 8.12: cleavage on the cyclopentanone derivative 35 proceeded with full
stereospecificity and retention of configuration [47].
Since it is well known that acetals are readily cleaved by iron(III) salts (see

Sections 8.2.1 and 8.2.2), it is unsurprising that corresponding protective group
interconversions (acetal ! acetate) have also been reported [48]. In Scheme 8.12, an
example of the transformation ROMOM ! ROAc is given [49]. Bothmethods, ether
and acetal cleavage, are best performed when Ac2O is used as the solvent. One
advantage of these iron(III) salts compared with Brønsted acids as catalysts was
reported to be that C�C double bond isomerization or migration is prevented.

8.4.2
Carbon Nucleophiles

In analogy with iron-catalyzed Barbier-type reactions with SmI2 (cf. Scheme 8.5),
intramolecular nucleophilic acyl substitutions (SNt) can be used to prepare cyclic
ketones fromesters [50]. An illustrative example is shown in Scheme 8.13 [51]. Again,
tris(1,3-diphenyl-1,3-propanedionato)iron(III) [Fe(dbm)3] is used as the catalyst.
Compound 40 is obtained as one racemic diastereoisomer.

Scheme 8.12 Iron-catalyzed protective group interconversions.

Scheme 8.13 Intramolecular SNt reaction via an iron(III) alkyl intermediate.
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8.5
Conjugate Addition to a,b-Unsaturated Carbonyl Compounds

8.5.1
Carbon Nucleophiles

8.5.1.1 Michael Reactions
The Michael reaction is the conjugate addition of a soft enolate, commonly derived
from a b-dicarbonyl compound 24, to an acceptor-activated alkene such as enone 41a,
resulting in a 1,5-dioxo constituted product 42 (Scheme 8.14) [52]. Traditionally, these
reactions are catalyzed by Brønsted bases such as tertiary amines and alkali metal
alkoxides and hydroxides. However, the strongly basic conditions are often a limiting
factor since they can cause undesirable side- and subsequent reactions, such as aldol
cyclizations and retro-Claisen-type decompositions. To address this issue, acid- [53]
and metal-catalyzed [54] Michael reactions have been developed in order to carry out
the reactions under milder conditions.
The first investigations on iron-catalyzed Michael reactions utilized Fe(acac)3 as

catalyst. However, this metal complex is itself catalytically almost inactive. Yields of
only up to 63%could be achieved, if BF3�OEt2 is used as a co-catalyst [55]. Polystyrene-
bound Fe(acac)3 catalysts were also reported to give yields up to 63% [56]. FeCl3 was
used as a co-catalyst for clay-supported Ni(II). Yields achieved with this heteroge-
neous system ranged from 40 to 98% [57]. The double Michael addition of acryloni-
trile to ethyl cyanoacetate is smoothly catalyzed by a complex generated from [Fe(N2)
(depe)2] [depe¼ 1,2-bis(diethylphosphano)ethane]. At 23 �C and after 36 h, an 88%
yield is obtained with 1mol% of this Fe(0) catalyst [58].
A breakthrough in the field of iron-catalyzed Michael reactions was achieved in

1997 with the use of FeCl3�6H2O [59]. In Scheme 8.15, the reaction of b-oxo
ester 24a with MVK (41a) is given as an example, which was scaled up to 50 g of
product 42a [60]. The efficiency of this iron-catalyzed process is remarkable: Inert
conditions are not required, since oxygen and moisture are tolerated. As long as the
startingmaterials and the product are liquid at ambient temperature, no solvents are
necessary. A few milligrams of FeCl3�6H2O are simply added to a stoichiometric
mixture of the starting materials.
With this method, Brønsted basic conditions are avoided, resulting in excellent

chemoselectivities. Because of the quantitative conversions, workup and purification
are extraordinary simple: separation of the product from the catalyst is achieved by

Scheme 8.14 Michael reaction of b-diketones (X¼ alkyl) and
b-oxo esters (X¼ alkoxy) with methyl vinyl ketone (41a, MVK).
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either distillation or filtration through silica. Apart from these practical aspects, the
catalyst FeCl3�6H2O is in terms of ecological and economic considerations
the transition metal compound of first choice. Figure 8.2 gives an impression of
the scope of this method [61]. Best results are usually obtained with cyclic b-oxo
esters; with 1mol% FeCl3�6H2O yields generally exceed 90% (42a–c). Acyclic b-oxo
esters and b-diketones require 5mol% of the catalyst (products 42d–g). The conver-
sion of substituted enones such as chalcone requires elevated temperatures, e.g.
50 �C in case of products 42c and e. Succinyl succinates can be converted in double
Michael reactions to yield products such as 42h as cis-diastereomers [62]. Further-
more, piperidine derivatives [63] and lactones [64] can be applied as Michael donors.
Malonates as donors do not react under the conditions of iron catalysis, since they
formno chelate complexes 3 (cf. Figure 8.1) with Fe(III). Similarly,b-cyano esters and
b-cyano ketones are not converted with iron, but ruthenium catalysts with optimal
results [65]. With regard to the acceptor, reactions of cyclic enones are only observed
in rare cases and with low yields [66].
Medium ring size formation is often a challenging task in organic synthesis. With

FeCl3�6H2O as the catalyst, compound 24b, with both a Michael donor and acceptor
moiety, undergoes intramolecular reaction to furnish the annulated product 42iwith
two seven-membered rings as a single diastereomer [67]. An attempt at macro-
cyclization by iron-catalyzed Michael reaction was not fruitful [68] (Scheme 8.17).
Quantitative conversion is one of the essential preconditions to achieve a signifi-

cant molecular weight in stepwise polymerization process. Consequently, an iron-
catalyzed Michael reaction would be a suitable elementary step for a polyaddition.
Bis-donor 24c and bis-acceptor 41b, readily accessible from common starting
materials [69], were converted with FeCl3�6H2O to yield a poly-addition product

Figure 8.2 Scope of the iron-catalyzed Michael reaction.

Scheme 8.15 Catalysis of the Michael reaction by FeCl3�6H2O.
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42j. The material is an analogue of ethylene–carbon monoxide copolymers [70]
bearing an interesting constitution with carbonyl moieties all along the carbon
backbone. According to molecular mass analysis performed by GPC, the oligomeric
product 42j contained an average of 24monomeric units (n� 12 inScheme8.17) [69].
Although macromolecules such as 42j will never be able to compete from an
economic point of view with so far known polyaddition products, it may be of
academic interest to compare their properties with those of other structures.
With respect to the mechanism of the iron catalysis, the activity of FeCl3�6H2O is

closely related to its ability to give dionato chelate complexes 3 with b-dicarbonyl
compounds. Without prior deprotonation – even in Brønsted acidic media – these
deeply colored iron complexes are instantly formed. With this property, Fe(III) is
unique among all other transition metals, which require a stoichiometric amount of
base for dionato complex formation. Known for over 100 years, the significant color of
the complexes has been utilized for the detection of b-oxo esters and b-diketones.
The chelate ligand in dionato complex 3 is planar and it is particularly stabilized by

p-delocalization. In addition to this thermodynamic stability, the iron center has 17
valence electrons in an octahedron, hence its coordination sphere is kinetically labile.
By ligand exchange, the acceptor 41a is coordinated at a vacant site to form species 44
(Scheme 8.18). The function of the center metal is not only to hold the acceptor in
proximity to the donor. Additionally, the acceptor is activated by Lewis acidity of the
center metal. Subsequently, the nucleophilic carbon atom of the dionato ligand is

Scheme 8.16 An intramolecular Michael reaction catalyzed by FeCl3�6H2O.

Scheme 8.17 A poly-Michael reaction catalyzed by FeCl3�6H2O.
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alkylated by the acceptor to form the bicyclic intermediate 43 with a coordinating
enolate side-chain. From this species 43 the product 42k is liberated readily and
complex 3a is regenerated by ligand exchange, since p-delocalization is obviously
impossible in structure 43.
The idea of an one-center template mechanism was initially supported by first-

order kinetics in iron. Moreover, intermediates 3a, 43 and 44 ands also their
transition states in the catalytic cycle (Scheme 8.18) were proved by computational
studies [71]. Moreover, mass spectrometric (ESI) [72] and spectroscopic (EXAFS and
Raman) studies indicated complex 45 with two equatorial b-diketonate ligands to be
the catalytically active species in solution (Scheme 8.19) [73]. Actually, 4 equiv. of
FeCl3�6H2O are needed to generate 1 equiv. of complex 45 under reaction conditions;

Scheme 8.18 Mechanism of the iron-catalyzed Michael reaction.

Scheme8.19 Iron species under reaction conditions andan improved
protocol with a chloride-free catalyst.
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3 equiv. of [FeCl4]
– are formed as the dominating iron-complex in solution. This

species actually behaves like a thermodynamic iron sink under reaction conditions. It
removes three quarters of the Fe(III), and one quarter remains catalytically active. It is
not surprising that chloride-free pre-catalysts such as Fe(ClO4)3�9H2O result in
improved efficiency. With only 0.35mol% of this catalyst, a 99% yield of
product 42a on a 50 g scale is obtained under solvent-free reaction conditions
(Scheme 8.19).

8.5.1.2 Vinylogous Michael Reactions
Cycloalkenones with an additional 2-acceptor substituent such as ester 46a
(Scheme 8.20) show an interesting enone–dienol tautomerism. The equilibrium
of 46a and 47a shown in Scheme 8.20 is the vinylogous case of keto–enol tautomer-
ism and it is catalyzed by either Brønsted acid or base. In contrast to the keto–enol
case, remarkable kinetic stability of both tautomers 46a and 47a under neutral
conditions canbe recognized.They can, for example, be separatedby chromatography
on SiO2. With a catalytic amount of FeCl3�6H2O, the mixture of enone 46a and
dienol 47a is not stable, but converts within 3 h into a unique product 48 [74].
Closer inspection of the constitution of this dimer 48 makes it clear that it is
formally a product of a Michael reaction of the acceptor 46a in the b-position with
the donor 47a in the vinylogous g-position. A vinylogous Michael reaction of such a
kind is a very rare, unprecedented principle in organic synthesis.
The iron catalysis of vinylogous Michael reactions is not only restricted to

dimerizations. The g -donor 46b can be converted with MVK (41a) to give the 1,7-
dioxo-constituted product 49 when the catalyst is Fe(III) (Scheme 8.21) [75]. If
NaOMe in MeOH is applied as the catalyst, reaction of the dienolate of
donor 46b in the a-position with acceptor 41a proceeds via a �normal� Michael
reaction and 1,5-dioxo-constituted product 50 is obtained.
Benzoquinone derivatives applied as acceptors in the vinylogous Michael reaction

lead to products with two six-membered rings connected by a new C�C single bond.
Thisprinciplecouldbefurtherdeveloped intoanewmethodfor thesynthesisofhighly
functionalized biaryl compounds. The iron-catalyzed conversion of the vinylogous
donor 46c (Scheme 8.22), for example, with 1,4-naphthoquinone 41c gives an
intermediate 51, which, however, turned out not to be stable. First, the quinoid diketo
moiety tautomerizes to themore favorable hydroquinone system. Subsequently, oxa-
Michael addition of a hydroxy group to the enone function – in equilibrium with the
dienol – occurs, closing a dehydrofuran ring. Reversion of the conjugate addition is
prevented by oxidation to the annulated furan in situ and the naphthodihydrobenzo-

Scheme 8.20 Enone–dienol tautomerism and iron-catalyzed dimerization.
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furan derivative 53 was isolated as a stable compound [76]. Further oxidation to the
fully aromatic system 52 with MnO2 required prior acetylation of the phenolic
hydroxy groups.
Vinylogous donor 46d (Scheme 8.23) was treated with an excess of 1,2-naphtho-

quinone (41d) to give a cross-coupled product, which was already oxidized under the
reaction conditions by air to the aromatic system 54. Reductive acetylation furnished
highly substituted biaryl product 55 [77]. The latter example proves that the method
clearly deserves further development towards a new approach to highly substituted
biaryl products. It is operationally simple, compared with other cross-coupling
strategies, since neither inert or anhydrous conditions nor protective groups
are required and the catalyst FeCl3�6H2O is a cheap and non-toxic reagent
(Schemes 8.22 and 8.23).

