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Preface

Global energy consumption has increased tremendously in past decades due to

intensified industrialization and growing world population. Apart from inventing

new energy producing processes, the development of energy saving procedures

offers the greatest chance to meet our energy needs in the long run. In this context,

catalysis is certainly one of the key technologies for the coming decade. In order for

a catalytic process to really make an impact, it has to be:

l Broadly applicable

l Selective

l Waste free

l Affordable

l Based on abundant materials

Modern research in catalysis tries to fulfill most of these criteria and a variety of

powerful concepts have been developed within the past 30 years. However, the

price of the catalyst is another variable that needs to be optimized in this equation.

Iron offers some advantages with regard to this problem. It is abundant in sufficient

amounts, nontoxic, and even nonnatural complexes can be metabolized into non-

toxic products. However, iron complexes as catalysts have only recently been

rediscovered after a period of almost 30 years, which was dominated by late

transition metal complexes based on, for example, Ru, Rh, or Pd. This is even

more surprising if one considers iron complexes to be the origin of modern

organometallic chemistry. However, with regard to stability and reactivity, these

complexes oppose severe synthetic challenges like, for example, spin ground state,

oxidation state, etc. The advent of new spin-independent analytical techniques, plus

the progress in the field of well-established techniques like Mössbauer spectrosco-

py, ESR, NMR, EXAF, SQUID, etc., have helped to address some of the funda-

mental problems in modern iron-based organometallic chemistry. Based upon this

technological progress and the aforementioned general interest in identifying cata-

lytic transformation by using readily available metal sources, catalysis by iron

complexes is witnessing a tremendous comeback.

ix



In line with these current developments, publishing a book dealing with the most

recent achievements in this field is particularly timely. The volume is structured in

chapters according to the type of metal complex. In every chapter, a brief introduc-

tion on the general chemical properties of the respective class of Fe-complexes will

be given. Subsequently, representative examples for different catalytic transforma-

tions with a special emphasis on the various reaction manifolds will be presented.

This structure implies that the reviews are not comprehensive but are meant to

improve the understanding of the catalytic role a certain iron complex plays within

the mechanism.

This book will complement existing reviews and monographs in this field and

will be a source of inspiration for chemists working in various field of chemistry.

Stuttgart, Germany Bernd Plietker
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Catalysis by Means of Fe-Based Lewis Acids

Juan I. Padrón and Vı́ctor S. Martı́n

Abstract The interest and use of iron salts as catalysts in organic chemistry has

shown an exponential growth in the past years. There has been an increasing

demand for environmentally friendly and sustainable chemical methods, distin-

guished by the low cost and environmentally benign character of the iron salts used.

This chapter focuses on reactions in which iron salts produce activation on unsatu-

rated functional groups provided by the Lewis-acid character of these salts.

Keywords Alkene � Alkyne � Catalysts � Fe � Lewis acids
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Abbreviations

Ac Acetyl

acac Acetylacetonate

Alk Alkyl

Ar Aryl

bmim Butylmethylimidazolium

Bn Benzyl

cat Catalytic

DCE 1,2-Dichloroethane

DMF N,N-dimethylformamide

equiv Equivalent(s)

Et Ethyl

h Hour(s)

HSAB Hard and soft acids and bases

i-Bu iso-Butyl
i-Pr Isopropyl

Me Methyl

min Minute(s)

mol Mole(s)

MS Molecular sieves

NIS N-iodosuccinimide

n-Pr n-Propyl
Ph Phenyl

rt Room temperature

t-Bu tert-Butyl
TfO Trifloromethanesulfonate

TfOH Trifluoromethane sulfonic acid

TMS Trimethylsilyl

Ts 4-Toluensulfonyl

1 Introduction

Iron is the second most abundant metal on earth. It is a group 8 and period 4 element

with [Ar] 3d64s2 as electronic configuration. Iron as a metal is rarely found because

it oxidizes readily in the presence of oxygen and moisture. Hence, it forms salts in

its preferred oxidation state +2 and +3.

Iron halides are the most common of these salts [more specifically as a chloride:

iron(II) chloride (ferrous chloride or FeCl2) and iron(III) chloride (ferric chloride or

FeCl3)].
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In 1963, Pearson introduced the hard and soft acids and bases (HSAB) principle,

ordering Fe3+ as hard acid and Fe2+ as borderline acid [1]. Although the HSAB theory

is qualitative, it has found widespread use in chemistry.1 However, as a qualitative

description it does not allow for the quantification of hardness or softness. Several

attempts have been made to quantify hardness–softness on a normalized scale

associated with physical properties, quantum mechanical principles using perturba-

tion molecular orbital theory, and density functional theory [2–6]. According to this,

Parr and Pearson obtained values of � (the absolute hardness) for molecules and ions

relative to Al3+ as the metal with the highest value of 45.8 [2]. The expected increased

hardness with increased oxidation state can be seen by comparing Fe0 (� ¼ 3.9), Fe2+

(� ¼ 7.2), and Fe3+ (� ¼ 13.1). Hence, Fe0 is a soft Lewis acid. It should be noted

that when transition-metal atoms act as Lewis acids it is usually in an excited valence

state. Accordingly, iron atoms are 3d8 and not 3d 6 4s2 when acting as a Lewis acid.

A correction of the � value for this effect will lower the corresponding numbers.

Furthermore, the addition of three chloride ions to Fe3+ lowers the hardness consid-

erably since the � value of Fe3+ must be considered as a hypothetical upper limit in

discussing the Lewis-acid catalyzed chemistry of iron salts. As a matter of fact, any

Lewis base lowers the � value of an ionic acid.

Despite these studies, the effect of Lewis acidity strongly depends on the type of

the reaction that is promoted or catalyzed. In 1972, Olah et al. classified Lewis acids

in Friedel–Crafts alkylation reactions [7]. Iron(III) and iron(II) chloride were

classified as moderately active and weak, respectively. In 2000, Kobayashi et al.

reported a further classification of Lewis acids based on the activity and selectivity

in addition reactions of a silyl enolate to an aldehyde and an aldimine [8]. FeCl3 was

classified in the active group as aldimine selective, while FeCl2 kept the same type

of selectivity but in the weak group. According to Olah, SnCl4 and FeCl3 have

strong affinities for Cl atoms (compared with AlCl3) especially in carbonyl-containing

solvents [9]. In addition, Sn4+ and Fe3+ are considered softer than Al3+, although

they are still classified as hard acids [10].

Apart from the hardness and softness, two reactivity-related features need to be

pointed out. First, iron salts (like most transition metal salts) can operate as

bifunctional Lewis acids activating either (or both) carbon–carbon multiple

bonds via p-binding or (and) heteroatoms via s-complexes. However, a lower

oxidation state of the catalyst increases the relative strength of coordination to the

carbon–carbon multiple bonds (Scheme 1).

Second, apart from a different mode of activation, different modes of reactivity

are observed. Hence, for FeCl3 reactions like oxidative C–C but also nonoxidative

C–C couplings are as well observed as bond formation via Lewis-acid activation

(Scheme 2) [11–16]. Depending on the reaction type, one or more mechanistic

pathways are accessible at the same time, which makes it difficult to shed light into

mechanistic details.

1Once acids and bases have been classified as hard or soft, a simple rule of the HSAB principle can

be given: hard acids prefer to bond to hard bases, and soft acids prefer to bond to soft bases.

Catalysis by Means of Fe-Based Lewis Acids 3



Since aromatic substitutions, aliphatic substitutions, additions and conjugate

additions to carbonyl compounds, cycloadditions, and ring expansion reactions

catalyzed by Fe salts have recently been summarized [17], this section will focus

on reactions in which iron salts produce a critical activation on unsaturated func-

tional groups provided by the Lewis-acid character of these salts.

2 C–C Bond Formation

2.1 Aromatic C–C Bond Formations

In the early 1970s, Olah et al. investigated the Friedel–Crafts benzylation of

benzene and toluene with benzyl chloride derivatives in the presence of various

FeCl3 RCHO + SiMe3
R

OSiMe3

Lewis acid

MeO
MeO

MeO

Br

Br

Br

OMe

OMe

OMe

oxidative C-C coupling

Cl

n-C6H13MgBr

+

C6H13-n

Cross-coupling reaction

ac

b

Scheme 2 Iron can work as Lewis acid, organometallic and oxidation catalyst

X LA

LA

LA

LA

LA

LA = Lewis AcidX = O,N 

X

LA

σ-
b

in
d

in
g

π-
b

in
d

in
g

Scheme 1 s- and p-binding
of bifunctional Lewis acid
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Lewis acids [7]. Friedel–Crafts catalysts were classified according to their activity in

four categories: A, very active catalyst which also bring about intra- and intermolec-

ular isomerizations; B1 and B2, moderately active and weak catalysts, respectively,

which bring about no isomerization; and C, very weak or inactive catalysts. FeCl3
was classified in the moderately active group B1 providing high yields of benzylation

with no extensive accompanying side reactions, whereas FeCl2 was classified as a

weak catalysts (group B2) giving low yields of benzylation with no side reactions.

The toxic and/or hazardous properties of many solvents, notably chlorinated

hydrocarbons, are making their use unadvisable, thus promoting the quest for novel

reaction media. Since the pioneering work of Seddon [18], ionic liquids have

emerged as a new class of stable, inert solvents with unique properties. Friedel–

Crafts acetylations have been reported by Horváth using ionic liquids prepared

from FeCl3 and 1-n-butyl-3-methylimidazolium chloride ([bmim]Cl) [19]. This

group has shown that the mechanism of the Friedel–Crafts acetylation of benzene

in the presence of MCl3 (M ¼ Al or Fe) is exactly the same in [bmim]Cl as in

1,2-dichloroethane (Scheme 3).

Furthermore, Jana et al. developed a FeCl3-catalyzed C3-selective Friedel–

Crafts alkylation of indoles, using allylic, benzylic, and propargylic alcohols in

nitromethane as solvent at room temperature. This method can also be used for the

alkylation of pyrrole (Scheme 4). The reactions were complete within 2–3 h without

the need of an inert gas atmosphere leading to the C-3-substitution product exclu-

sively in moderate to good yields [20].

