
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
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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 carbon monoxide 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.

1.3 Organoiron Complexes and Their Applications j9



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 demand blocks 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

1.3 Organoiron Complexes and Their Applications j17



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

22j 1 Iron Complexes in Organic Chemistry



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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