Scheme 8.22 Synthesis of a naphthobenzofuran derivative by vinylogous Michael reaction.

Scheme 8.21 Base-catalyzed Michael and iron-catalyzed vinylogous Michael reactions.
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8.5.1.3 Asymmetric Michael Reactions
The first asymmetric iron-catalyzed conjugate addition was reported in 1977.
Benzylidenemalonate 56with an ephedrine moiety as chiral auxiliary was converted
with Grignard reagents such as nBuMgBr in the presence of catalytic amounts of
various metal salts. The optically active phenylpropionic acid 57 was obtained with

Scheme 8.23 Biaryl synthesis by vinylogous Michael reaction.

Scheme 8.24 Asymmetric conjugate addition with ephedrine as chiral auxiliary.

Scheme 8.25 Application of a-amino acid amides as chiral
auxiliaries for the asymmetric Michael reaction.
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FeCl3 after saponification of the oxazepine-moiety followed by decarboxylation, in
70% yield and with 60% ee [78]. Superior results were obtained, however, by using
NiCl2 as catalyst (92% yield, 99% ee).
Quaternary stereocenters can be obtained with high selectivity with a-amino acid

amides as chiral auxiliaries, which were first converted with b-oxo esters to give
enamines such as compounds 58. According to a combinatorial strategy, various
enamino esters 58 were screened in Michael additions with MVK (41a) and several
metal salts as catalysts.With FeCl3, however, themaximumstereoselectivity achieved
was only 77% ee (with enamine 58a derived from L-isoleucine dimethylamide).
Cu(OAc)2�H2O turned out be the optimal catalyst for this transformation. With
L-valine diethylamide as chiral auxiliary in compound 58b, reaction proceeds with
86% yield and 98% ee after aqueous workup [79]. Importantly, this valuable method
for the construction of quaternary stereocenters [80] under ambient conditions
seems to be generally applicable to a number of Michael donors [81]. In all cases,
the auxiliary can be quantitatively recovered after workup.
Asymmetric catalysis with chiral ligands [82] is commonly considered to be

advantageous instead of using chiral auxiliaries. Catalytic asymmetric Michael
reactions are known [83], but not with iron as the catalytically active metal. Only
two reports on iron catalyzed catalytic asymmetric Michael reaction with dipep-
tides [84] or diamino thioethers [85] exist, but the enantioselectivities were disap-
pointing (18% ee and 10% ee, respectively).
Several Lewis acids were investigated in enantioselective radical additions to

cinnamoyl oxazolidone 59 using chiral bisoxazoline ligand. With Fe(NTf2)2 and
tBu-BOX ligands, up to 80% ee were achieved (Scheme 8.26) [86]. Selectivities up to
98% were obtained when Mg(NTf2)2 was used as the precatalyst.

8.5.1.4 Michael Reactions in Ionic Liquids and Heterogeneous Catalysis
Ionic liquids are attracting increasing interest as environmentally benign solvents,
because they possess a number of interesting properties. Among these, one of the
most important is their virtually non-existent vapor pressure, which makes them
easily confinable and also allows easy recyclability of catalytic systems after distilla-
tion of volatile products.

Scheme 8.26 An iron-catalyzed conjugate radical addition with tBu-BOX ligand.
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Several metal catalysts have been investigated for Michael reaction of acacH (24e)
with MVK (41a) in [bmim][BF4] (bmim¼ butylmethylimidazolium) as solvent.
Ni(acac)2 turned out to be the optimal catalyst (94% yield). With FeCl3�6H2O the
yield of product 42m was limited (Scheme 8.27) [87]. It is presumed that the
formation of tetrachloroferrates is a rate-limiting factor, as was observed earlier in
common organic solvents or under solvent-free conditions (cf. Scheme 8.19) [88].
A chloride-free catalyst, Fe(BF4)2�6H2O, was used for the reaction of b-oxo ester

24a with MVK (41a) in the ionic liquid [bmim][NTf2] [89]. Product 42a was obtained
in about the same yield (95%) as for the solvent-free protocol with Fe(ClO4)3�9H2O
(99% yield) (Scheme 8.27). Both protocols with ionic liquids are, however, operation-
ally less simple than the solvent-free methods reported before, because of the use
significant amounts of Et2O for workup and purification of the products.
Indole (61) shows significant nucleophilic reactivity in its 3-position. If the

carbonyl compound is activated by a Lewis acid, indole (61) adds to aldehydes to
furnish bis(indolyl)methanes such as 62 or they undergo conjugate addition to a,b-
unsaturated ketones with formation of b-indolyl ketones such as 63. Both transfor-
mations can be catalyzed with iron salts in ionic liquids (Scheme 8.28). Bis(indolyl)
methane 62 is obtained in 96% yield with FeCl3�6H2O as the catalyst in [omim][PF6]
(omim¼methyloctylimidazolium) [90]. The conjugate addition yielding 92% of
ketone 63 was catalyzed by Fe(BF4)2�6H2O in [bmim][NTf2] [91]. Both protocols
utilized larger amounts of CH2Cl2 for workup and purification of the products.
Fe(III)-exchanged fluorotetrasilicic mica acts as a highly effective and reusable

catalyst for solvent-free Michael reactions of b-oxo esters with MVK (41a). The
immobilized catalyst shows higher activity than homogenous Fe(III) catalysts.
Product 42a (cf. Scheme 8.27), for example, is formed in 99% yield even if the
catalyst is reused four times [92].
A rather unusual Fe(III) species for catalysis is [Cp2Fe]

þ, ferrocenium. Apolymer-
bound ferrocenium catalyst was obtained by oxidizing a poly(vinylferrocene-block-
isoprene)copolymer with AgOTf. The activity of this catalyst was tested with the
reaction of b-oxo ester 24a and MVK (41a) (cf. Scheme 8.27) [93].

Scheme 8.27 Michael reactions in ionic liquids.
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8.5.2
Nitrogen Nucleophiles

The aza-Michael reaction yields, complementary to the Mannich reaction, b-amino
carbonyl compounds. If acrylates are applied as Michael acceptors, b-alanine
derivatives such as 64 and 65 are obtained. The aza-Michael reaction can be catalyzed
by Brønsted acids or different metal ions. Good results are also obtained with FeCl3,
as shown in Scheme 8.29. The addition of HNEt2 to ethyl acrylate (41f ), for example,
requires 10mol% of the catalyst and a reaction time of almost 2 days [94]. The
addition of piperidine to a-amino acrylate 41g is much faster and yields a,b-
diaminocarboxylic acid derivative 65 [95].
Conjugate additions of carbamates toa,b-unsaturated enones require – apart from

metal halide – TMSCl as a stoichiometric additive [96]. The addition of ethyl
carbamate to cyclohexenone (41h) requires only 50mol% TMSCl, which was an
exceptionally low amount compared with other Michael acceptors. With 10mol% of
the catalyst, the yield of 3-aminocyclohexenone derivative 66 was good (93%) [97].
Aza-Michael reactions also proceed in aqueous media with good results if Co(II),

Scheme 8.29 Iron-catalyzed synthesis of b-amino- and a,b-diaminocarboxylic acid derivatives.

Scheme 8.28 Iron-catalyzed reactions of indoles.
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Cu(II) or Fe(III) salts are applied as catalysts. In Scheme 8.30, the reaction of
nitrile 41i with benzylamine gives an almost quantitative yield if FeCl3�7H2O is
applied as the catalyst, which is, however, in contrast to the hexahydrate, not
commercially available [98]. Water is normally considered as an environmentally
benign solvent. The authors curiously needed CH2Cl2 and other organic solvents for
workup and purification of the product 67 (Scheme 8.30).

8.6
Synthesis of Heterocycles

8.6.1
Pyridine and Quinoline Derivatives

According to the classical Hantzsch synthesis of pyridine derivatives, an a,b-
unsaturated carbonyl compound is first formed by Knoevenagel condensation of
an aldehyde with a b-dicarbonyl compound. The next step is a Michael reaction with
another equivalent of the b-dicarbonyl compound (or its enamine) to form a 1,5-
diketone, which finally undergoes a cyclocondensation with ammonia to give a 1,4-
dihydropyridine with specific symmetry in its substitution pattern.
An iron-catalyzed reaction of an a,b-unsaturated oxime such as 68 with a b-oxo

ester also gave pyridine derivatives such as nicotinic acid 69 [99]. Under the reaction
conditions (150–160 �C, without solvent) first Michael adducts such as intermediate
70 are presumably formed,which further condense via intermediate 71. Thismethod
is not restricted to a centric symmetry in the substitution pattern, which is an
advantage compared with the Hantzsch synthesis. Moreover, the method starts with
hydroxylamine being two oxidation stages above ammonia; therefore, no oxidation in
the final stage from dihydro- to pyridine is necessary (Scheme 8.31).
Three equivalents of FeCl3 are required for the reaction of chalcone 41j with ethyl

cyanoacetate to give a-pyridone derivative 72 (Scheme 8.32) [100]. The reaction is
carried out at 140 �C under strongly acidic conditions (FeCl3 dissolved in propionic
acid). It proceeds presumably by an initialMichael addition yielding intermediate 73.
Excess of iron(III) is required, because this is the oxidizing reagent for the introduc-
tion of the second C�C double bond in intermediate 74.

Scheme 8.30 Aza-Michael reactions of carbamates in aqueous media.
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Friedl€ander quinoline synthesis has been accomplished in ionic liquids with
substoichiometric amounts of FeCl3�6H2O (Scheme 8.33) [101]. The substitution
pattern of products 77 is, however, relatively limited to 2,4-diaryl-functionalized
quinolines, as depicted in Scheme 8.33.

Scheme 8.32 Iron-mediated synthesis of 2-pyridone derivatives.

Scheme 8.33 Iron-mediated Friedl€ander quinoline synthesis.

Scheme 8.31 Iron-catalyzed synthesis of pyridine derivatives.
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8.6.2
Pyrimidine and Pyrazine Derivatives

According to a protocol first reported in 1893 by Bignelli, 3,4-dihydropyridines, e.g.
79 (Scheme 8.34), are obtained by acid-catalyzed reaction of aldehydes 4, urea (78)
and b-oxo esters [102]. In recent years, protocols for Bignelli reactions have been
continuously improved by using various Lewis or Brønsted acids, e.g. iron salts [103].
The latest state of the art is the use of a combination of 0.1 equiv. of FeCl3�6H2O
and 1 equiv. of TMSCl, which gives 79 in 89% yield [104]. The stepwise mechanism
of this two-fold condensation involves, as indicated in Scheme 8.34, a conjugate
addition of the b-oxo ester to an acylimine 80, being an aza analogue of chalcone.
Aminoacetonitrile (83) can be condensed with a-ketoximes such as 82 using a

stoichiometric amount of FeCl3 (Scheme 8.35). The reaction presumably proceeds
with initial imine formation (intermediate 85) followed by tautomerization to give
ketenimine 86 and ring closure to 2-aminopyrazineN-oxide 87, which canbe isolated.
In a one-pot protocol this product 87 can be further reduced with Pd/C/H2 to give
aminopyrazine 84 (80% over two steps) [105].