The FeCl3-catalyzed Friedel–Crafts reactions of electron-rich arenes with imines

or aziridines provide a facile and convenient route for the synthesis of b-aryl

H3C
O

Cl

MCl3

H3C
O

Cl

MCl3
H3C O MCl4

O

CH3

MCl3
– HCl

–

Scheme 3 Proposed mechanism of the Friedel–Crafts acetylation in the presence of MCl3
(M ¼ Al or Fe)

N
R1

R2
R3

OH

FeCl3 (10 mol % )
nitromethane

N
R1

R2

R3R4

R4

R1 = H, Me, Ts
R2 = Me
R3 and R4 = allylic, benzylic
propargylic, and aromatic

40-98%

Scheme 4 FeCl3 catalyzed

Friedel–Crafts alkylations of

indoles with alcohols
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amines. Wu et al. found that the reactions of imines were highly substrate-dependent

generating mono- or double-substitution products. The reaction of arenes with

aziridines, however, led to a regioselective formation of the desired ring-opening

products in moderate to good yields (Scheme 5) [21].

In 2007, Womack et al. published the conversion of 2-alkylcinnamyldehydes to

2-alkylindanones via a catalytic intramolecular Friedel–Crafts reaction. In the pre-

sence of 5–10 mol% FeCl3 different in situ generated (E)-2-alkylcinnamaldehydes-

derived dimethyl acetals cyclized to 1-methoxy-2-alkyl-1H-indenes in good to high
yields (Scheme 6) [22]. The transformation corresponds to a formal intramolecular

Friedel–Crafts acylation which is achieved with catalytic quantities of Lewis acid.

This result is in strong contrast to traditional Friedel–Crafts acylations which

require stoichiometric amounts of Lewis acid.

Womack’s group improved the procedure using Ac2O at room temperature in

the presence of 4–6 mol% FeCl3. The in situ generated acylals of 2-alkylcinnamal-

dehydes undergo an intramolecular Friedel–Crafts reaction to yield indenyl acetates

at rt in the presence of catalytic amounts of Fe(III) (Scheme 7) [23]. Based on

experimental results, the authors proposed an intramolecular Friedel–Crafts reac-

tion in which an allylic oxocarbenium ion, derived from the in situ generated acylal,

alkylates the phenyl group to form the indane skeleton (Scheme 7). A potential

mechanism would be an allylic rearrangement of the acylal to a 1,3-diacetoxy-1-

propene intermediate. This intermediate could regenerate either the E- or Z-acylal,
resulting in isomerization of the double bond, or it could lead directly to the cationic

species needed for the intramolecular Friedel–Crafts reaction.

As described above, propargylic alcohols can serve as electrophilic alkyl equiva-

lents in intermolecular Friedel–Crafts reactions. However, the related intramolecular

NTs

R1

R2
+ FeCl3 (5 mol%)

R2

R1

NHTs

nitromethane,
rt, 2 min

56-90%

Scheme 5 FeCl3 as efficient catalyst for reactions of electron-rich arenes with imines or aziridines

H

R

O

R1 R1
OMe

R
(MeO)3CH

FeCl3 (5 mol%)
MeOAc, reflux

R = Me, Et
R1 = alkyl, OMe

R1 = H 90-96%

65-96%

Scheme 6 Iron(III)-

catalyzed conversion of

2-alkylcinnamaldehydes to

2-alkylindanones via a

catalytic intramolecular

Friedel–Craft reaction
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Friedel–Crafts reaction remains unexplored, possibly due to the difficulty of the

cycloalkyne formation. A mild, versatile, and efficient method for the one-step

synthesis of substituted dihydro- and tetrahydroisoquinolines has been developed

by the FeCl3�6H2O-catalyzed intramolecular allenylation/cyclization reaction of

benzylamino-substituted propargylic alcohols, representing the first example of the

intramolecular Friedel–Crafts reaction of propargylic alcohols (Scheme 8) [24, 25].

FeCl3, InCl3, and Yb(OTf)3 also exhibit good catalytic activity for the reaction.

An interesting intramolecular Friedel–Crafts-type cyclization was developed by

Pericàs et al. Thus, aryl glycidyl ethers reacted to 3-chromanols as the only reaction

product when treated with a catalytic amount of FeBr3 in the presence of AgOTf in

CH2Cl2 at room temperature (Scheme 9) [26]. The addition of a silver salt proved to

NTsNTs

R2

R2

R2

R1

R1 R1

HO

FeCl3.6H2O (cat)

C

isomerization NTs

CH3NO2, rt

37-91%

Scheme 8 One-step synthesis of substituted dihydro- and tetrahydroisoquinolines by FeCl3�6H2O-

catalyzed intramolecular Friedel–Crafts

Ph Ph

R

Ph

R

OAc

OAc

OAc

OAc

OAc

OAc

OAc

OAc

AcO

RR

R

R

Scheme 7 Proposed mechanism to iron(III)-catalyzed indenyl acetate formation

R2

R2

R3

R3
R4

R4

O
O

R1

R1

FeBr3/AgOTf (10 mol %)
O

OH

R1 = Ph, p-BrAr, H
R2 = OMe, Me, H
R3 = OMe, H, I, t-Bu
R4 = OMe, H, Me

17-99%

CH2Cl2

Scheme 9 Iron(III) bromide-mediated cyclization of aryl glycidyl ethers to 3-chromanols

Catalysis by Means of Fe-Based Lewis Acids 7



be beneficial to both yield and reaction times most likely due to an activation of

the FeBr3 by abstracting a bromide from the iron center leading to a highly active

Fe-based Lewis-acidic species.

2.2 Aliphatic C–C Bond Formation

Martı́n, Padrón, and coworkers have reported on the scope and limitations of the use

of iron(III) halides as effective catalysts in the coupling of alkenes or acetylenes

with aldehydes to achieve a wide variety of useful synthetic transformations. All

these reactions are shown in Scheme 10, which serves as a guide through the

aliphatic C–C bond formation section [27].

OR

X

OR

X

OR

O

R1 R2

R3

O

R1

R2

FeX3

X = Cl, Br
R = Alkyl or Aryl

H R1

R1

X R2

X

R1

H H

HO
RCHO +

HO

SMT

RCHO +

R1R2 + R3CHO
RCHO +

HO

OH

R5

OH O

R3
R1OH

R1

.
R2

A B

D

E
FG

H

R1

R1

R1

SMT

SMT

R1

H R1 + R2CHO

R1

O

R1

X
and/or

C

OH
R1

Me
+ R3CHO + R5CHO 

OR

X+ RCHO

I

Scheme 10 Reactions of FeX3 with different unsaturated substrates
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2.2.1 Aliphatic C–C Bond Formation Using Acetylenes

Use of Nonfunctionalized Acetylenes

Terminal aliphatic alkynes (e.g., 1-octyne) react with iron(III) halides (FeCl3 and

FeBr3) to give the corresponding 2-halovinyl derivatives (route A, Scheme 10).

The moderate yields were remarkably improved upon addition of stoichiometric

amounts of carboxylic acids.

On the basis of these results and Damiano’s report [28], Darcel et al. described

an iron-catalyzed hydration of terminal alkynes using catalytic amounts of iron(III)

chloride (10 mol%). The reaction selectively leads to the corresponding methyl

ketone derivatives (Scheme 11) [29]. Iron(II) species such as FeCl2 or Fe(OAc)2
were not able to promote the reaction, the starting phenylacetylene remained

unchanged after several days at 75�C.

The influence of iron(III) salts on coupling reactions of alkynes and aldehydes

(Scheme 10, routes B and C) was also explored. In these routes, a new stereo-

selective coupling of alkynes and aldehydes was unmasked, which led to (E,Z)-1,5-
dihalo-1,4-dienes (route B, Scheme 10) and/or (E)-a,b-unsaturated ketones (route

C, Scheme 10) [27].

Both aliphatic and aromatic terminal alkynes reacted with aliphatic aldehydes

giving exclusively a mixture of (E,Z)-1,5-dihalo-1,4-dienes and disubstituted

(E)-a,b-unsaturated ketones, the former being the major products in all cases.

When nonterminal aromatic acetylenes were used, the trisubstituted (E)-a,b-unsat-
urated ketones were the exclusive compounds obtained. The procedure was not

valid for aliphatic and unsaturated alkynes. However, the catalytic system was found

to be compatible with alcohols and their corresponding acetates although limited

yields were obtained.

Experiments with terminal acetylenes, isolation of an intermediate acetal, alkyne

hydratation studies, and ab initio calculations provide substantiation of a unified

mechanism that rationalizes the reactions in which the complex formation between

the alkyne and the iron(III) halides is the activating step (Scheme 12) [27].

The above-postulated overall mechanism considers two alternative pathways

depending on the nature of the acetylene derivative. RegionA outlines a proposal in

which the formation of the s-complex intermediate is supported by the fact that the

treatment of aliphatic terminal acetylenes with FeCl3 led to 2-chloro-1-alkenes or

methyl ketones (Scheme 12). The catalytic cycle outlined in region B invoked the

formation of the oxetene. Any attempt to control the final balance of the obtained

Ph
FeCl3 (10 mol%)

H2O (3 equiv.), DCE,
75%, 67 h

H
Ph Ph

O Cl

+

96% 4%

Scheme 11 Iron chloride-catalyzed hydration of terminal alkynes
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products under experimental conditions (temperature, addition order, solvent, etc.)

proved fruitless (Scheme 12). Thus, the tendency to follow either the catalytic (B)

or the stoichiometric pathway (A) depends basically on the substitution pattern of

the alkyne used.

A direct C–C bond formation by utilization of benzyl alcohols as alkylating

agent is very attractive as it would be environmentally benign, water being the only

by-product. Recently, Jana and coworkers described FeCl3-catalyzed, sequential

C–C and C–O bond-forming reactions of benzylic alcohols with aryl acetylenes for

the regioselective synthesis of aryl ketones (Scheme 13) [30]. The reaction provides

a simple method for the synthesis of substituted arylketones under mild conditions.