8.6.3
Benzo- and Dibenzopyrans

Iron(III) catalyzes effectively the unusual cyclocondensation of 2-hydroxybenzalde-
hyde (4h) with 2,2-dimethoxypropane (88) (Scheme 8.36) [106]. The product, dihy-
drobenzopyran derivative 89, is obtained as a single diastereoisomer. It can be
assumed that this reaction proceeds via an enol ether as intermediate. Alternatively,
the same product is obtained from a reaction mixture containing aldehyde 4h,
acetone and trimethyl orthoformate.

Scheme 8.34 Iron-mediated Bignelli reaction.
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Benzaldehyde (4f ) can be condensed with 2 equiv. of dimedone (90) and a
substoichiometric amount of FeCl3�6H2O to give xanthenedione derivative 91 in
good yield (Scheme 8.37) [107]. The reaction is carried out in an ionic liquid as
solvent. Only minor amounts of EtOH and H2O are required for workup and
purification of the product.

Scheme 8.35 An iron-mediated a-aminopyrazine synthesis.

Scheme 8.36 Iron catalyzed benzopyran formation.

Scheme 8.37 Iron-catalyzed dibenzopyran synthesis.
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9
Iron-catalyzed Cycloadditions and Ring Expansion Reactions
Gerhard Hilt and Judith Janikowski

9.1
Introduction

This chapter will focus on preparative applications of iron catalysts in the synthesis of
cyclic ring systems by means of intra- and intermolecular cycloadditions, Alder–ene
reactions and ring expansion reactions. Previous reviews concerning iron-catalyzed
chemistry have either focused their attention on different aspects involving iron-
containing compounds as active catalysts [1] or have concentrated on certain
reactions [2] and on the synthesis of specific substance classes [3]. A more recent
general review concerning all aspects of modern applications in iron-catalyzed
reactions has been summarized by Bolm et al. [4].

9.2
Cycloisomerization and Alder–Ene Reaction

The Alder–ene reaction is an atom-economic reaction which forms a new carbon
carbon–bond from two double bond systems (alkenes, carbonyl groups, etc.) with
double bond migration [5]. This reaction follows the Woodward–Hoffmann rules if
the reaction is performedunder thermal conditions.However, when transitionmetal
catalysts are involved, thermally forbidden Alder–ene reactions can also be realized
(Scheme 9.1). Examples of such processes are the formal [4þ 4]-Alder–ene reaction
catalyzed by low-valent iron catalysts.
Intramolecular examples of iron-catalyzed formal Alder–ene reactions, which

are also denoted cycloisomerization reactions, were described in the late 1980s by
the groups of Tietze and Takacs in reactions directed towards cyclopentane [6, 7],
cyclohexane [8], piperidine [9] and tetrahydropyran derivatives [10].
The reaction described by Tietze [8] is of a more traditional approach utilizing

FeCl3 as a Lewis acid catalyst for the activation of a carbonyl group in a [4þ 2]-
Alder–ene reaction (Scheme 9.2). The cyclization of 1 to 2 proceeded smoothly at

Iron Catalysis in Organic Chemistry. Edited by Bernd Plietker
Copyright © 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
ISBN: 978-3-527-31927-5

j245



low temperatures with high diastereoselectivity regarding the relative stereochemis-
try of themethyl and themalonate groups. For the diastereoselectivity of themalonate
and the isopropenyl groups, an exclusive trans configuration is observed.
On the other hand, Takacs and coworkers added organometallic reducing agents to

the reaction mixture and promoted the formation of low-valent iron(0) bipyridine
complexes. The mechanism of the low-valent iron-catalyzed Alder–ene reaction
involves coordination of the two starting materials within the ligand sphere of the
iron, which makes the Woodward–Hoffmann rules for such reactions obsolete [11].
Thereby, the scope of the reactions was broadened so that alkenes and 1,3-dienes
could also be used as educts in a formal [4þ 4]-cycloisomerization (Scheme 9.3) [12].
Intriguingly, the diastereoselectivity of the cyclopentane products can be influenced
by either the application of the 2Z-isomer 3 or the 2E-isomer 4. Especially the
E-isomers 4 gave almost exclusive cis selectivity [13].
However, when triene esters were applied in the iron-catalyzed [4þ 4]-Alder–ene

reaction (Scheme 9.4), the 2E/2Z geometry of the conjugated double bond was
irrelevant for the cis/trans ratio of the product, indicating an iron-mediated isomeri-
zation over the course of the reaction [14].

Scheme 9.2 Intramolecular Alder–ene reaction.

Scheme 9.3 Alder–ene reaction with low-valent iron catalysts.

Scheme 9.1 Types of Alder–ene reactions.
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The application of this chemistry to the synthesis of terpene natural products such
as (�)-mitsugashiwalactone and (þ)-isoiridomyrmecin [15] (Scheme 9.5) involved
low-valent iron-catalyzed Alder–ene reactions in key steps in these synthesis.
In the same manner, the natural products (�)-protometinol analogue [16]

(Scheme 9.6) and (�)-gibboside [17] were synthesized utilizing an intramolecular
Alder–ene reaction in the key step. However, the synthesis of the cyclization

Scheme 9.4 Diastereoselectivity of the Alder–ene reaction.

Scheme 9.5 The Alder–ene reaction as a key step in synthesis.

Scheme 9.6 Synthesis of natural products and analogues.
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precursors was accomplished following straightforward but essentially traditional
linear reaction sequences.
Heterocyclic products such as indolizidines and quinolizidine (Scheme 9.7) could

also be obtained, as was shown by Takacs et al. for the synthesis of 5 in a stereo-
selective fashion applying a chiral bisoxazoline ligand [18]. The product was obtained
in 65% yield with excellent diastereoselectivity and the enol ether was formed
exclusively as the E-isomer.
The simple diastereoselectivity of carbocyclic and heterocyclic derivatives has

been thoroughly investigated and discussed [19]. The cyclization is dependent on the
nature of the heteroatoms in the ring, the pre-existing ring size and the nature of
the ligand. As shown in Scheme 9.7, bisoxazoline ligands are superior with respect to
efficiency and stereoselectivities to the bipyridine ligands.
The intramolecular iron-catalyzed Alder–ene reaction of enynes in the carbocy-

clization reaction was recently reported by F€urstner et al. (Scheme 9.8) [20]. A
low-valent cyclopentadienyliron catalyst, specifically the [CpFe(C2H4)2][Li(tmeda)]
complex, is a reactive catalyst for enyne cycloisomerization reactions. Bicyclic
products, also incorporating large ring systems, are thereby accessible, and the
Thorpe–Ingold effect seems to be helpful for these types of reactions.
An interesting application was recently reported by Pearson and Wang [21]

applying an iron–diene complex in a [6þ 2]-Alder–ene reaction (Scheme 9.9). In
this example, the iron acts not only as a coordinating and activating group for the

Scheme 9.7 Iron-catalyzed approach to heterocyclic compounds.

Scheme 9.8 Iron-catalyzed enyne cycloisomerization.

Scheme 9.9 Synthesis of spiro compounds by Alder–ene reaction.
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1,3-diene subunit but also as an intramolecular promoter enabling the Alder–ene
reaction to proceed.
The twoproducts 6 and 7 are formed in a 1:1mixture; however, the stereochemistry

of the side-chain is controlled effectively, so that after decomplexation and further
manipulations both products can be applied in the synthesis of deoxycytochalasin.
When pendant dienes were used instead of the allyl amide side-chain after the initial
step of the formal [6þ 2]-Alder–ene reaction (Scheme 9.10), the intermediate 8
undergoes another reductive cyclization to the final polycyclic product 9 in quantita-
tive yield as a single diastereomer, as reported by Pearson andWang [22]. The overall
process can be seen as a formal [4þ 4]-cycloaddition reaction of the cyclohexadiene
with the pendant diene.

9.3
[2þ 1]-Cycloadditions

A carbene or nitrene transfer reaction to a carbon–carbon or carbon–heteroatom
double bond system leads to the formation of three-membered rings, such as a
cyclopropane, an aziridine or an epoxide. These processes can be catalyzed by
applying iron catalysts and the different cyclic systems are discussed here.

9.3.1
Iron-catalyzed Aziridine Formation

The formation of aziridines can be realized by a nitrene transfer reaction to a
carbon–carbondouble bond catalyzed by an iron(III)–porphyrin complex, as reported
by Zhang�s group, applying bromamine-T as a suitable nitrene source [23]. The
aziridination was successful for aromatic, aliphatic and cyclic alkenes (Scheme 9.11).
Accordingly, the reaction is not limited to terminal alkenes and internal alkenes are
also acceptable substrates. When internal alkenes were used, the E-configured
alkenes gave better results than the Z-configured alkenes, while the stereochemistry
of the starting material was not retained in the products. The Z-isomer suffers
considerable isomerization to the trans product during the course of the nitrene
transfer. Isomerization to the cis product was also observed for the E-isomer.
Chiralmodifications of the catalyst systemare possible, but the synthesis is tedious

and the chiral inductions of such complexes have not prevailed so far.

Scheme 9.10 Formal iron-catalyzed [4þ 4]-cycloaddition to a polycyclic product.
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The transfer of a nitrene from PhI¼NTos as a commercial source can also be
catalyzed by a bimetallic iron complexwhich exhibitsmoderate activity, as reported by
Avenier and Latour (Scheme 9.12) [24]. The iron complex 10 is better suited for
aliphatic substrates where better yields were reported compared with copper catalyst
systems applied to the same reactions.
The nitrene transfer from PhI¼NTos to alkenes catalyzed by the CpFe(CO)2

þ

fragment gave better results (85% for styrene) [25], but the characteristics of the
chemistry of the cationic intermediates as postulated by the reaction mechanism
are closely connected to the alternative formation of aziridines by a carbene transfer
to imines.
The aziridination of imines catalyzed by the CpFe(CO)2

þ fragment by carbene
transfer is a most remarkable reaction [26]. The imine is consumed first to form
both the cis and trans products. The catalyst then coordinates predominantly to the
trans product and leads to its decomposition, leaving the cis product untouched [27].
This diastereoselective decomposition can be rationalized by the steric hindrance

in the cis products as the coordination of the CpFe(CO)2
þ fragment is prohibited by

the relative orientation of the substituents (Scheme 9.13). Consequently, the rate of
decomposition is enhanced when the substituents stabilize cationic ring-opened
intermediates, such as in themethoxy derivative 11 (0%yield). On the other hand, the
rate of decomposition of the trans products is reduced, based on the destabilization of
cationic intermediates when an electron-withdrawing substituent, such as in the
nitro derivative 13, is used (78%, cis : trans¼ 4 : 1).

Scheme 9.11 Diastereoselectivity in styrene aziridinations.

Scheme 9.12 Aziridination by a bimetallic complex.
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A rather low level of asymmetric induction (5% ee) was reported for the generation
of the product 12 (R¼H in Scheme 9.13) in a comparable yield of 42% byMayer and
Hossain, applying the chiral modified CpFe complex 14 (Figure 9.1) [28].
The iron-catalyzed process can also be performed with iron–PYBOX systems,

as reported by Redlich and Hossain [29]. The PYBOX ligands are powerful tools
in organic synthesis. However, for the iron-catalyzed synthesis of aziridines
(Scheme 9.14), the results are not as convincing as for similar copper–PYBOX
systems. Not only are the yields moderate (up to 54%), but also the enantiomeric
excesses (up to 49%) are not in a synthetically useful range, which precludes their
use in elaborate applications.

9.3.2
Iron-catalyzed Epoxide Formation

The formation of epoxides is a well-investigated synthetic problem and two appro-
aches, either from a double bond system by transfer of oxygen starting from an
alkene, or carbene transfer to a carbonyl group, have attracted much interest. The
use of the CpFe(CO)2

þ fragment was also investigated by Hossain and coworkers
with a view to its use for the synthesis of epoxides (Scheme 9.15) [30, 31]. However,
the CpFe(CO)2

þ fragment not only catalyzes the carbene transfer, but also acts as

Figure 9.1 Chiral modified iron catalyst.

Scheme 9.14 Asymmetric iron-catalyzed aziridine synthesis.

Scheme 9.13 Iron-catalyzed carbene transfer reactions.
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a Lewis-acid, promoting the rearrangement of the epoxide to a ketone. Therefore, the
total conversion of the initial carbonyl starting material is fairly good. The yields of
the individual products, the desired epoxide 15 and the ketone 16, are moderate.
However, longer reaction times lead to the rearranged ketone 16 in up to 95%
yield [32].

9.3.3
Iron-catalyzed Cyclopropane Formation

The cyclopropanation of alkenes can be achieved by carbene transfer, usually from a
diazo compound to an alkene, and can be catalyzed by iron complexes generally
bearing different nitrogen- and phosphorus-containing ligands. An early report by
Roger and Lapinte proposed an electron transfer-induced carbene transfer reaction
by preformed cationic Cp�(CO)2Fe¼CH2 or Cp�(dppe)Fe¼CH2 complexes [33].
Although this approach is very interesting from a mechanistic point of view,
the regeneration of the methylene subunit in 18 could not be realized from a
simple carbene precursor, so that stoichiometric amounts of the reagent Cp�

(CO)2Fe¼CH2
þ had to be used for the regioselective cyclopropanation of alkenes

and monoprotected dienes such as the isoprene complex 17 in Scheme 9.16 [34].
In a long-term research project, Hossain and coworkers investigated the useful-

ness of the CpFe(CO)2
þ fragment [35–38] in the cyclopropanation reaction of alkenes

by a carbene transfer utilizing diazo esters as the carbene source (Scheme 9.17). The
cyclopropanation products of styrene derivatives could be obtained in good yields
of up to 80% and excellent cis selectivity by using an excess of the alkene, whereas
the cyclopropanation of aliphatic alkenes was less effective, yielding the desired
cyclopropane derivative in up to 51% yield.
Nevertheless, Hossain and coworkers also investigated the carbene transfer

reaction using a chiral bimetallic iron–carbene complex, which also exhibits excellent

Scheme 9.15 Iron-catalyzed epoxidation and ring-opening reaction.

Scheme 9.16 Cyclopropanation by a carbene transfer from a CpFe(CO)2 fragment.
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cis selectivities and excellent stereoselectivity (after photochemical decomplexation)
when the carbene ligand contained the stereo-information in the form of a planar
chiral chromium tricarbonyl compound (Scheme 9.18) [39].
Another class of iron complexes capable of carbene transfer to alkenes which

utilize the planar ligand motif that is found in porphyrin 19 [40–42] and also in the
salen-type ligands 22 [43, 44] (Figure 9.2). An unusual non-planar motif was realized
byBraunstein et al. [45] in the bimetallic complex 21, where the copper ion bridges the
two oxazoline ligands in addition to functioning as a ligand by forming ametal–metal
bond.
The application of such complexes in the cyclopropanation of alkenes was

investigated, mostly in benchmark reactions between styrene and diazo esters or
aromatic diazomethane derivatives (Scheme 9.19) to form the cis- and trans-cyclo-
propene derivatives 23 and 24.
The porphyrin ligands 19 (R¼ 4-MeC6H4) gave good yields of cyclopropanation

products 25/26 (79%; cis : trans¼ 1 : 14) whereas the amount of stilbenes formed by

Scheme 9.17 Diastereoselective iron-catalyzed carbene transfer reaction.

Scheme 9.18 Diastereo- and enantioselective cyclopropanation.

Figure 9.2 Catalysts for the cyclopropanation of alkenes.
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dimerization of the diazo compound was relatively low (21%). On the other hand,
complex 20 led predominantly to dimerization of the diazo derivative (84%) and only a
rather small yield of the cyclopropane (16%; cis : trans¼ 1 : 1.9)was obtained. The chiral
porphyrin derivatives 19 gave the cyclopropyl ester in up to 71% yield, good cis: trans
ratios (up to 1 : 23) and acceptable togood enantioselectivties for the transproduct (up to
81%), whereas the enantioselectivities for the cis product were poor (<6%). The iron
complexes containing the Jacobsen ligand 22 (R1¼CH2CH2, R

2, R3¼ tBu) gave the
cyclopropane ester 23/24 in up to 84% yield and a moderate cis : trans ratio (around
1 : 2), whereas with sterically more hindered diazo esters cis:trans ratios of up to 1 : 4
could be reached. The bimetallic complex 21 formed cyclopropyl ester 23/24 in
excellent yield (91%); however, the cis : trans ratio was only moderate (around 1 : 2).

9.4
[2þ 2]-Cycloaddition

The generation of four-membered ring systems can be accomplished by a cycloaddi-
tion process under photochemical conditions or with special substrates under
thermal conditions. Iron–vinylidene complexes belong to such a class of special
substrates where a thermal [2þ 2]-cycloaddition is possible. If imines are used,
a hetero-[2þ 2]-cycloaddition with an iron–vinylidene complex leads to an iron–
carbene complex attached to an azetidine ring system, as reported by Barrett and
coworkers (Scheme 9.20) [46, 47]. The oxidation of these iron–carbene complexes
leads to b-lactams 27. Interestingly, the application of 2-thiazolines generates penam

Scheme 9.19 Benchmark reactions in carbene transfer reactions to alkenes.

Scheme 9.20 Iron-mediated synthesis of azetidine derivatives.
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derivatives as products. However, the isolation of the intermediates and products
of type 28 is described as being problematic so that reproducible yields were not
reported.
The intermolecular [2þ 2]-cycloaddition of alkenes and alkynes utilizing an iron

complex as a catalyst was reported by Rosenblum and Scheck [48]. The application of
the [CpFe(CO)2]BF4 complex (Scheme 9.21) gave the desired cyclobutene derivatives
29 in up to 53% yield.
However, judging from the observation of open-chain side-products, the reaction

is not concerted and the carbonmonoxide ligands can also lead to insertion reactions
so that iron–acyl complexes are also generated as products (in up to 66% yield).
The reaction of iron–carbonyl complexes with alkynes led to cyclobutenediones,

which is formally a [2þ 1þ 1]-cycloaddition process for the formation of a cyclo-
butene derivative (Scheme 9.22) [49]. Nevertheless, in this reaction the liberation of
the ligand is initiated by addition of stoichiometric amounts of copper(II) salts and
the use of various alkynes leads to interesting products such as 30 in good yields.
Recently, Chirik�s group reported an iron-catalyzed [2þ 2]-cycloaddition process

with a,w-dienes (Scheme 9.23) [50]. The tridentate pyridine–diimine complex 31
gave excellent conversions with a short reaction time (TOF > 240 h�1) and a broad
substrate scope is accepted by the catalyst. Esters, amides, amines and even 1,6-
heptadiene can be used as substrates without requiring the Thorpe–Ingold effect.

Scheme 9.21 Iron-catalyzed [2þ 2]-cycloaddition to cyclobutenes.

Scheme 9.22 Iron-mediated synthesis of cyclobutenediones.

Scheme 9.23 Intramolecular iron-catalyzed [2þ 2]-cycloaddition of a,w-dienes.
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9.5
[4þ 1]-Cycloadditions

The synthesis of five-membered ring systems can be achieved by a formal [4þ 1]- or
a [2þ 2þ 1]-cycloaddition process essentially depending on the point of view
with which one chooses to consider the reaction. Here we discuss the progress
which has been made with iron complexes as catalysts for such transformations.
The work reported by Eaton and coworkers can be summarized as reactions where

an allene system in conjugation with a further unsaturated functionality reacts with
carbonmonoxide in the presence of an iron–carbonyl complex such as Fe(CO)5 under
photochemical and thermal conditions when Fe2(CO)9 is used. When diallenes
are used (X¼R2C¼C, Scheme 9.24), five-membered carbocyclic products are
obtained [51, 52], whereas when allenyl ketones (X¼O) are applied, five-membered
lactones are generated [53, 54]. The use of allenylimines (X¼NR) leads to five-
membered lactams under these conditions [55].
The reaction with unsymmetrical allene subunits result in the predominant

formation of the E-configured exocyclic double bond, typically with a ratio of
80 : 20 for the lactones and 90 : 10 for the lactams. An identical trend is observed
for the diallene system, where both exocyclic double bonds exhibit predominantly
the E-configuration in the product.
A similar type of transformation is observed in a three-component reaction when

ketimines, alkenes and carbon monoxide are reacted in the presence of Fe2(CO)9, as
reported by Anders� group. In these cases the cyclization process leads to unusual
polycyclic spiro-heterocycles such as 32 shown in Scheme 9.25 [56, 57].
The reaction seems to be limited to this very special functional group of the

ketimines whereas the terminal alkene component can be varied somewhat. The
scope of the reaction is rather limited based on the number of isomers generated
from symmetrical (two isomers) and unsymmetrical alkenes (up to six isomers) and,
as a consequence, the usefulness of this reaction for the synthesis of more complex
molecules is uncertain at the moment. A theoretical investigation has been under-
taken to elucidate the reaction pathway and the role of the ketimine subunit. It could
be shown that the ketimine functionality is important as it acts as a bidentate ligand

Scheme 9.25 Synthesis of complex spiro-heterocycles.

Scheme 9.24 Synthesis of five-membered carbo- and heterocyclic compounds.
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for the initial coordination of the low-valent iron complex and thereby the limitation
with respect to this special functional group was rationalized [58].

9.6
[4þ 2]-Cycloadditions

The generation of six-membered ring systems by means of cycloaddition reactions
canbe divided into twomain approaches. Thefirst is the cyclotrimerization of alkynes
utilizing low-valent iron catalyst systems, whereas the second approach is the
Diels–Alder (DA) reaction of a diene and a dienophile. The latter reaction can itself
be divided into three subclasses: DA reactions with normal, neutral and inverse
electron demand are known. The electronic structure of the educts dictates the
oxidation state of the catalyst system required to perform the diverse classes of DA
reactions. Nevertheless, for each subclass examples can be found.