Electron-rich alkynes reacted more efficiently and gave higher yields than did the

neutral or electron-deficient alkynes.

R1

Fe-X

Fe

R1

X

R3

O

H

H

O-Fe
X

R1

R1

X

O-Fe
X

R1

R3

X

R1

R3

O

H

Fe

R1R2

X

R3

O
Fe

R2

X

O

R3 R2

R1

R1

R3

FeCl3

R2 = H

a

b

R1

X

R1

O
or

R1

O

R3

R2

R1

X R3

X

R1

H H

Scheme 12 Lewis acid role of FeX3 in the coupling of acetylenes and aldehydes
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FeCl3�6H2O turned out to be the catalyst of choice for this reaction, since the

presence of water improved the yield. However, high yields of the desired ketones

were obtained for electron-rich alkynes with anhydrous FeCl3 at room temperature.

Alcohols that are sensitive to acid-catalyzed dehydration were also tolerated under

the present conditions (R1 ¼ Me or Et). Based upon experimental observations a

mechanism for this reaction was proposed (Scheme 14).

It was previously observed that with a catalytic amount of FeCl3, benzylic

alcohols were rapidly converted to dimeric ethers by eliminating water (Scheme 14).

In the presence of an alkyne this ether is polarized by FeCl3 and generates an

incipient benzylic carbocation. The nucleophilic attack of the alkyne moiety onto

the resulting benzyl carbocation generated a stable alkenyl cation, which suffer the

nucleophilic attack of water (generated in the process and/or from the hydrated

OH

FeCl3

Ph

O
–

–

–

FeCl3

FeCl3

H

Ph Ph

Ph

OH
H2O + FeCl3

Ph
O

Ph

Ph

Ph

Ph
O

Ph

Ph
FeCl3Ph

Ph

Ph

O
Ph Ph

Ph
+

Ph Ph

Ph

PhPh

Ph

O

H2O

FeCl3

Scheme 14 Probable mechanism of iron(III)-catalyzed addition of benzylic alcohols to aryl

alkynes

R1

R2

OHAr H +
FeCl3 (10-15 mol%) or FeCl3.6H2O (10 mol%)

Ar R2

O R1

nitromethane

Ar = Ph, p-ClAr, p-MeAr,
m-NO2Ar, p-MeOAr, o-MeOAr,
p-TsOAr, o-BrAr
R1

 = Ph, p-ClAr, p-MeAr, m-NO2Ar
R2= Ph, Me, Et

43-80%

Scheme 13 Iron(III)-catalyzed addition of benzylic alcohols to aryl alkynes
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FeCl3 whenever used). To confirm the formation of the ether intermediate a

separate experiment was performed between dimeric ether and phenylacetylene,

observing that the dimeric ether reacted smoothly with phenylacetylene in the

presence of FeCl3�6H2O to produce the desired ketone in a similar yield (�42%)

to that obtained when starting from the benzylic alcohol.

In 2009, Liu and coworkers accomplished an efficient method for preparing

alkenyl halides via direct C–C bond formation of benzylic alcohols and aryl alkynes

in CH2Cl2 by using 50 mol% of FeCl3�6H2O or 50 mol% FeBr3 modifying the

reaction conditions described by Jana. This method proved to be an excellent

alternative to established procedures involving an excess boron trihalides and

stoichiometric amounts of n-BuLi (Scheme 15) [31].

Based on Jana’s methodology, Liu increased the amount of FeCl3�6H2O (from

15 to 50 mol%) and changed the solvent (CH2Cl2 instead of CH3NO2). The desired

alkenyl chloride was obtained in 82% yield using 40 mol% of FeCl3�6H2O at 50�C
in CH2Cl2. Increase of the Lewis-acid dosage to 50 and 60 mol% gave 85 and 80%

isolated yields of the products, respectively. The aryl alkynes with electron-donating

groups gave higher yields of the desired products than those bearing electron-

withdrawing groups, such as fluorine. Heteroaryl alkynes such as 3-ethynyl pyri-

dine and alkyl alkynes were inactive in this reaction. Benzylic alcohols with

carboxyl groups and alkyl alcohols remained inactive.

The plausible mechanism is based on the proposal by Jana and coworkers

(Scheme 14). In this case, the sp-hybridized vinyl cation can be attacked by halide,

instead of water, to give the E/Z isomer of the alkenyl halide. Compared with the

systems using stoichiometric Lewis acid and strong base to prepare substituted

alkenyl halides, the present method would provide an excellent alternative due to

the environmentally benign system and atom efficiency.

Related to these strategies, Fe(OTf)3/TfOH cocatalyzed the coupling reaction of

terminal alkynes with benzylic alcohols in the absence of base by means of a sp–sp3

C–C bond formation (Scheme 16) [32].

Although TfOH can also catalyze this reaction, the collaboration of Fe(OTf)3
and TfOH was found to give higher yields and less side-reactions. The reaction was

50% FeCl3.H2O
Ar

R

OH
Ph+

Ph Ph

XPh

Rr = Me, Et, Ph, p-FAr, etc.
Ar = Ph, p-ClAr, p-MeAr, p-BnOAr,
naphtaleine, p-ClAr, etc.

X = Cl, Br

28-96%

1. n-BuLi
2.BX3

or 50% FeBr3

Scheme 15 Iron(III)-mediated synthesis of alkenyl halides via direct C–C bond formation of

benzylic alcohols and aryl alkynes
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strongly influenced by the nature of the solvent. Polar solvents (DMF and MeNO2)

were not suitable for this transformation.

The coupling reactions of alkynes and aldehydes catalyzed by iron(III) salts have

been discussed above (Scheme 10, routes B and C). The three-component coupling

of aldehydes, alkynes, and amines is equivalent to the coupling reaction between

alkynes and imines. Wang et al. reported such a three-component coupling cata-

lyzed by FeCl3 in the absence of any ligand (Scheme 17) [33].

Several iron sources were screened in a model reaction of phenylacetylene, iso-
butyraldehyde, and dibenzylamine. The three-component coupling reaction could

be catalyzed by Fe(III) salts, Fe(III) oxide, or Fe(II) salts, such as FeCl3�6H2O, Fe

(NO3)�9H2O, Fe2(SO4)3, Fe2O3, Fe(acac)3, FeCl3, and FeCl2 in the absence of any

ligand in toluene. The most effective catalyst for the reaction was anhydrous FeCl3.

In general, iron-catalyzed carbon–carbon and carbon–heteroatom bond formation

reactions could be enhanced by a suitable ligand containing nitrogen or oxygen

atoms. However, N-ligands and O-ligands did not assist in this three-component

coupling reaction.

To check the scope of this coupling reaction, a study with different combinations

of aldehydes, amines, and terminal alkynes was performed. Aromatic alkynes

turned out to be more reactive than aliphatic ones. This study included aliphatic

R H R1CHO NHR2R3+ +
FeCl3 (10 mol %)

toluene, 120 °C
MS 4A

R = Ph, p-MeAr, p-ClAr, p-FAr,
p-PhAr, n-C8H17, n-C6H13

R1 = i-Pr, c-C6H5, n-Pr, Ph, i-But,
p-MeAr, p-MeOAr, p-ClAr

R2=R3= Bn
NHR2R3= piperidine and morpholine

R
NR2R3

R1

70-97%

Scheme 17 Iron-catalyzed three-component coupling reactions of aldehydes, terminal alkynes,

and amines

Fe(OTf)3 (5 mol%)

Ph

OH

R +

R = Ph, o-MeAr, m-MeAr, p-MeAr,
p-MeOAr, p-ClAr,p-tBuAr

R1
 = H, p-MeAr, o-MeAr, m-MeAr, p-BrAr

p-FAr, p-PhAr

54-86%

TfOH (10 mol%)

DCE, reflux, 24 h

Ph

R

R1 R1

Scheme 16 sp–sp3 C–C bond formation via Fe(OTf)3/TfOH-cocatalyzed coupling reaction of

terminal aryl alkynes with benzylic alcohols

Catalysis by Means of Fe-Based Lewis Acids 13



and aromatic aldehydes and a variety of amines (cyclic, heterocyclic, and acyclic).

However, aromatic secondary amines such as N-benzylaniline and N-methylaniline

were less reactive and only trace amounts of the desired propargylamines were

isolated. A possible mechanism is shown in Scheme 18.

The precatalyst FeCl3 is presumably reduced initially to a low-valent Fe(II)

oxidation state. When FeCl2 was used instead of FeCl3 under the optimized

reaction conditions, the corresponding propargylamine was isolated in 91%

yield and a comparable catalytic activity for Fe(II) and Fe(III) was observed.

The authors hypothesized that the generated HCl accelerates the formation of

the immonium salt from the aldehyde and the secondary amines. FeCl3 as a

Lewis acid increases the electrophilic character of the starting aldehyde while

stabilizing the immonium salt. The resulting Fe(III) alkynylate complex sub-

sequently reacts with the immonium salt generated in situ to give the

corresponding propargylamine and regenerates the Fe(II) catalyst for further

reactions (Scheme 18).

Tu found that when aniline was used instead of the secondary amine under

otherwise identical conditions 2,4-diphenyl-substituted quinoline was formed in

56% yield. Phenylacetylene and aniline were initially used as model substrates for

exploring the aldehyde scope. With aromatic aldehydes the reactions proceeded

smoothly to give the corresponding quinolines in moderate to good yields. A hetero-

aromatic aldehyde is also compatible with this transformation and the expected

product was afforded in 83% yield. However, when aliphatic aldehydes were sub-

jected to the reaction, the desired product was obtained in low yield (Scheme 19) [34].

Subsequently, the scope of amines and alkynes in this reaction was investigated,

and it was found that substituted anilines (R2 ¼ p-Me, p-MeO, p-Cl andm-Br) were

R
R1

FeCl2 R
NR2R3

NR2R3

R1

FeCl2

R H

R FeCl2

R1CHO NHR2R3

–

+

+

R2
N

R3

R1

H2O +

Cl

HCl

FeCl3

Scheme 18 Plausible mechanism of iron-catalyzed three-component coupling of aldehyde,

alkyne, and amine
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good substrates for this transformation. With regard to the alkyne scope phenyla-

cetylenes, heteroaromatic alkynes, and aliphatic alkynes are suitable substrates.

Based on the experimental results above and together with Wang’s previous

work a tentative mechanism was proposed (Scheme 20) [33]. Thus, intermediate A

is formed initially through coordination of imine and alkyne to the Lewis acid. This

coordination sets the stage for an addition of the alkyne to the imine leading to the

propargylamine intermediate B, which then undergoes an intramolecular

+ H2NCHO

N H2O+

N

FeIII

FeIII

FeIII

N

NN
[O]

H2O + air

A

B

C

Scheme 20 Mechanism for iron-catalyzed tandem coupling/hydroarylation of aldehyde, aromatic

alkyne, and anilines

R1CHO NH2 R3+
R2

FeCl3
 (10 mol %)

toluene, 110 °C
air, 24h

N R1

R3

R2

R1 = Ph, p-MeAr, p-ClAr, p-MeOAr,
1-naphtalene, o-CF3Ar,3-tiophene

R2 = Ph, p-MeAr, p-MeOAr, o-ClAr, p-ClAr,
m-BrAr

R3 = Ph, p-MeOAr, p-CF3Ar, 3-tiophene,
1-cyclohexene

56-95%

Scheme 19 Synthesis of quinolines by iron(III)-catalyzed three-component coupling/hydroaryla-

tion of aldehydes, alkynes, and amines
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hydroarylation of alkyne to the dihydroquinoline intermediate C. A final oxidation

of C by O2 in air affords the quinoline product. Compared to the similar AuCl3-

mediated process, the stronger Lewis acidity of FeCl3 than AuCl3 appears to be the

main reason for the higher efficiency of the catalytic system.

Use of Oxygenated Acetylenes

In the case of terminal alkynes having oxygenated functions in the linear chain

(Scheme 10, route D), Martı́n, Padrón, and coworkers found that homopropargylic

alcohols reacted properly, yielding 2-substituted dihydropyrans as sole products,

probably via a Prins-type cyclization. This cyclization provides a new approach

toward 2-alkyl-4-halo-5,6-dihydro-2H-pyrans through a concomitant C–C and C–O

bond formation (Scheme 21) [35].

The methodology proved to be broadly applicable, yielding the desired six-

membered rings with a wide range of aldehydes, except for benzaldehyde. How-

ever, reactions with other aldehydes containing aromatic rings located in a distal

position relative to the carbonyl group proceeded satisfactorily. When pent-3-yn-1-

ol was used the tetrahydrofuran derivative was the major product. With other

alkyne alcohols such as 4-pentyn-1-ol and 5-hexyn-1-ol no cyclization reaction

was observed. Using a catalytic amount of FeCl3 (0.1 equiv), the acetal was isolated

as a single product in good yield (80%). When treated with more ferric chloride

(1 equiv) this intermediate was transformed to the corresponding halovinyl tetra-

hydropyran. In light of this evidence, a plausible mechanism involves the acetal

that, via FeX3-mediated ionization, generates the oxonium ion that is intramolecu-

larly trapped by the triple bond with further attack of the halide (Scheme 21).

O R

XFeX3 R
O

O

HO
+

RCHO

R1

a
b

O

X

R1

R

R1

R1

O
R

X
R1

pathway a

pathway b

X = Cl, Br
R1 = H

X = Cl, Br
R1 = CH3

R1

Scheme 21 Plausible mechanism for Prins-type cyclization promoted by iron(III) halides
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As an extension of this work, the same authors explored such methodology for

the synthesis of 2,6-disubstituted dihydropyrans using secondary homopropargylic

alcohols (Scheme 10, route E). Surprisingly, the treatment of pent-4-yn-2-ol and

3-methylbutanal in the presence of FeCl3 led to unsaturated (E)-b-hydroxyketone
and (E)-a,b-unsaturated ketone in 2.5:1 ratio and 65% yield, without any trace of

the expected Prins-type cyclic product (Scheme 22) [36]. To test the anion influence

in this coupling, FeCl3 and FeBr3 were used in a comparative study for the reaction

of pent-4-yn-2-ol (R1 ¼ R4 ¼ H, R2 ¼ Me) and several aldehydes. A range of

aldehydes except for benzaldehyde was transformed into unsaturated b-hydroxy-
ketones in moderate to good yields.

A probable mechanistic scenario involves the addition of the secondary homo-

propargylic alcohols to the aldehydes promoted by ferric halide, thus generating an

oxocarbenium ion that subsequently undergoes a 2-oxonium-[3,3]-sigmatropic

rearrangement to an allenolate. Further intramolecular 1,3-oxygen transposition

generates an unsaturated enolate. A subsequent coupling reaction with the suitable

aldehyde or protonation leads to the unsaturated compounds (Scheme 23).

To support the 2,3-allenol as an intermediate in this reaction, 2,3-allenols were

employed in test experiments as starting materials (Scheme 10, route F). The cross-

over aldol product was obtained as the sole product, when the reaction was run in

the presence of the suitable aldehyde. In the absence of an aldehyde the

corresponding (E)-a,b-unsaturated ketone was obtained (Scheme 24) [37].

Several ways to suppress the 2-oxonium-[3,3]-rearrangements might be envi-

sioned. Apart from the introduction of a bulky substituent R4 at the aldehyde

(Scheme 23) a similar steric repulsion between R4 and R3 might also be observed

upon introduction of a bulky auxiliary at R4. A proof-of-principle for this concept

was observed upon by using of a trimethylsilyl group as substituent R3 in the alkyne

moiety (Scheme 25, R3 ¼ TMS). This improvement provided an efficient access

to polysubstituted dihydropyrans via a silyl alkyne-Prins cyclization. Ab initio

theoretical calculations support the proposed mechanism. Moreover, the use of

enantiomerically enriched secondary homopropargylic alcohols yielded the cor-

responding oxa-cycles with similar enantiomeric purity [38].

In furtherance of these studies, the reaction scope was broadened by employing

homopropargylic amines to give the corresponding aza-cycles (Scheme 26) [39,

40]. Hence, the alkyne aza-Prins cyclization between homopropargyl tosyl amines

OH

+ FeCl3

CH2Cl2, rt
+

OOH

Opent-4-yn-2-ol

H

OPrins
cyclization

O

X

2,6-disubstituted
dihydropyran

Scheme 22 Coupling of secondary homopropargylic alcohols and aldehydes promoted by iron

(III) halides
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Scheme 24 Coupling of 2,3-allenols and aldehydes promoted by iron(III) halides
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Scheme 25 Silyl alkyne-Prins cyclization of secondary homopropargylic alcohols and aldehydes

using FeX3 as a promoter
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Scheme 23 Proposed mechanism for the addition of secondary homopropargylic alcohols to

aldehydes promoted by iron(III) halides
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and aldehydes yielded 2-alkyl-4-halo-1-tosyl-1,2,5,6-tetrahydropyridines as sole

products [41].

A plausible mechanism for this new alkyne aza-Prins cyclization is outlined in

Scheme 27. Thus, reaction of the homopropargyl tosyl amine with an aldehyde

promoted by ferric halide generates the N-sulfonyl iminium ion. This intermediate

evolves to the corresponding piperidine, via the vinyl carbocation. Ab initio

theoretical calculations support the proposed mechanism.

In both oxa- and aza-alkyne Prins cyclization an unexpected halide exchange

with halogenated solvents presumably caused by the vinyl cation intermediates was

observed [37]. From a synthetic point of view, it is important to use the correct

combination of FeX3 and X-containing solvent in order to avoid the undesired

halide scrambling (Scheme 28).

Wang et al. reported that FeCl3- and FeBr3-promoted cyclization/halogenation

of alkynyl diethyl acetals formed (E)-2-(l-halobenzylidene or alkylidene)-substi-

tuted five-membered carbo- and heterocycles. It was found that the 1:1 molar ratio

NHTs

N
Ts

R2

X

X=Cl, Br

R2CHO N

+

+

Ts
R2

FeX3
X

–

N
Ts
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Scheme 27 Plausible mechanism of the alkyne aza-Prins cyclization promoted by iron(III)
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Scheme 28 Halide exchange with halogenated solvents during the acetylenic Prins-type cyclization
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Scheme 26 Synthesis of
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amine and aldehydes using
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reaction of the acetal with FeCl3 proceeded more efficiently at 0�C than at other

temperatures and FeCl2 did not initiate the reaction (Scheme 29) [42].

2.2.2 Aliphatic C–C Bond Formation Using Alkenes

Sakakura and coworkers reported the catalytic action of iron(III) triflate for the

addition of acetylenes to olefins without the need for an inert gas atmosphere

(Scheme 30) [43].

The reaction proceeds with isolated double bonds and electron-rich alkynes.

Electron-withdrawing groups in the acetylene moiety decelerated the reaction.

A plausible mechanism implies the activation of the olefin by coordination of the

metal triflate followed by nucleophilic attack of the acetylene or acetylide

(Scheme 31).

Fe(OTf)3,

neat, 130°C, 2h

93%

Ph+

Scheme 30 Fe(OTf)3-catalyzed addition of alkynes to alkenes
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alkenes
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FeX3 was also found to be an excellent promoter in the classical Prins cycliza-

tion (Scheme 10, route H), with the observation of a satisfactory reaction between

3-buten-1-ol and several aldehydes, affording the corresponding cis-4-halo-2-alkyl
tetrahydropyrans in good yields [Eq. (1) in Scheme 32] [35]. In a similar manner,

the methodology can be extended to the piperidine synthesis through an aza-Prins

cyclization [Eq. (2), Scheme 32] [41].

Whereas the Prins-type cyclizations reported in this and the preceeding chapter

were performed using stoichiometric amounts of Fe salts as Lewis acids, a break-

through in the field of catalysis was reported in 2009 when the first iron-catalyzed

Prins- and aza-Prins cyclization was reported. The catalytic system, which is

obtained by combining catalytic amounts of an iron salt with trimethylsilyl halides

as a halide source, is widely applicable and promotes the construction of substituted

six-membered oxa- and aza-cycles (Scheme 33) [44].