9.6.1
Diels–Alder Reactions with Normal Electron Demand

The rate of theDA reactionwith normal electrondemand can generally be accelerated
by Lewis acids, which coordinate to the dienophile and lower theHOMOenergy level
of the reactant. The achiral versions of these DA reactions have been investigated
by applying the CpFe(CO)2

þ fragment in homogeneous [59, 60] and in polymer-
modified catalyst systems [61]. Ferrocenium hexafluorophosphate was also reported
to catalyze the DA reaction with normal electron demand; however, the extended
reaction times (up to 48 h) at ambient or lower temperatures (0–20 �C) indicate that
the Lewis-acidity of Cp2Fe

þ is only moderate at best [62]. The simple iron trichloride
as a stronger Lewis-acid can promote the DA reaction of a,b-unsaturated acetals.
This observation can be rationalized by the Lewis acid-initiated acetal ring
opening generating an intermediate allylic cation 33, which is a good dienophile
(Scheme 9.26). However, the yields are only moderate to good and the scope of
this reaction is only marginally broader than that of the corresponding carbonyl
compounds [63].
On the other hand, many research groups have focused their attention on the

application of chiral iron-based Lewis acids for the generation of chiral products. The
stereodifferentiation of these Lewis acid-based catalysts is inmany casesmoderate or
negligible at ambient temperatures. To obtain good selectivity, only such reactants
that still exhibit good reactivity at low temperatures can be employed. Typical

Scheme 9.26 Iron-catalyzed DA reaction with acetals.
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substrateswhich can be used are (a) cyclopentadiene or isoprene as 1,3-dienes and (b)
acrolein, acrylates, acrylamides and benzoquinone derivatives as dienophiles. These
general restrictions can be observed for almost all chiral Lewis-based catalyst systems
developed so far and a solution is still not in sight.
The iron catalyst center has also beenmodified by chiral ligands in order to induce

stereoselectivity in the DA reaction at low temperatures. As a benchmark transfor-
mation (Scheme 9.27), the conversion of cyclopentadiene and the dienophile 34 was
often used to determine the effectiveness of the chiral iron catalyst system.
The ligands used in the iron-based catalyst systems and the best results for the

respective catalytic system in the reaction of the acrylate derivative 34 with cyclo-
pentadiene are summarized in Figure 9.3.
The best results were obtained with the bisoxazole class of ligands such as 35,

described by Kanemasa and coworkers [64–66] and for the derivative 36 reported
by Corey and coworkers [67, 68] and Sibi et al. [69], who applied heterocyclic additives
to the iron-catalyzed reaction. The bidentate sulfoxide ligand 37 introduced by Khiar
et al. [70] and the phosphorus oxide ligand 38 reported by Imamoto�s group [71] were
less effective with respect to chiral induction.
The modification of the CpFe(L)2

þ fragment in 39 with chiral phosphorus donor
ligands based on chiral 1,2-dioles was investigated by K€undig and coworkers and
tested in the reaction of acrolein derivatives (Scheme 9.28) [72–74].
In addition to these commonplace substrates, only a few extraordinary educts have

been used in iron-catalyzed DA reactions, such as the naphthoquinones investigated
by Brimble and McEwen [75]. Whereas the application of FeCl3 and a chiral
bisoxazoline ligand gave only a 25% yield and no chiral induction in the reaction
of 2-acetyl-1,4-naphthoquinone with cyclopentadiene, the corresponding copper(II)
triflate gave a 66% yield and moderate enantioselectivities (up to 50% ee). Another
example was reported by Shibasaki�s group in which the 2-alkoxy-1,3-butadiene 40

Scheme 9.27 Benchmark transformation for DA reaction with normal electron demand.

Figure 9.3 Chiral ligands utilized in asymmetric DA reactions.
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was used as the diene component (Scheme 9.29), discovered en route to the synthesis
of polycyclic acylphlorogluranes [76].

9.6.2
Diels–Alder Reactions with Neutral Electron Demand

TheDA reactionwith neutral electron demand cannot be catalyzed by iron complexes
in high oxidation states. Instead, low-valent iron complexes are able to coordinate
both of the non-activated starting materials and induce a stepwise process incorpo-
rating formal oxidative insertion and reductive elimination steps within the ligand
sphere of the iron complex. Consequently, several free coordination sites on the iron
must be available for the educts. The catalysts used are either preformed as low-valent
complexes with potentially labile ligands [77, 78], such as a cyclooctatetraene (COT)
ligand, or the active species is generated in situ by reduction with organometallic
reagents, such as ethyl–metal species [79, 80]. The application of diimine ligands in
low-valent iron-catalyzed DA reactions investigated by tom Dieck and coworkers
showed a higher level of reaction control [81] when 1,3-dienes were reacted with
alkynes and allowed simple introduction of chiral side-chains to control the stereo-
chemistry of the cycloadducts, especially when 1,3-dienes were dimerized in a formal
[4þ 4]-cycloaddition process [82, 83]. A representative example for aDA reactionwith
neutral electron demand using the functionalized alkyne 42 as a dienophile is shown
in Scheme 9.30.
This interesting and inspiring field seems to have been abandoned for some time

and only recently was the pioneeringwork of Petit�s group using an electrochemically

Scheme 9.28 Asymmetric DA reactions with chiral CpFe derivatives.

Scheme 9.29 Iron-catalyzed generation of a natural product synthesis intermediate.
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generated Fe(NO)2 complex for cycloaddition reactions [84] picked up by de Souza
and coworkers in the application of in situ-generated �Fe(NO)2� in ionic liquids
([bmim]PF6¼ 1-butyl-3-methylimidazolium hexafluorophosphate) [85]. The active
species was generated through addition of reducing agents, such as zinc powder, to
catalyze the dimerization of 1,3-butadiene very efficiently (Scheme 9.31).
When isoprene was used, the reactivity was somewhat diminished (TOF: up to

707 h�1) and also mixtures of isomers were encountered.

9.6.3
Diels–Alder Reactions with Inverse Electron Demand

So far, only a single report, by Gorman and Tomlinson of an iron-catalyzed DA
reaction with inverse electron demand, has appeared [86]. The transformation of a
4-oxobutenoate (43) as a rather electron-poor hetero-1,3-diene and an enol ether as
the electron-rich dienophile can be seen as an extreme example of a diastereoselective
hetero-DA reaction controlled by an iron catalyst (Scheme 9.32).
The yields for this transformation are good and the diastereoselectivities are

generally excellent; however, the scope of the iron-catalyzed DA reaction with inverse
electron demand seems to be limited.

9.7
Cyclotrimerization

While the DA reaction is a very elegant way to generate cyclohexene and cyclohexa-
diene derivatives, the cyclotrimerization of alkynes is an atom-economic and efficient

Scheme 9.30 Iron-catalyzed DA reaction with neutral electron demand.

Scheme 9.31 Iron-catalyzed dimerization of 1,3-butadiene.

Scheme 9.32 Iron-catalyzed DA reaction with inverse electron demand.
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route to the synthesis of benzene and other aromatic compounds. The reaction is very
similar to the DA reaction with neutral electron demand, since the startingmaterials
must coordinate within the ligand sphere of the transition metal and insertion
processes and also reductive eliminations are involved in the reactionmechanism. In
addition to many other metals, of which cobalt catalysts are probably the most
important, cyclotrimerization can also be performedwith low-valent iron complexes.
In pioneeringwork byH€ubel andHoogzand [87] and later by Carbonaro et al. [88] and
Usieli et al. [89] concerning the cyclotrimerization of alkynes with cobalt complexes
and diverse iron–carbonyl complexes, it could be shown that the activity of iron–
carbonyl complexes (reaction temperatures mostly >250 �C) is much lower than that
of similar cobalt complexes (which require temperatures of approximately 150 �C).
Nevertheless, later work by Zenneck�s group demonstrated that with the appropriate
labile ethylene ligand bearing iron complexes, such as bis(H2C¼CH2)(toluene)iron
(0) [90], cyclotrimerizations of alkynes can be performed at ambient temperature and
below.However, the instability of the iron complex inhibits a broad application of this
methodology.
An improvement was reported by Pertici�s group by applying an iron sandwich

complex which is able to cyclotrimerize terminal and internal alkynes in good to
excellent yields (Scheme 9.33) [91].
However, functional groups, other than a trimethylsilyl group, were not used

and complex molecular architectures were not addressed. The regioselectivity
for many terminal alkynes is only moderate (R1¼Ph, R2¼H; 44 : 45¼ 65 : 35),
whereas the regioselectivity for trimethylsilylacetylene is excellent (R1¼SiMe3,
R2¼H: 44 : 45¼ 5 : 95).
Okamoto and coworkers recently described the iron-catalyzed cyclotrimerization

of alkynes utilizing a low-valent iron–diimine complex that was generated in situ
upon reduction with zinc dust (Scheme 9.34) [92].
The problem of regioisomerism was avoided by utilizing intramolecular

triynes such as 46 as substrates for the cyclotrimerization process. However, many
diimines and pyridinimines seem to give very reactive complexes so that further
developments can be envisaged.

Scheme 9.33 Synthesis of regioisomers by an iron-catalyzed trimerization of alkynes.

Scheme 9.34 Intramolecular iron-catalyzed alkyne trimerization.
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9.8
[3þ 2]-Cycloadditions

The iron-catalyzed [3þ 2]-cycloaddition (Huisgen reaction) of nitriles and carbonyl
compounds as reported by Itoh et al. is one of the rare examples reported where an
iron reagent can be utilized for the synthesis of 1,2,4-oxadiazoles (Scheme 9.35) [93].
In this reaction,methyl ketones are nitrated at thea-position by Fe(NO3)3 to generate
an a-nitro ketone. This intermediate rearranges to an acyl cyanate, which reacts
further with the nitrile to give the heterocyclic product 48 in good to excellent yields
(R1¼Ph, R2¼CH3; 95% yield).

[3þ 2]-Cycloadditions can also be initiated by the CpFe(CO)2
þ fragment, as

demonstrated by Rosenblum�s group in an early report where a CpFe
(CO)2–CH2CH¼CH2 complex reacts as the C3-component with the CpFe(CO)2

þ

adduct 49 of cyclohexenone to give the bicyclic product 50 (Scheme 9.36) in very
moderate yield of 10% [94].
However, in the presence of Lewis acids such as AlBr3, without the presence of the

CpFe(CO)2
þ Lewis acid the [3þ 2]-cycloaddition process was more effective, giving

the product in 45% yield. The application of a chiral cationic CpFe(diphosphine)
complex as the catalyst (Scheme 9.37) for the asymmetric [3þ 2]-cycloaddition of
nitrones to acrolein derivatives was described by K€undig and coworkers [95].
The products are generated in good to excellent yields and with a high level of

chiral induction. The reaction can be applied to cyclic and acyclic nitrones whereas
only a,b-unsaturated aldehydes are applicable as the dipolarophile.

Scheme 9.35 Iron-initiated Huisgen reaction.

Scheme 9.37 Asymmetric iron-catalyzed Huisgen reaction.

Scheme 9.36 Iron-mediated [3þ 2]-cycloaddition.
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A formal iron-catalyzed [3þ 2]-cycloaddition of styrene derivatives with benzoqui-
none was reported by Itoh�s group [96]. The process is believed to proceed via
electron-transfer reactions mediated by a proposed Fe3þ/Fe2þ couple, which gene-
rates a styrene radical cation and a semiquinone. These intermediates undergo
stepwise addition to yield the benzofuran product 51 (Scheme 9.38). The reaction
seems to be limited to electron-rich alkoxy-functionalized styrenes, as the Fe3þ/Fe2þ

redox couple is otherwise unable to transfer the electrons from the styrene to the
quinone.

9.9
[3þ 3]-Cycloadditions

Along with several other Lewis acids, FeCl3 was also tested by Hsung and coworkers
in the formal [3þ 3]-cycloaddition of enolized 1,3-diketones with a,b-unsaturated
carbonyl compounds (Scheme 9.39) [97]. The iron-catalyzed reaction gave the desired
bicyclic compound 52 in good yields; better results were obtained utilizing BF3�OEt2
or In(OTf)3 as Lewis acid.