The catalytic cycle was devised relying on a ligand exchange between the iron

complex and a chlorosilane, regenerating the iron(III) halide due to the more

oxophilic character of the silicon (Scheme 34).

OH H
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R+

+

FeX3

CH2X2, rt,
5 min O

X

R

R = Alkyl and Aryl group
X = Cl, Br

(1)

RCHOTsHN
FeX3

CH2Cl2 N
Ts

R

X

N
Ts

R

X

+

98:2 (R = aliphatic)
90:10 (R = aromatic)

46-96%

(2)

30-98%

Scheme 32 Prins and aza-Prins cyclization using FeX3 as a promoter

Fe(acac)3 (7 mol%)

TMSX, CH2X2, rt, 2-12h
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O
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Z R

X
Z = O, NTs
R = alkyl, aryl X = Cl, Br, I

Scheme 33 The catalytic Prins cyclization leading to oxa- and aza-cycles
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This catalytic system has been applied to the synthesis of the core of complex

antibiotic tetrapetalones. Hong and coworkers have successfully established the

N-acyliminium ion cyclization in the preparation of 1-benzazepine derivatives.

A combination of FeCl3 (0.5 equiv) and TMSCl (2 equiv) was selected as an

optimized condition for such stereoselective cyclization (Scheme 35) [45].

In 2009, Tu et al. developed a novel iron-catalyzed C(sp3)–C(sp3) bond-forming

reaction between alcohols and olefins or tertiary alcohols through direct C(sp3)–H
functionalization. A series of primary alcohols were treated with alkenes or tertiary

alcohols as their precursors, using the general catalysis system FeCl3 (0.15 equiv)/

1,2-dichloroethane (DCE) (Scheme 36) [46].

According to several deuterium-labeling experiments and previous results, a

catalytic mechanism was proposed. Iron-initiated activation for cleavage of the C

(sp3)–H bond adjacent to oxygen of alcohol a is involved in the formation ofA. The

key step is the formation of a radical part B that evolves to free-radical species C.

Subsequently, the metal hydride ([Fe]IV–H) undergoes a hydrogen transfer to give

the coupling product c, regenerating the iron catalyst [Fe]III (Scheme 37).
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Scheme 34 Plausible mechanism for the iron-catalyzed Prins cyclization
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Scheme 35 Stereoselective Prins cyclization by iron(III)-catalyzed N-acyliminium ion cyclization
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3 C–Heteroatom Bond Formation

3.1 Aromatic C–Heteroatom Bond Formation

Iron(III) chloride is a common catalyst used in electrophilic aromatic substitutions.

In addition to those applications outlined above for the construction of aromatic

C–C bonds, such salts have also been used for the introduction of heteroatom-based

functional groups at the aromatic ring [47].

In 2000, Takata et al. reported the synthesis of diarylsulfoximines by the Friedel–

Craft reaction of sulfonimidoyl chloride with aromatic compounds in the presence of

H

OHR1
+

R3

R2

FeCl3 (0.15 equiv)

DCE, 65 °C

OH R2

R3
H

R1

53-88%

R1 = n-Pr, i-Pr, i-Bu, c-C6H11, Bn,
Ph(CH2)2, CH3(CH2)10, o-BrPhCH2

R2 = Ph, o-BrPh, p-FPh, o-MeOPh,
o-CH3Ph

R3 = H, Ph, CH3,

Scheme 36 Iron-catalyzed C(sp3)–C(sp3) bond formation through C(sp3)–H functionalization

R1
OH
HH

[Fe]
R3

R2

[Fe]–H
R3

R2

IV
H

OHR1

A

B

c

OHR3

R2 R1[Fe]–H
IV

[Fe]
III

H

OHR1

R3

R2

ab

+

OHR3

R2

H
R1

c

Scheme 37 Proposed mechanism of C(sp3)–C(sp3) coupling catalyzed by iron(III)
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an equimolar amount of FeCl3 (Scheme 38) [48]. The reaction was found to be very

sensitive to both electronic and steric effects of the nucleophiles (aromatic hydro-

carbons) employed. Additionally, the introduction of the electron-donating group on

the benzene ring in the sulfonimidoyl chloride decreased the yield of the sulfox-

imines, presumably due to the stabilization of cationic intermediates.

When used with N-chloro-, N-bromo-, and N-iodosuccinimide, iron(III) chloride

catalyzes the introduction of halogens into arenes. The reaction works well even

with deactivated aromatic rings but in some cases the regioselective course is

difficult to control (Scheme 39) [49].

3.2 Aliphatic C–Heteroatom Bond Formation

Choi and Sakakura et al. reported that iron(III) triflate, in situ formed from FeCl3
and triflic acid, efficiently catalyzes the intermolecular addition of carboxylic acids

to various alkenes to yield carboxylic esters. The reaction is applicable to the

synthesis of unstable esters, such as acrylates (Scheme 40) [50].

4 Rearrangements

Yadav’s group reported that ketones undergo smooth rearrangement with TMSN3

in the presence of catalytic amounts of FeCl3 under mild conditions, to provide the

corresponding amides, imides, and lactams in good yields with high selectivity. The

FeCl3
S

+
CH3NO2, rt, 2h

57-78%

S

R R

NTsO

Cl

NTsO

Scheme 38 Synthesis of diarylsulfoximines by Friedel–Crafts reactions
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99%

Scheme 39 Halogenation of

aromatic compounds
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BzO

99%

COOH +

Scheme 40 Iron(III)-catalyzed intermolecular addition of carboxylic acids to alkenes
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azido-Schmidt reaction involves the addition of azide to the ketone followed by

rearrangement and ring expansion. Similar to the classical Schmidt reaction, the

mechanism most likely involves a Lewis-acid activation of the carbonyl group

followed by the addition of azide. The resulting iminodiazonium ions, which

undergo ring expansion by loss of nitrogen and subsequent migration of the anti-

substituent to the electron-deficient nitrogen, give the corresponding amide

(Scheme 41) [51].
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Fe–H Complexes in Catalysis

Hiroshi Nakazawa and Masumi Itazaki

Abstract Organic syntheses catalyzed by iron complexes have attracted consider-

able attention because iron is an abundant, inexpensive, and environmentally

benign metal. It has been documented that various iron hydride complexes play

important roles in catalytic cycles such as hydrogenation, hydrosilylation, hydro-

boration, hydrogen generation, and element–element bond formation. This chapter

summarizes the recent developments, mainly from 2000 to 2009, of iron catalysts

involving hydride ligand(s) and the role of Fe–H species in catalytic cycles.

Keywords Catalysis � Electrochemical reduction � Hydroboration �Hydrogenation �
Hydrosilylation � Iron hydride complex � Photochemical reduction
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1 Introduction

This chapter treats iron complexes with Fe–H bond(s). An H ligand on a transition

metal is named in two ways, “hydride” and “hydrido.” The term “hydrido” is

recommended to be used for hydrogen coordinating to all elements by IUPAC

recommendations 2005 [1]. However, in this chapter, the term “hydride” is used

because it has been widely accepted and used in many scientific reports.

In 1931, Hieber and Leutert reported Fe(CO)4(H)2 not only as the first iron

hydride complex but also as the first transition-metal hydride complex (FeH2 was

reported in 1929 from FeCl2 and PhMgBr under a hydrogen atmosphere. However,

it exists only in a gas phase) [2, 3]. The complex synthesized from Fe(CO)5 and

OH� (Scheme 1) is isolable only at low temperature and decomposes at room

temperature into Fe(CO)5, Fe(CO)3, and H2.

Since then, many iron hydride complexes have been prepared, isolated, char-

acterized spectroscopically and, in some cases, by X-ray analyses. Hydrides

show diagnostic signals in 1H NMR spectra. They resonate to high field in a

region (0 ~ –60 ppm) for diamagnetic iron hydride complexes. Paramagnetic

hydride complexes, however, are very difficult to characterize. IR spectra are helpful

because Fe–H stretching frequencies are observed in the range of 1,500–2,200 cm�1.

However, it should be noted that the intensities are often weak and hence the method

is not entirely reliable. Crystallographic methods are generally powerful to obtain

3D arrangements and metrical data. However, hydrides, in some cases, are not

detected because the hydride in the neighborhood of the metal is such a poor

scatterer of X-rays. In addition, Fe–H bond distances should be carefully used

because X-ray methods often underestimate the true Fe–H internuclear distance by

approximately 0.1 Å. The X-ray structure of [NEt3H][HFe3(CO)11] having m-H
ligand was reported in 1965 [4]. This compound might be the first structurally

characterized iron complex bearing an H ligand (Fig. 1). The first terminal hydride

iron complex characterized by the X-ray analysis was CpFeH(CO)(SiCl3)2, in 1970

[5]. In 1972, the X-ray structure of cis-[Fe(H)2{PPh(OEt)2}4] was reported as the

first dihydride iron complex [6] (Fig. 1).
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H

P(OEt)2Ph
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Fig. 1 The first X-ray crystal structures of three types of the iron hydride complexes

Fe(CO)5 + 2OH– Fe(CO)4(H)2 + CO3
2–Scheme 1 The first iron

hydride complex
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Iron hydride complexes can be synthesized by many routes. Some typical meth-

ods are listed in Scheme 2. Protonation of an anionic iron complex or substitution of

hydride for one electron donor ligands, such as halides, affords hydride complexes.

NaBH4 and LiAlH4 are generally used as the hydride source for the latter transfor-

mation. Oxidative addition of H2 and E–H to a low valent and unsaturated iron

complex gives a hydride complex. Furthermore, b-hydride abstraction from an alkyl

iron complex affords a hydride complex with olefin coordination. The last two

reactions are frequently involved in catalytic cycles.

A Fe–H bond is generally polarized as Fed+–Hd� because H is more electroneg-

ative than Fe. However, iron hydride complexes impart much less negative charge

to the hydride than early transition-metal hydride complexes.

Organic syntheses catalyzed by complexes of precious-metals (Pd, Pt, Rh, Ir, Ru,

etc.) have attracted considerable attention because both catalytic activities and

chemo- and region selectivities are superior to those of heterogeneous catalysts.