9.10
Ring Expansion Reactions

One possibility for achieving ring expansion is the use of carbenium ion inter-
mediates, which can be generated starting from a variety of functional groups.
Among these reactions are transformations of alcoholswith Lewis acids resulting in a
migration of substituents, such as theWagner–Meerwein rearrangement, so that the
most stable carbenium cation is formed. According to this general scheme, iron-
initiated ring expansion reactions are known, where iron salts act as Lewis acid
reagents in dehydrative ring expansion reactions of cyclobutanol derivatives
(Scheme 9.40), as described by Fadel and Sala€un [98].

Scheme 9.38 Formal [3þ 2]-cycloaddition to benzofurans.

Scheme 9.39 Formal [3þ 3]-cycloaddition to bicyclic products.
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In addition to the ring expansion of cyclobutane derivatives, 1-cyclopentylcyclo-
pentanol derivatives and spiro compounds (Scheme 9.41) could be utilized in the
iron-initiated transformation utilizing anhydrous iron(III) chloride on silica, with
good yields [99].
The ring expansion of 1-alkoxy-functionalized cyclohexane carbaldehydes

(Scheme 9.42) was investigated by Kuwajima�s group with 50mol% of FeCl3 to
yield the ring expansion products 53/54 in 89% yield as a 14 : 1 mixture of consti-
tutional isomers [100].
Other methods leading to ring enlargement utilize low-valent iron complexes

such as Fe(CO)5, as was shown by Taber and coworkers in the ring expansion of
vinylcyclopropane derivatives 55 under carbonylating conditions to give the cyclo-
hexenone derivatives (Scheme 9.43) as a 5.9:1 mixture of the 2,5- (56) and the
constitutional isomer, the 2,6-substituted cyclohexenones [101, 102].
Most remarkable is the fact that this method allows the synthesis of interesting

cyclohexenone derivatives which are functionalized in the 5-position. Direct func-
tionalization of the 5-position starting from cyclohexenones is unknown, to the best

Scheme 9.40 Iron-initiated ring expansion reaction via carbenium ions.

Scheme 9.41 Ring expansion of dicyclopentane and spiro derivatives.

Scheme9.43 Iron-catalyzed ring expansionof vinylcyclopropanes.

Scheme 9.42 Ring expansion of cyclohexane carbaldehyde derivatives.
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of our knowledge, and only a few other methods are able to address, indirectly at
best, the synthesis of such 5-substituted compounds [103]. An application of such
a functionalization is exemplified by the synthesis of (�)-delobanone (57 in
Scheme 9.44) utilizing an iron-initiated carbonylative ring expansion reaction of a
complex vinylcyclopropane in the key step [104].
Ring expansion reactions have also been achieved starting from epoxides under

formal CO2 insertion applying Lewis acids in supercritical CO2, as reported by Fujita
and coworkers [105].Whereas iron salts such as FeBr2 and FeBr3 are onlymoderately
active (Scheme 9.45), acceptable results (54%) were obtained using a ZnBr2–Bu4NI
catalyst system for the synthesis of styrene carbonate.
Another approach for the ring expansion of epoxides uses low-valent iron

complexes which open epoxides under reductive conditions, as reported by Hilt
et al. [106]. The iron complexes are reduced and after coordination of the epoxide to
the iron center an electron transfer initiates the radical-type ring opening of the
epoxide. Under formal insertion of an alkene, regioselective formation of tetrahy-
drofurans was observed (Scheme 9.46). The reaction is applicable to a broad range
of acceptor-substituted alkenes bearing another double or triple bond system in
conjugation with the inserted carbon–carbon double bond.
The intermolecular epoxide ring expansion does not rely on the Thorpe–Ingold

effect and is highly regioselective, with moderate to good diastereoselectivities
depending on the ligands used. The intramolecular ring expansion has the advantage
of less radical polymerization side-products and exhibits good to excellent diastereo-
selectivities, especially when iron–salen-type complexes are used [107, 108]. The
intramolecular ring expansion of epoxyalkenes leads to bicyclic structures

Scheme 9.44 Iron-catalyzed key step in the synthesis of (�)-delobanone.

Scheme 9.45 Carbonylative iron-catalyzed ring expansion of epoxides.

Scheme 9.46 Intermolecular ring expansion of epoxides to tetrahydrofurans.
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(Scheme 9.47). Interestingly, if epoxyalkene ethers are used, structures such as 58 are
generated independently of the E/Z-configuration of the alkene and, most strikingly,
the products have close similarity to lignanes [109].
The iron-catalyzed ring expansion reaction is a complementary alternative to

Ti(III) chemistry for the ring expansion of epoxides [110].However, so far the reaction
is limited to styrene oxide derivatives, while the alkene can be broadly varied.

9.11
Conclusion

The use of iron catalysts in various types of cycloaddition and ring expansion
processes has a long tradition in methodology and recent applications in the
synthesis of complex molecules and natural products show promising signs in a
prospering field. Generally, iron catalysts are relatively inexpensive and non-toxic
alternatives to many other transition metal catalyst systems and in the future these
aspects will attract more scientists to explore the possibilities of using iron catalysts
in organic synthesis.

Scheme 9.47 Intramolecular ring expansion to bicyclic products.
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Lapinte, S. Sinbandhit, Organometallics
1992, 11, 3928.

35 W. J. Seitz, A. K. Saha, D. Casper, M. M.
Hossain, Tetrahedron Lett. 1992, 33, 7755.

36 W. J. Seitz, M. M. Hossain, Tetrahedron
Lett. 1994, 35, 7561.

37 W. J. Seitz, A. K. Saha, M. M. Hossain,
Organometallics 1993, 12, 2604.

38 D. J. Casper, A. V. Sklyarov, S. Hardcastle,
T. L. Barr, F. H. F€orsterling, K. F. Surerus,
M. M. Hossain, Inorg. Chim. Acta 2006,
359, 3129.

39 Q. Wang, F. H. F€orsterling, M. M.
Hossain, J. Organomet. Chem. 2005, 690,
6238.

40 P. Tagliatesta, A. Pastorini, J.Mol. Catal. A
2003, 198, 57.

41 T.-S. Lai, F.-Y. Chan, P.-K. So, D.-L.
Ma, K.-Y. Wong, C.-M. Che, J. Chem. Soc.,
Dalton Trans. 2006, 4845.

42 C. G. Hamaker, G. A. Mirafzal, L. K. Woo,
Organometallics 2001, 20, 5171.

43 S. K. Edulji, S. T. Nguyen, Pure Appl.
Chem. 2004, 76, 645.

44 S. K. Edulji, S. T. Nguyen,Organometallics
2003, 22, 3374.

45 P. Braunstein, G. Clerc, X. Morise,
New. J. Chem. 2003, 27, 68.

46 A.G.M.Barrett, J.Mortier,M. Sabat,M.A.
Sturgess, Organometallics 1988, 7, 2553.

47 A. G. M. Barrett, N. E. Carpenter, J.
Mortier, M. Sabat, Organometallics 1990,
9, 151.

48 M. Rosenblum, D. Scheck,
Organometallics 1982, 1, 397.

49 M. Periasamy, A. Mukkanti, D. S. Raj,
Organometallics 2004, 23, 6323.

50 M. W. Bouwkamp, A. C. Bowman, E.
Lobkovsky, P. J. Chirik, J. Am. Chem. Soc.
2006, 128, 13340.

51 M. S. Sigman, B. E. Eaton, J. Am. Chem.
Soc. 1996, 118, 11783.

52 B. E. Eaton, B. Rollman, J. Am. Chem. Soc.
1992, 114, 6245.

53 M. S. Sigman, C. E. Kerr, B. E. Eaton,
J. Am. Chem. Soc. 1993, 115, 7545.

54 M. S. Sigman, B. E. Eaton, J. D. Heise,
C. P. Kubiak, Organometallics 1996, 15,
2829.

55 M. S. Sigman, B. E. Eaton, J. Org. Chem.
1994, 59, 7488.

56 W. Imhof, E. Anders, Chem. Eur. J. 2004,
10, 5717.

57 W. Imhof, A. G€obel, J. Mol. Catal. A 2003,
197, 15.

58 W. Imhof, E. Anders, A. G€obel, H. G€orls,
Chem. Eur. J. 2003, 9, 1166.

References j267



59 A. S. Olson, W. J. Seitz, M. M. Hossain,
Tetrahedron Lett. 1991, 32, 5299.

60 P. V. Bonnesen, C. L. Puckett, R. V.
Honeychuck, W. H. Hersh, J. Am. Chem.
Soc. 1989, 111, 6070.

61 A. K. Saha, M. M. Hossain, Tetrahedron
Lett. 1993, 34, 3833.

62 T. R. Kelly, S. K. Maity, P. Meghani, N. S.
Chandrakumar, Tetrahedron Lett. 1989,
30, 1357.

63 S. P. Chavan, A. K. Sharma, Synlett 2001,
667.

64 S. Kanemasa, Y. Oderaotoshi, H.
Yamamoto, J. Tanaka, E. Wada, J. Org.
Chem. 1997, 62, 6454.

65 S. Kanemasa, Y. Oderaotoshi, S.-i.
Sakaguchi, H. Yamamoto, J. Tanaka, E.
Wada, D. P. Curran, J. Am. Chem. Soc.
1998, 120, 3074.

66 In this case a chiral bisoxazoline ligand
was used: S. Kanemasa, K. Adachi, H.
Yamamoto, E. Wada, Bull. Chem. Soc. Jpn.
2000, 73, 681.

67 E. J. Corey, K. Ishihara, Tetrahedron Lett.
1992, 33, 6807.

68 E. J. Corey, N. Imai, H.-Y. Zhang, J. Am.
Chem. Soc. 1991, 113, 728.

69 M.P. Sibi, S.Manyem,H. Palencia, J. Am.
Chem. Soc. 2006, 128, 13660.

70 N. Khiar, J. Fern�andez, F. Alcudia,
Tetrahedron Lett. 1993, 34, 123.

71 S. Matsukawa, H. Sugama, T. Imamoto,
Tetrahedron Lett. 2000, 41, 6461.

72 E. P. K€undig, C. M. Saudan, F. Viton,Adv.
Synth. Catal. 2001, 343, 51.

73 E. P. K€undig, B. Bourdin, G.
Bernardinelli, Angew. Chem. 1994, 106,
1931;Angew. Chem. Int. Ed. Engl.1994, 33,
1856.

74 M. E. Bruin, E. P. K€undig, Chem.
Commun. 1998, 2635.

75 M. A. Brimble, J. F. McEwan, Tetrahedron:
Asymmetry 1997, 8, 4069.

76 H. Usuda, A. Kuramochi, M. Kanai, M.
Shibasaki, Org. Lett. 2004, 6, 4387.

77 J. P. Genet, J. Ficini, Tetrahedron Lett.
1979, 17, 1499.

78 A. Carbonaro, A. Greco, G. Dall�Asta,
J. Org. Chem. 1968, 33, 3948.

79 H. tom Dieck, R. Diercks, Angew. Chem.
1983, 95, 801; Angew. Chem. Int. Ed.
Engl.1983, 22, 778.

80 A. Greco, A. Carbonaro, G. Dall�Asta,
J. Org. Chem. 1970, 35, 271.

81 H. tom Dieck, J. Dietrich, Angew. Chem.
1985, 97, 795; Angew. Chem. Int. Ed. Engl.
1985, 24, 781.

82 H. tom Dieck, J. Dietrich, Chem. Ber.
1984, 117, 694.

83 K.-U. Baldenius, H. tom Dieck, W. A.
K€onig, D. Icheln, T. Runge, Angew. Chem.
1992, 104, 338; Angew. Chem. Int. Ed.
Engl.1992, 31, 305.

84 E. Le Roy, F. Petit, J. Hennion, J. Nicole,
Tetrahedron Lett. 1978, 27, 2403.

85 R. A. Ligabue, J. Dupont, R. F. de Souza,
J. Mol. Catal. A 2001, 169, 11.

86 D. B. Gorman, I. A. Tomlinson, Chem.
Commun. 1998, 25.

87 W.H€ubel, C. Hoogzand,Chem. Ber. 1960,
93, 103.

88 A. Carbonaro, A. Greco, G. Dall�Asta,
J. Organomet. Chem. 1969, 20, 177.

89 V. Usieli, R. Victor, S. Sarel, Tetrahedron
Lett. 1976, 31, 2705.

90 A. Funhoff, H. Sch€aufele, U. Zenneck,
J. Organomet. Chem. 1988, 345, 331.

91 C. Breschi, L. Piparo, P. Pertici, A. M.
Caporusso, G. Vitulli, J. Organomet.
Chem. 2000, 607, 57.

92 N. Saino,D. Kogure, K. Kase, S. Okamoto,
J. Organomet. Chem. 2006, 691, 3129.

93 K.-i. Itoh, H. Sakamaki, C. A. Horiuchi,
Synthesis 2005, 1935.

94 A. Bucheister, P. Klemarczyk, M.
Rosenblum,Organometallics 1982, 1, 1679.

95 F. Viton, G. Bernerdinelli, E. P. K€undig,
J. Am. Chem. Soc. 2002, 124, 4968.

96 H. Ohara, H. Kiyokane, T. Itoh,
Tetrahedron Lett. 2002, 43, 3041.

97 A. V. Kurdyumov, N. Lin, R. P. Hsung,
G. C. Gullickson, K. P. Cole,
N. Sydorenko, J. J. Swidorski, Org. Lett.
2006, 8, 191.

98 A. Fadel, J. Sala€un, Tetrahedron 1985, 41,
413.

99 A. Fadel, J. Sala€un, Tetrahedron 1985, 41,
1267.

268j 9 Iron-catalyzed Cycloadditions and Ring Expansion Reactions



100 T. Matsuda, K. Tanino, I. Kuwajima,
Tetrahedron Lett. 1989, 30, 4267.

101 D. F. Taber, K. Kanai, Q. Jiang, G. Bui,
J. Am. Chem. Soc. 2000, 122, 6807.

102 D. F. Taber, P. V. Joshi, K. Kanai, J. Org.
Chem. 2004, 69, 2268.

103 G. Hilt, F. Galbiati, Synthesis 2006, 3589;
see alsoM.T.Valahovic, J.M.Keane,W.D.
Harman, in D. Astruc (ed.),Modern Arene
Chemistry, Wiley, New York, 2002, p. 297;
A. R. Pape, K. P. Kaliappan, E. P. K€undig,
Chem. Rev. 2000, 100, 2917.

104 D. F. Taber, G. Bui, B. Chen, J. Org. Chem.
2001, 66, 3423.

105 J. Sun, S.-I. Fujita, F. Zhao, M. Arai, Appl.
Catal. A 2005, 287, 221.

106 G. Hilt, P. Bolze, I. Kieltsch, Chem.
Commun. 2005, 1996.

107 G. Hilt, C. Walter, P. Bolze, Adv. Synth.
Catal. 2006, 348, 1241.

108 G. Hilt, P. Bolze, K. Harms, Chem. Eur. J.
2007, 13, 4312.

109 G. Hilt, P. Bolze, M. Heitbaum, K. Hasse,
K. Harms,W. Massa, Adv. Synth. Catal.
2007, 349, 2018.

110 A. Gans€auer, J. Justicia, C.-A. Fan, D.
Worgull, F. Piestert, Top. Curr. Chem.
2007, 279, 25.

References j269





Index

a
acetal 218
– N,P-acetal 224
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– Brønsted 217ff.
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acid-base catalyst 39
acyl chloride 169
acyl electrophile 168ff.
– cross-coupling reaction 168
acyl iron complex 9f.
acyl sulfonate 169
acylal 218
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– Friedel-Crafts 181f.
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addition reaction 211ff.
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– diastereoselectivity 247
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– Mukaiyama 222
alkane hydroxylation 78
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– stereoselective 81
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– [Z2-alkene-Fp]þ complex 8
– Z2-alkene-tetracarbonyliron complex 7
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– cyclopropanation 253
– diamination 88
– dihydroxylation 82f.
– epoxidation 52, 80ff.
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– iron complex 7
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– cross-coupling reaction 150ff.
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– cross-coupling reaction 152f.
alkenyl triflate 149
– cross-coupling reaction 149
alkyl electrophile 161ff.
– cross-coupling reaction 161ff.
alkylation
– alkene 186
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– enantioselective 188
– Friedel-Crafts 183
alkyllithium 170
alkyne trimerization 261
2,3-allenol derivative 172
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allylic alkylation 210ff.
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– heme iron complex 95
allylic oxidation 92f.
– chemoselectivity 93
– iron-catalyzed 93
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– p-allyl mechanism 211
– iron-catalyzed 203ff.
– regio- and stereoselective 211
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– iron-catalyzed 211
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– nitration 179
arenium ion mechanism 177
aromatic substitution
– electrophilic 178ff.
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Bignelli reaction 238
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butterfly structure 42
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C��H activation 44
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CpFe
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cross-coupling reaction 147ff., 161ff., 154ff.
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– chemoselectivity profile 163
– mechanism 148
– stereospecific 148
crotylboration 15
cyclization
– 5-exo-trig 167
– Prins 220
[2þ1]-cycloaddition 10, 249ff.
[2þ2]-cycloaddition 254f.
[2þ2þ1]-cycloaddition 6
[3þ2]-cycloaddition 8, 262
[3þ3]-cycloaddition 263
[4þ1]-cycloaddition 256
[4þ2]-cycloaddition 10, 257
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complex 15
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cycloisomerization 245ff.
– [4þ4] 246
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cyclopropanation 253
– diastereo- and enantioselective 253
cyclopropane
– acetal 172
– formation 252
cyclopropylglycine 17
cyclotrimerization 260f.
cytochrome 48
– model 95
– P450 catalysis 49ff.
– P450 mutant 53f.
– P450CAM 48ff.
– P450BM-3 48ff.

d
Davies-Green-Mingos rule 16ff.
N/S/O-dealkylation 52
deamination
– oxidative 52
dechlorination
– iron-catalyzed 199
dehalogenation
– Heck-type reaction 201f.
– oxidative 52
– reductive 52
dehydration 52
dehydrogenation 52ff.
(��)-delobanone 265
desaturation 39
1,1-diacetate 218
diamination 87
diamine
– N-monosulfonylated 82
diarylzinc reagent 166f.
diazo compound 204
– insertion into N��H bond 201f.
dibenzopyran 238f.
dicarbonyl(h5cyclopentadienyl)iron-alkyl

complex 10
dicyclopentane 264
– spiro derivative 264
Diels-Alder reaction 257ff.
– asymmetric 258f.
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– inverse electron demand 260
– neutral electron demand 259
– normal electron demand 257f.
diene
– a,o-diene 255
– (R)-dimethyl-2-methylaziridine-1,2-

dicarboxylate 65
– iron complex 11
– monoepoxidation 63
dinuclear iron center 39
trans-diol 83
dioxygen activation 41
dioxygenase 30ff., 46
dioxygenation 36
8,8-diphenylheptafulvalene 12
discorhabdin 16
disproportionation 104
disulfide 111
dithiol 113
Doyle-Kirmse reaction 204
– iron-catalyzed 204

e
electrophile
– acyl 168ff.
– alkenyl 147
– alkyl 154ff.
– aryl 161ff.
enamine 22, 233
ephedrine 232
epoxidation 62, 252
– enantioselectivity 62
– indene 64
– Jacobsen�s 81
– regioselective 62
epoxide formation 251
– iron-catalyzed 251
epoxide reduction 52
ester
– alkylation 184
– a,b-unsaturated 133
esterification 224
ether
– alkylation 184
N-ethylpyridinium trifluoroacetat

[EtPy]þ[CF3COO]
� 183

f
fatty acid 39
Fe, see iron
ferracyclopentadiene 6
ferrate catalyst 198
– nucleophilic substitution 205
ferrate complex 199

Ferrier transformation 219
ferrocene 18ff.
Finkelstein reaction 198
– iron-catalyzed 198
Friedel-Crafts acylation 181f.
– ionic liquid 182
– microwave-assisted 182
Friedel-Crafts alkylation 183
Friedländer quinoline

synthesis 237

g
(��)-gibboside 247
Gif chemistry 73ff.
– tert-butyl hydroperoxide (TBHP)

system 73ff.
– hydroperoxide 73
– non-radical FeIII/FeV manifold 74
– oxidation of saturated hydrocarbon 73
– oxygenation mechanism 74
– radical FeII/FeIV manifold 75
Gif oxygenation system 74
Gif paradox 73
glucal 219
O-glycoside 219
green chemistry 182
Grevels�reagent 12
Grignard reagent 23, 147ff.
– alkenyl-Grignard reagent 165ff.
– aryl-Grignard nucleophile 156
– Grignard-derived functionalized copper

reagent 156
– inorganic 154
– substitution 206
Grignard species
– inorganic 23

h
hafnium(IV) triflate 182
halogenation 61, 179
halohydration 62
haloperoxidase reactivity 61f.
Hantzsch synthesis 236
Heck-type reaction 201ff.
– mechanism 202
heme iron complex 95
heme peroxidase 51ff.
– catalysis 56
heme protein
– catalysis 48ff.
– classification 48
hetero-ene reaction 104
heteroarene 190
– radical functionalization 190
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heteroatom
– oxidation 109ff.
heterocycle
– N-aryl 191
– spiro 256
– synthesis 236ff.
heterogeneous catalysis 233
hexadentate phenol ligand 88
Hieber complex 208
Hieber-type reaction 4
2-His-1-carboxylate facial triad 30ff.
HIV-1 protease inhibitor 65
horseradish peroxidase (HRP) 48
– epoxidation 62
– mutant 62
Huisgen reaction 262
hydrocarbon
– hydroxylation 52
hydrocarbon oxidation 77ff.
– ligand-free system 77
– N,N- and N,O ligand system 77
– non-heme iron catalyst 77
– pentadentate ligand 78
– tetradentate ligand 78
– tridentate ligand 77
hydrogen abstraction 95
hydrogenation
– carbon—carbon double bond 129ff.
– carbonyl compound 125
– imine 136
– mechanism 135
– phase transfer catalysis 127
hydroperoxide
– allylic 98
hydrosilylation 136ff.
– asymmetric 140
– Fe-catalyzed 136ff.
– vinyltrimethylsilane 137
hydroxylamine-O-sulfonic acid 189
hydroxylase 30ff.
hydroxylation 31ff., 53
– allylic 94f.
– asymmetric cis-hydroxylation 83
– hydrocarbon 52
– heme iron complex 95

i
imination
– allyl sulphide 121
– benchrotene sulfoximine 120
– Fe(acac)3-catalyzed 121
– FeCl2-catalyzed 120
– sulfur compound 119
imine