In order to understand the underlying principles of homogenous catalysis, the

reaction mechanisms are under intense investigation. For a large number of

mechanisms, it has been well-established that various hydride complexes act as

important intermediates in the catalytic cycle for hydorometalations such as, e.g.,

hydrosilylations or in hydrogenation reactions [7]. Furthermore, iron hydride com-

plexes were shown to play pivotal roles in fundamental organometallic chemistry

[8–11].

Precious metals have faced a significant price increase and the fear of depletion.

By contrast, iron is a highly abundant metal in the crust of the earth (4.7 wt%) of

low toxicity and price. Thus, it can be defined as an environmentally friendly

material. Therefore, iron complexes have been studied intensively as an alternative

for precious-metal catalysts within recent years (for reviews of iron-catalyzed

organic reactions, see [12–20]). The chemistry of iron complexes continues to

expand rapidly because these catalysts play indispensable roles in today’s academic

study as well as chemical industry.

Protonation

[LnFe]– + H+ LnM-H

Substitution of H for X

LnFe-X + H– LnFe-H + X–

Oxidative addition

LnFe + E-H LnFe(H)(E)

b-Hydride abstraction

LnFe-CH2-CH2-R LnFe(H)(CH2=CHR)

Scheme 2 Some typical

synthetic routes of iron

hydride complexes
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This chapter summarizes the development of iron catalysts involving hydride

ligand(s) and the role of the Fe–H species in the catalytic cycle in the past decade

(2000–2009).

2 Hydrogenation

Reduction of unsaturated organic substrates such as alkenes, alkynes, ketones, and

aldehydes by molecular dihydrogen or other H-sources is an important process in

chemistry. In hydrogenation processes some iron complexes have been demon-

strated to possess catalytic activity. Although catalytic intermediates have rarely

been defined, the Fe–H bond has been thought to be involved in key intermediates.

2.1 Alkene and Alkyne Reduction

Until recently, iron-catalyzed hydrogenation reactions of alkenes and alkynes

required high pressure of hydrogen (250–300 atm) and high temperature (around

200�C) [21–23], which were unacceptable for industrial processes [24, 25]. In

addition, these reactions showed low or no chemoselectivity presumably due to the

harsh reaction conditions. Therefore, modifications of the iron catalysts were desired.

In 2004, Peters and Daida reported the hydrogenation of olefins catalyzed by iron

complexes 1–4 having the tris(diisopropylphosphino)borate ligand, [PhBPiPr3]
�,

under mild conditions (low pressure and ambient temperature) (Table 1) [26].

Although these catalytic activities were not high, a plausible reaction mechanism

has been proposed (Scheme 3). The iron(IV) trihydride phosphine complex a being

spectroscopically well-defined undergoes hydrogen loss to give the coordinatively

unsaturated mono hydride complex d. Two pathways from a to d are conceivable:

(1) the trihydride complex b, which is a detectable species by NMR, and (2) the

monohydride phosphine complex c, which can be structurally identified when

PR3 ¼ PMePh2. Olefin coordination to d and its insertion into the Fe–H bond

affords the stable alkyl complex e. This iron alkyl complex reacts with hydrogen

to release the alkane with regeneration of the active species d.

[PhBPiPr
3]

[PhBPiPr
3]

[PhBPiPr
3]

[PhBPiPr
3]

[PhBPiPr
3]

[PhBPiPr
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Fe
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HH
H

a

Fe
HH

H
b

Fe

PR3H
c

Fe

H
d

Fe
H

R

R

insertion

Fe

R

e
+ H2R

Scheme 3 Plausible pathway for hydrogenation of olefin catalyzed by the Fe–H complex
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Bis(imino)pyridine iron complex 5 as a highly efficient catalyst for a hydrogenation

reaction was synthesized by Chirik and coworkers in 2004 [27]. Complex 5 looks like

a Fe(0) complex, but detailed investigations into the electronic structure of 5 by

metrical data, M€ossbauer parameters, infrared and NMR spectroscopy, and DFT

calculations established the Fe(II) complex described as 5’ in Fig. 2 to be the higher

populated species [28].

Complex 5 was more active than the well-known precious-metal catalysts

(palladium on activated carbon Pd/C, the Wilkinson catalyst RhCl(PPh3)3, and

Crabtree’s catalyst [Ir(cod)(PCy3)py]PF6) and the analogous N-coordinated Fe

complexes 6–8 [29] for the hydrogenation of 1-hexene (Table 2). In mechanistic

studies, the NMR data revealed that 5was converted into the dihydrogen complex 9

via the monodinitrogen complex under hydrogen atmosphere (Scheme 4).

N

N Fe N
Ar Ar

N2N2

5'

N
N Fe N

Ar Ar
N2N2

Ar = 2,6-iPr2-C6H3

5
Fig. 2 Bis(imino)pyridine

iron complex

Table 1 Olefin hydrogenation reactions catalyzed by iron complexes

H2, 23°C

10 mol% cat.

R R

Catalyst Time(min) TOF(mol/h)

B

PiPr2

PiPr2
P

Ph

iPr2

[PhBPiPr
3]

[PhBPiPr
3]

Fe

R

[PhBPiPr
3]

Fe

PR3

HH
H

R = Me: 1
CH2Ph: 2

R = Me: 3
Et : 4

H2(atm)Substrate

1

2

2

1

2

2

3a

4

Styrene

Styrene

Styrene

Ethylene

1-Hexene

1-Hexene

Cyclooctene

2-Pentyne

4

4

1

1

1

1

1

1

78

25

130

115

55

370

1260

1010

7.7

24.0

4.6

5.2

10.9

1.6

0.5

0.6

2 Styrene 4 100 6.0

2 Styrene 1 410 1.5

aHydrogenation carried out at 50°C.
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Table 3 summarizes the scope and limitation of substrates for this hydrogena-

tion. Complex 5 acts as a highly effective catalyst for functionalized olefins

with unprotected amines (the order of activity: tertiary > secondary � primary),

ethers, esters, fluorinated aryl groups, and others [27, 30]. However, in contrast

to the reduction of a,b-unsaturated esters decomposition of 5 was observed when

a,b-unsaturated ketones (e.g., trans-chalcone, trans-4-hexen-3-one, trans-4-phenyl-
3-buten-2-one, 2-cyclohexanone, carvone) were used (Fig. 3) [30].

With internal alkynes such as diphenylacetylene and 2-butyne, the perhydroge-

nated products were formed in the presence of complex 5 via the corresponding

cis-2-alkene as an intermediate (Scheme 5). In case of terminal alkynes such as

trimethylsilylacetylene, the desired product was not formed.

Table 2 Comparison of iron complexes with transition precious-metal catalysts for the hydro-

genation of 1-hexene

Ar = 2,6-iPr2-C6H3

N
Fe

NAr Ar

Me3Si SiMe3

N
Fe

NAr Ar

N
Fe

NAr Ar

N
N Fe N

Ar Ar
N2N2

5

8

7

6

Catalyst

RhCl(PPh3)3

10% Pd/C

[Ir(cod)(PCy3)py]PF6

12

12

Time (min) TOF (mol/h)

12

12

366

10

75

18145

4 atm H2

0.3 mol% cat.

22°C

Ref.

[27]

[27]

[27]

[27]

6a

7

8

1440 4

240

240

90

90

[29]

[29]

[29]

aHydrogenation carried out at 60°C.

N

N Fe N
Ar Ar

N2

N

N Fe N
Ar Ar

N2N2

N

N Fe N
Ar Ar

H H

xs H2

xs N2

– N2

+ N2

Ar = 2,6-iPr2-C6H3

5 9

Scheme 4 Reaction of 5 under hydrogen atmosphere
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Table 3 Catalytic hydrogenation of various olefins with 5

104 , [1085]a

1344 104

57 , [1075]a

MeO2C
CO2Me

Ph Ph

NH2
H
N N

O O

1814 [27], [3300]a [31]

[31]

[31]

[31]

[31]

[31]

[30]

[30]

[30]

[30] [30] [30] [30]

[30] [30]

[30] [30] [30] [30]

[30] [30]

[30] [30] [30]

363 [27]

[27] [27][27]

[27] [27]

Substrate

3.3

3 320 1270 1270

> 240 > 240

O

> 480

19

O

0

O

O

O

0.04

O

O

0

O

240

O

O

0.4

O

O

> 240

O

N

O

F F5

4.4
aIn brackets the results in pentane.
bThe product is (+)-p-meth-1-ene.
cReaction carried out at 65 °C

> 240 > 240 > 240

For 10: [5300]a

For 10: [60]a

c c

For 10: [275]a

4 atm H2

cat.5

R R

TOF (mol/h)23°C
toluene or neat

N
N Fe N

R R

Ar Ar
N2N

2

Ar = 2,6-iPr2-C6H3

R = H: 5, Ph: 10

4 atm H2, 22°C

0.3 mol% cat. 5
R R R

RR R

R = Ph, Me

Scheme 5 Overreduction of alkynes
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The proposed catalytic cycle, which is based on experimental data, is shown in

Scheme 6. Loss of 2 equiv. of N2 from 5 (or alternatively 1 equiv. of N2 or 1 equiv.

of H2 from complexes shown in Scheme 3) affords the active species a. Olefin

coordination giving b is considered to be preferred over oxidative addition of H2.

Then, oxidative addition of H2 to b provides the olefin dihydride intermediate

c. Olefin insertion giving d and subsequent alkane reductive elimination yields

the saturated product and regenerates the catalytically active species a.

Further investigations revealed that this hydrogenation is accelerated in pentane

solution. These results are shown in brackets in Table 3 [31]. Under optimized

reaction conditions high catalyst TOF up to 5,300 were achieved when 10was used.