– addition 223f.
– hydrogenation 136
iminium ion
– addition 223f.
indanone 22
indene
– epoxidation 64
indenone 22
indole 60, 234f.
indolizidine 248
iododobenzene 80
ionic liquid 85, 180ff.
– in situ-generated Fe(NO)2 260
– 1-methyl-3-butylimidazolium chloroferrate

(Fe-IL) 183
– Michael reaction 233f.
iron, see also iron catalyst or iron complex
– carbonyl 84, 256
– catalyzed oxidation 73, 93ff.
– FeIV 33ff.
– Fe(CO)5 22, 84, 126ff., 264
– Fe2(CO)9 212f.
– Fe3(CO)12 126f., 137
– FeCl3 84
– FeCl3/H5IO6 115
– (FeCl3)2(tmeda)3 164
– Fe(dppe)Cl2 204
– Fe(NO3)3�9H2O–FeBr3 115
– Fe2O3 112
– Fe(OAc)2 166
– Fe(OTf )2�2MeCN 88
– ferryl(IV) radical 50
– ionic liquid 183
– K10-Fe(III) montmorillonite 182, 204
– Na[Fe(CO)3(NO)] 208
– non-heme Fe complex with tetra- and

pentadentate ligand 100
– non-radical FeIII/FeV manifold 74
– porphyrin, see also porphyrin 133
– PYBOX SYSTEM 251
– radical FeII/FeIV manifold 75
– tetraphenylporphyrin (Fe(TPP))

chloride 250
– tetraphenylporphyrin (Fe(TPP))

dichloride 201
iron catalyst
– bio-inspired 132
– chiral Fe(salen)Cl 118
– copper bimetallic catalyst 161, 200
– cross-coupling reaction 147ff., 154ff.,

161ff.
– Fe2þ salt 93
– Fe3þ salt 93
– Fe(acac)3 121, 163

Index j275



– Fe(acac)3—CuO 200
– Fe(acac)3–Schiff base ligand 117
– FeCl2 120
– FeCl3 181ff.
– FeIII-EDTA 113
– [Fe(N2)(1,2-bis(diethylphosphano)

ethane)2] 226
– Fe(salan) 118
– formal Fe(–II) 154ff.
– homogeneous 125
– hydrosilylation 136ff.
– non-heme 80
– oxidation 112ff.
– reduction of unsaturated compound 125ff.
iron complex
– alkene complex 7
– Z2-alkene-tetracarbonyliron complex 7
– s-allyl Fe species 210
– p-allyl–Fe nitrosyl 209
– p-allyl–Fe(CO)4 208
– aminodiphosphine complex 134
– biomimetic 102
– carbon monoxide 5
– catalytic reaction 20f.
– catalytically active species 21
– chiral 140
– corrole 201f.
– cyclopentadiene, see CpFe
– dicarbonyl(Z5cyclopentadienyl)iron-alkyl

complex 10
– diimine 261
– electronic configuration 2
– Fe(III) with bidentate ligand 94
– fundamental reaction 2
– heme 95
– ligand 21
– low valent 200, 213
– nitrene 122
– organic chemistry 1ff.
– oxidation state 2
– phthalocyanine 95
– salen Fe(III) complex 100
– salen-type 265
– structure 2
– tricarbonyl(Z2-cis-cyclooctene)iron

complex 12
– tricarbonyl(Z4-cyclopentadienon)iron

complex 4ff.
– trihydride 133
– vinylidene 254
iron enzyme
– dinuclear 100
– mononuclear 100
iron protein

– non-heme 30
iron-sulfur protein 29
(þ)-isoiridomyrmecin 247
isomerization 52
– double bond 22

k
ketone
– hydrosilylation 141
– synthesis 169
Kharasch reaction 84f.
– acyl chloride 85
– intramolecular variant 85
– ionic liquid 85
Knoevenagel condensation 236

l
lactone 227
g -lactone 10
lactonization 85
LDMAN, see lithium
Lewis acid 181, 198ff., 217ff., 262f.
– iron catalyst 198ff., 238
N2Py2 ligand 81
N,N,O-ligand 83
N,O-ligand 79
(�)-limaspermine 16
(S)-limonene 55
lithium
– LDMAN (lithium 1-(dimethylamino)

naphthalenide) 205
– Li2[Fe(C2H4)4] 155
– perchlorate 182

m
macrocyclization 227
Mannich reaction 235
mass spectrometry 229
Me5dien 88
mechanistic probe 42
methane monooxygenase 40, 100
4-methoxyaniline 14
methyl linoleate 131
b-methylamino acid 65
1-methyl-3-butylimidazolium chloroferrate

(Fe-IL) 183
O-methyljoubertiamine 16
N-methylpyrrolidone (NMP) 149
trans-b-methylstyrene 62
(R)-2-mevalonolactone 65
mica
– Fe(III)-exchanged fluorotetrasilicic

234
Michael reaction 226ff.
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– asymmetric 232
– aza-Michael reaction 235
– ionic liquid 233f.
– mechanism 229
– vinylogous 230f.
microperoxidase (MP11) 48
(��)-mitsugashiwalactone 247
MMO mimic system 80
monoepoxidation 63
– diene 63
mono(o)xygenase 46ff.
– activity 62
montmorillonite
– FeIII-exchanged 112
– K10-Fe(III) 182, 204
Mukaiyama aldol reaction 222
multi-nitrogen-based ligand 140
myeloperoxidase 48

n
Na, see sodium
1,4-naphthoquinone 230
nitration reaction 179
nitrene transfer 119
nitrogen heterocycle
– aromatic 136
nitrogen nucleophile 235
nitrogen transfer reagent 103
nitroso compound 109
– oxidation of hydroxylamine 109
NMP, see N-methylpyrrolidone
non-heme Fe complex with tetra- and

pentadentate ligand 100
nucleophile
– aryl-Grignard 156
– carbon 219ff.
– nitrogen 235
– oxygen 218ff.

o
O��O bond cleavage 98
– homolytic 98
olefination
– Peterson-type 204
organoiron complex 4
organoiron polymer 19
orphenadrin 126
overoxidation 107
oxanorbornene 207
oxidant
– Clayfen-type 112
– oxo-iron (salen) 116
oxidase 46
oxidation 44, 109ff.

– activated methylene 76
– alcohol 80
– allylic 92f.
– asymmetric 115ff.
– binary catalyst 115
– chiral Fe(salen)Cl catalyst 118
– Fe(acac)3–Schiff base ligand-catalyzed

117
– FeIII-EDTA-catalyzed 113
– FeIII-exchanged montmorillonite 112
– Fe2O3-mediated 112
– Fe(salan)-catalyzed 118
– hydroxylamine 109
– nitrogen compound 109ff.
– non-asymmetric 114
– oxo-bridged diiron complex 116
– pyrrolidinyl-FeII catalyst 118
– solvent-free 114
– sulphur compound 111ff.
N-oxide reduction 52
oxime 111
oxocarbenium ion 219
oxygen nucleophile 218f.
oxygen rebound mechanism 34
oxygenation 44
– electrocatalytic 97
– mechanism 74
– N/S 52
– oxidative allylic 92ff.

p
P450, see cytochrome
paddlewheel motif 44
pentacarbonyliron 22, 84, 126ff., 264
pentadentate ligand 78ff.
peroxidase 48ff.
– reactivity 56f.
peroxide 36ff.
– disproportionation 58
peroxime proliferator activated receptor

(PPAR) agonist 21
Peterson-type olefination 204
phenoxazoline (Hphox) ligand 79
a-phenyl-N-thioacetylmorpholine 190
photosynthesis 29
phthalocyanine Fe complex 95
(þ)-a-pinene 55
piperidine derivative 227
(E,E)-piperylperperidide 62
polyaddition 227
polymerization 227
porphyrin ligand 253
porphyrin Fe complex 95, 201, 249
– high valent Fe(IV)-oxo 95
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– tetraphenylporphyrin (Fe(TPP))
chloride 250

– tetraphenylporphyrin (Fe(TPP))
dichloride 201

prianosin alkaloid 16
Prins cyclization 220
propargylic acetate 185
propargylic alcohol 171, 184
– nucleophilic substitution 204
propargylic chloride 207
propargylic epoxide 207
protective group 218
(��)-protometinol analogue 247
pybox (bis(oxazolinyl) pyridine) 140
– ligand 251
pyrazine derivative 238
pyridine 110, 236f.
pyrimidine 238

q
quinoline derivative 236f.
quinolizidine 248
quinonimine 14

r
radical autoxidation pathway 75
– Perkin�s 76
radical cyclication 168
radical functionalization 190
rebound mechanism 95
reduction 39
– homogeneous iron catalyst 125ff.
– unsaturated compound 125ff.
Reformatsky reaction 221
regioselectivity 107
regiospecificity 39
Rieske dioxygenase 100
ring cleavage 38
ring expansion reaction 263ff.
– intramolecular 266
ring opening reaction 252

s
Sakurai reaction 220
salen Fe(III) complex 100
scandium triflate 184
b-scission of alkyl peroxide
– reductive 52
sigmatropic rearrangement sequence 121
sodium
– Na[Fe(CO)3(NO)] 209
spectroscopy
– EXAFS 229

– Raman 229
stereocenter
– quaternary 233
ð�Þ-sterpurene 11
styrene 138, 189
– aziridination 250
substitution
– allylic 202ff.
– aromatic 177ff., 189
– conjugate nucleophilic 204ff.
– electrophilic 178ff.
– ferrate complex 199
– iron-catalyzed 177ff., 197ff.
– non-activated C��X bond 197
– nucleophilic 189, 197ff., 205f.
– SE1 mechanism 177
– SN1 mechanism 177
– SN2 type 203ff.
– SN20 type 206
– SNAr mechanism 177, 189
– SNt reaction 225
succinyl succinate 227
sulfide 113
– oxidation 113
sulfilimine 119
sulfonic acid 181
sulfonylation 180
sulfoxidation 57
– asymmetric 57
– stereospecific 58
sulfoximidation 120
sulfoxide 113
sulfoximine 119
sulindac 117
superacidic system 181
superoxide 33ff.
synzyme 64

t
TACN ligand 88
taurine dioxygenase (TauD) 31ff.
tautomerism 230
terphenyl carboxylate 43
tetradentate ligand 78
tetrahydrofuran 265
tetrakis(ethylene) ferrate complex 163
thiadiazole 111
thiol 111
thiosemicarbazole 111
thioxocarbenium ion 219
tmda (N,N,N0,N0-tetra-

methylethylenediamine) 140
TMEDA 166
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(R)-p-Tol-BINAP 172
toluene 181
toluene dioxygenase (TDO) 57
TPA (tris(2-pyridylmethyl)amine) ligand

family 78
– 6-Me3-TPA ligand 83
tpoen ligand 79
transfer hydrogenation 127f.
1,4,7-triazacyclononane 36ff.
tricarbonyl(h2-cis-cyclooctene)iron

complex 12
tricarbonyl(h4-cyclopentadienon)iron

complex 4ff.
tridentate ligand 77
triflate [OTf]�

– Fe(OTf )2�2MeCN 88
triflic acid 181f.
trimerization 261
trimethylenemethane-iron complex 8
trimethylenemethanetricarbonyliron 9
tripodal ligand 37
turnover number (TON) 93

u
uncoupled reaction 34

v
vinylcyclopropane 264
vinyltrimethylsilane 137

w
Wagner-Meerwein rearrangement 263
Walphos 21
windmill motif 44

x
xanthenedione 239
Xanthphos 166
o-xylene 186ff.

y
yohimbane alkaloid 6

z
zeolite 181
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