In the absence of both hydrogen and nitrogen, 10 was converted into the Z6-arene

complexes such as the bis(imino)pyridine iron Z6-phenyl complex, 10-Phenyl, and

the corresponding Z6-2,6-diisopropylphenyl complex, 10-Aryl, in the 85:15 ratio in

Ph

O

Ph

OO
O O

Ph

Fig. 3 Substrates leading to decomposition of catalyst 5

Ar = 2.6-iPr2-C6H3
5

N

N Fe N
Ar Ar

a

N

N Fe N
Ar Ar

R
b

R

H2

N

N Fe N
Ar Ar

R c

H
H

N

N Fe N
Ar Ar

d

H
R

– 2 N2

R

Scheme 6 Proposed mechanism for catalytic hydrogenation of olefin with 5
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C6D6 solution (Scheme 7). Both Z6-arene complexes were also determined by the

X-ray diffraction and showed no reaction to hydrogen and olefins. Therefore, it was

considered that the formation of the Z6-arene complexes was a deactivation path-

way in the catalytic hydrogenation.

2.2 Ketone and Aldehyde Reduction

Hydrogenation of substrates having a polar multiple C–heteroatom bond such as

ketones or aldehydes has attracted significant attention because the alcohols obtained

by this hydrogenation are important building blocks. Usually ruthenium, rhodium,

and iridium catalysts are used in these reactions [32–36]. Nowadays, it is expected that

an iron catalyst is becoming an alternative material to these precious-metal catalysts.

For transition-metal-catalyzed hydrogenation of ketones and aldehydes, H2 or

the combination of iPrOH with a base has been widely used as the hydrogen source

(Scheme 8). In case of using H2, the reaction is called “hydrogenation,” whereas the

reaction using the combination of iPrOH with a base is especially called “transfer

hydrogenation.”

With some transition-metal complexes, the ligand is not only an ancillary ligand.

Similar to the transition-metal, it takes directly part in the hydrogen transfer

process. Such ligand-metal bifunctional hydrogenation catalysis is dramatically

changing the face of reduction chemistry (Scheme 9) (for reviews of ligand-metal

bifunctional catalysis, see [32, 37–40]).

N
N Fe N

Ph Ph

Ar Ar
N2N2

N

Fe
N

Ph

Ar

Ar = 2,6-iPr2-C6H3

10 10-Phenyl 10-Aryl

benzene-d6

N
N

Fe
N

Ph Ph

Ar
iPr

iPr

Ar–N

+

85% 15%

Scheme 7 Intramolecular arene coordination in bis(imino)pyridine iron complex 10

R1

O

R2 R1

OH

R2

cat.

iPrOH, base

cat.

H2

transfer hydrogenation

hydrogenation

Scheme 8 Two pathways of hydrogenation reaction of ketones and aldehydes
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These transition-metal catalysts contain electronically coupled hydridic and acidic

hydrogen atoms that are transferred to a polar unsaturated species under mild condi-

tions. The first such catalyst was Shvo’s diruthenium hydride complex reported in the

mid 1980s [41–44]. Noyori and Ikariya developed chiral ruthenium catalysts showing

excellent enantioselectivity in the hydrogenation of ketones [45, 46].

In 2007, Casey showed that 11, which corresponds to the Shvo’s complex

catalyzes hydrogenations of ketones and aldehydes [47]. Reaction of benzaldehyde

in the presence of catalytic amount of 11 under H2 (3 atm) afforded the corresponding

benzylalcohol in 90% yield within 1 h (Scheme 10).

Catalyst 11 showed great tolerance for functional groups like unsaturated carbon–

carbon bonds (alkenyl and alkynyl moieties), halides, electron-withdrawing and

-donating groups, etc. (Table 4).

Although hydrogenation of N-benzylideneaniline in the presence of 11 afforded

the corresponding product (eq. 1 in Scheme 11), the a,b-unsaturated ketone was

converted into a mixture of unsaturated and saturated alcohols in the 42:56 ratio

(eq. 2 in Scheme 11). Several substrates (nitrile derivatives, epoxides, esters,

internal alkynes, and terminal alkenes), which are shown in Fig. 4, are not hydro-

genated in this catalytic system.

Ru H
Ar

Ph O

Ar

Ph

Ru

Ar

PhO

Ar

Ph

H

C
C C CO
O O

O

H2

– H2

2
Ru

H

Ar

Ph

O

Ar Ph

H

C
CO
O

Ru
P
Ar2

Ar2

P N
H

N
H2

H

H

Ph

Ph

H

Scheme 9 Examples of ligand-metal bifunctional catalysts

2 mol% cat. 11

3 atm H2
toluene, 25°C

Fe

TMS
O

TMS H

C
C

H

O

O
Ph H

O

Ph H

OH

11
90%

Scheme 10 Hydrogenation of benzaldehyde catalyzed by complex 11
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Table 4 Iron complex-catalyzed hydrogenation of ketones

toluene, 25°C

2 mol% cat. 11

3 atm H2 Fe

TMS
O

TMS H

C
C

H

O

O
R1 R2

O

R1 R2

OH

11

Substrate Product

O

O

Ph
Ph

O

OH

Ph
Ph

OH

O OH

O OH

RO

aIsolated yield (NMR conversion in paretheses).
bReaction was performed in diethylether.

RO

CH2Ph

X = p-H
p-Br
p-I
p-NO2

OH

R = H

O OH

Ph R

O

Ph R

OH

R = Ph
CF3
cpropyl

X X

Yielda

83% (99%)
91% (99%)
84% (99%)
89% (99%)

87% (100%)
N N

55% (69%)
91% (100%)
46% (50%)

86% (100%)
(meso/dl = 25)

87% (100%)b

57% (71%)
84% (87%)
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From a mechanistic point of view, this hydrogenation reaction might follow

different mechanistic pathways (Scheme 12) [48]. One possibility is that interme-

diate a, which is generated by the transfer of acidic and hydridic hydrogen atoms of

11 to the C¼O bond in aldehyde, reacts with H2 to give dihydrogen complex c and

then to give the corresponding alcohol and 11. The second one is that alcohol

complex b is formed as the initial product and is subsequently converted into a

which reacts with H2 to c. The subsequent pathway is similar. Finally, it is also

possible that the full dissociation of the alcohol from b affords intermediate a’ and

then the addition of H2 to a’ reproduces 11 to complete the catalytic cycle.

H

N

H

HN
Ph Ph

Ph

Ph Ph

Ph

Ph

50%

2 mol% cat. 11

2 mol% cat. 11

3 atm H2
toluene, 65°C

3 atm H2
toluene, 25°C

(1)

O OH OH
+

42% 56%

(2)

Scheme 11 Hydrogenation of N-benzylideneaniline and a,b-unsaturated ketone catalyzed by

complex 11

Fe

TMS

O

TMS
C

C
O

O

O
H

H
Ph

H

O

H
Ph

Fe

TMS
O

TMS
H

C
C

H

O

O

Fe

TMS

O

TMS
C

C
O

O

H2

11

vacant site

Fe

TMS
O

TMS
H

C
C

H

O

O
O

H Ph

H

H

Fe

TMS

O

TMS
C

C O
O

O

H
H

Ph
H

H
H

Fe

TMS
O

TMS H

C
C

H

O

O OH
H

Ph
H

a b

Fe

TMS

O

TMS
C

C
O

O

a'c

Scheme 12 Proposed catalytic cycle for Casey’s hydrogenation

H3C

O

OCH3
O

Ph

Ph Ph Ph

O

NC
Fig. 4 Unreacted substrates

for hydrogenation catalyzed

by 11
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An iron complex-catalyzed enantioselective hydrogenation was achieved byMorris

and coworkers in 2008 (Scheme 13) [49]. Reaction of acetophenone under moderate

hydrogen pressure at 50�C catalyzed iron complex 12 containing a tetradentate diimi-

nodiphosphine ligand in the presence of tBuOK afforded 1-phenylethanol with 40%

conversion and 27% ee.

In addition, the related complexes 13 and 14 act as catalysts in enantioselective

transfer hydrogenations (Table 5). The reactivity of acetophenone derivatives

Ph

O

Ph *

OH

40%
27% ee (S)

25 atm H2
iPrOH, 50 °C

4 mol% 12
15 mol% tBuOK

P

N

P

N
Fe

Ph2Ph2
X

X

X = CH3CN: 12

(BF4)2

Scheme 13 Morris’asymmetric hydrogenation catalyzed by iron complex 12

Table 5 Enantioselective transfer hydrogenation catalyzed by 13 and 14

X = CH3CN
L = CO: 13

tBuCN: 14
R1 R2

O

R1 ∗ R2

OH

(BPh4)2

0.5 mol% 13

iPrOH, 22°C P

N

P

N
Fe

Ph2 Ph2

X

L

4 mol% tBuOK

Substrate Time (h) TOF (mol/h)

Ph-CO-Mea

ee (S) (%)Conv. (%)

Ph-CO-Meb

Ph-CO-Me

(2-Cl-C6H4)-CO-Ph

(3-Cl-C6H4)-CO-Ph

(4-Cl-C6H4)-CO-Ph

(4-Br-C6H4)-CO-Ph

(4-Me-C6H4)-CO-Ph

(4-OMe-C6H4)-CO-Ph

Ph-CO-Et

C10H7-CO-Me

Ph(CH2)2-CO-Me

Ph-CO-Mec

0.4

0.7

0.4

0.2

0.4

0.2

0.2

0.6

0.5

3.6

0.3

0.6

2.6

95

33

95

>99

99

94

93

86

69

95

94

100

34

29

39

33

18

24

26

33

33

23

61

25

29

76

907

93

454

995

495

938

930

279

260

26

564

315

28

a0.25 mol% of 13 and 2 mol% of tBuOK were used
b1 mol% of tBuOK was used
cReaction catalyzed by 14 
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having a ortho-halide-substituted aromatic ring is higher. Interestingly, this

tendency is opposite to that for the ruthenium-catalyzed transfer hydrogenation

reaction reported by Noyori [50]. Catalyst 13 is also efficient for transfer hydro-

genations employing diphenylketone, benzaldehyde, or N-benzylideneaniline but

the ee values were not observed. The best enantioselectivity (76% ee) was achieved
by 14 with acetophenone.

Although details of the mechanism are not clear, it is suggested in analogy to the

ruthenium-catalyzed mechanism [51] that the iron hydride complex having amine

moieties [FeH(CO){(R,R)-PPh2(o-C6H4)CH2NHC6H10NHCH2(o-C6H4)PPh2}]
þ,

which is generated by hydrogenation of imine linkage on catalyst 13, is the

candidate for a reactive intermediate (Fig. 5).

A slight modification of the ligand structure finally led to an iron complex 15

with both high catalytic activity and enantiodifferentiation in transfer hydrogena-

tions [52]. Complex 15 acts as an effective catalyst for reduction of functionalized

acetophenones containing alkyl groups, cyclic alkanes, chloro- or methoxy-groups

on the aryl ring, and others (Table 6). Although the reaction rate is quite low up to

99%, the ee value is achieved with 2,2-dimethylpropiophenone. The highest TOF is

observed by using 2-aceto-naphtone as substrate. In case of N-benzylideneaniline,
the ee value is not observed.

In 2006, Beller and coworkers demonstrated two Fe-catalyzed transfer hydro-

genations of aromatic and aliphatic ketones in the presence of iPrONa as a base

and iPrOH as hydrogen source (Table 7). One is a biomimetic iron porphyrin

system [53]. The highest TOF (642) was achieved by in situ generation of the

catalyst from Fe3(CO)12 and p-Cl–C6H4-substituted porphyrin ligand L3. The

other catalyst is an iron complex derived from the same iron-source upon com-

bination of terpy and PPh3 as ligands in a 1:1 ratio [54]. Other ratios of terpy and

PPh3, steric hindered phosphine ligands or bidentate phosphine ligands such as

Ph2P(CH2)nPPh2 (n ¼ 1, 2, 4, and 6), and analogous substituted-terpy were not

effective. In both protocols, the base plays an important role for the catalytic

activity. iPrONa and tBuONa were efficient, but other inorganic bases, for

instance, LiOH and KOH as well as N-coordinative organic bases such as pyridine
and NEt3 showed low activities. In the absence of a base, a transfer hydrogenation

was not observed.

P

N

P

N

Fe

Ph2 Ph2

H

L

H H

L = CO

Fig. 5 Proposed catalytic

intermediate
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The scope and limitations for transfer hydrogenation employing either the iron

porphyrin system or the combination of iron compound/terpy/PPh3 are listed in

Table 8. In most cases, the FeCl2/terpy/PPh3 system displays a higher activity.

Except for chloromethyl- and cyclopropyl-acetophenone, the desired products

were obtained in good to excellent yields. It should be noted that a ring opened

product was not observed when cyclopropyl acetophenone was employed. Hence, a

radical-type reduction pathway was excluded and a hydride mechanism appeared to

be reasonable.

In mechanistic studies, monodeuterated alcohols were obtained by using iPrOD

(Scheme 14). These results indicate that the intermediate for this transfer hydrogena-

tion was not a dihydride complex but rather a monohydride complex, which was

generally accepted by analogous transition-metal-catalyzed reactions [55–57].

Table 6 Fe-catalyzed transfer hydrogenation of acetophenone

R1 R2

O

R1 ∗ R2

OH
(BPh4)20.05 -0.2 mol%15

iPrOH, 22°C

8 eq. of tBuOK

Fe
P
Ph2

N N

P
Ph2

L

C

PhPh

O
15

L = CH3CNup to 99% ee
up to 4900 TOF

Substrate Time (min) TOF (mol/h)

Ph-CO-Me

ee (%)Conv. (%)

Ph-CO-Mea

Ph-CO-Meb

(3-Cl-C6H4)-CO-Me

(4-Cl-C6H4)-CO-Me

(3-MeO-C6H4)-CO-Me

30

30

30

13

18

30

90

75

80

98

96

80

82

84

83

80

80

85

3600

3000

3200

4523

4800

2400

Ph-CO-Et 25 90 94 3375

Ph-CO-tBu 200 35 99 53

Ph(CH2)2-CO-Me 30 98 14 1960

Ph-CO-(cyclo-C4H7) 40 95 94 1425

Ph-CO-(cyclo-C6H11) 85 76 26 536

(4-MeO-C6H4)-CO-Me 40 65 54 930

iPr-CO-Me 60 86 50 1280

1-Aceto-naphthone 60 93 92 1380

11 90 84 4900

Ph-CH=N-Ph 240 41 100

2-Aceto-naphthone

atBuONa was used as a base.
bKOH was used as a base.
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Table 7 Fe-catalyzed transfer hydrogenation of acetophenone

O OH

iPrONa, iPrOH
100 °C, 7 h

[Fe] cat. / L

NH

N HN

N
R

R

R

R

R =
4-pyridyl: L2

Yield(%)a TOF (mol/h)bL[Fe]

Fe3(CO)12

Fe3(CO)12

FeCl2

45c 642c

94 27

terpy

terpy / PPh3

/ PPh3

95

91

Ref.

Ph: 93 27 [53]
[53]
[53]
[53]

[54]

[54]

p -Cl-C6H4: L3

L1

90 26
L3

aYield was determined by GC.
bTurnover frequencies were determined after 7 h.
c0.01 mol% of catalyst, which was the one-fiftieth of other iron porphyrin systems, was used.

Table 8 Fe-catalyzed transfer hydrogenation of various ketonesa

R1

O

R2 R1

OH

R2

1 mol% Fe cat.

iPrOH, iPrONa, 100°C, 7h

X = p -Cl
p -Me

o-OMe

OH

X

R

OH
R = Cy

Ph R

OH R = Et

p-OMe

tBu

Product

Fe3(CO)12

terpy / PPh3L1 L2
Yield (%)Yield (%) Yield (%)

L =

FeCl2

Yield (%)

93 95
50 68
46 72

>99 >99

26 [71]b 89

11 [55]b 90

92 87
21 22
<1 <1

>99 97
84 83
63 75

>99

99

>99

95 93
> >99

81 92
48 57

5 8

cpropyl

CH2Cl

Fe3(CO)12

NH

N HN

N
R

R

R R =
4-pyridyl: L2
Ph: L1 terpy N

N N

aYield was determined by GC.
bIn brackets the results after 24 h reaction time.
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The above-described reverse reaction (viz. the Fe-catalyzed dehydrogenation of

alcohols to ketones/aldehydes) has been reported by Williams in 2009 (Table 9)

[58]. In this reaction, the bicyclic complex 16 shows a sluggish activity, whereas the

dehydrogenation of 1-(4-methoxyphenyl)ethanol catalyzed by the phenylated com-

plex 17 affords the corresponding ketone in 79% yield when 1 equiv. (relative to 17)

of D2O as an additive was used. For this oxidation reaction, 1-(4-methoxyphenyl)

ethanol is more suitable than 1-phenylethanol and the reaction rate and the yield of

product are higher.

The proposed catalytic cycle for the dehydrogenation of alcohols to ketones is

shown in Scheme 15. The initial reaction of 17 with H2O affords the hydride

complex a and CO2. Dehydrogenation of a by acetone gives the active species b

and 2-propanol. The subsequent reaction of b with the alcohol yields the

corresponding ketone and regenerates a to complete the catalytic cycle.

O OD

iPrONa, iPrOD, 100°C

Fe3(CO)12 / terpy / PPh3

H

OH

D
+

85% 15%

Scheme 14 Deuterium incorporation into acetophenone catalyzed by [Fe3(CO)12]/terpy/PPh3/
iPrONa/iPrOD system

Table 9 Fe-catalyzed dehydrogen conversion of alcohol to ketonea

OH

R

O

R

[Fe], oxidant

solvent Fe

Tol

O

Tol
C

C
C

O

O

MeO2C
MeO2C

O

16

Fe

Ph

Ph

Ph

O

Ph
C

C
C

O

O
O

17

17 (0.1 equive.)

17 (0.1 equive.)

17 (0.1 equive.)

1 16 h

11

24

38

52

79

17 h

Yield%, Time

4 d

4 d

16 (0.1 equive.)

17 (0.2 equive.)b

17 (0.5 equive.)b
4 d

2 d

[Fe] R

H

H

H

OMe

OMe

OMe

Oxidant

BQ

BQ

BQ

Solvent

C6D6

C6D6

C6D6

(CD3)2CO

(CD3)2CO

(CD3)2CO

T (°C)

65

65

65

54

80

80

–

–

–

aYield was determined by NMR spectroscopy. BQ = benzoquinone.
bExperiments were run with 1 equiv. of D2O.
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3 Hydrometalation

3.1 Hydrosilylation

Organosilicon compounds are widely used in our daily life as oil, grease, rubbers,

cosmetics, medicinal chemicals, etc. However, these compounds are not naturally

occurring substances but artificially produced ones (for reviews of organosilicon

chemistry, see [59–64]). Hydrosilylation reactions catalyzed by a transition-metal

catalyst are one of the most powerful tools for the synthesis of organosilicon

compounds. Reaction of an unsaturated C–C bond such as alkynes or alkenes

with hydrosilane affords a vinyl- or alkylsilane, respectively (Scheme 16).

Employing ketones or aldehydes as starting materials, the corresponding

silylethers are obtained. Thereafter, the oxidation or hydrolysis of the obtained

silylethers gives the corresponding alcohols (Scheme 17). In most cases, a hydride

(silyl) metal complex H–M–Si (M ¼ transition-metal), which is generated by an

oxidative addition of H–Si bond to the low-valent metal center, is a key intermedi-

ate in the hydrosilylation reaction.

Fe

Ph

Ph

Ph

Ph

Ph

Ph

Ph
Ph

Ph

Ph
Ph

Ph

O

C
C

C

O

O

HO

Ar
H

O

H2O

CO2

Fe

OH

C
C

H

O

O

O

Ar

Fe

O

C
C
O

O

acetone 2-propanol

17 a b

Scheme 15 Proposed catalytic cycle for dehydrogenation of alcohols to ketones

R'

R3Si
R'

HSiR3

cat.
H

Scheme 16 Hydrosilylation

of C–C-multiple bonds

R1 R2

O

R1 R2

OSiR3

R1 R2

OH
Oxidation

HSiR3

cat.

Scheme 17 Hydrosilylation of carbonyl groups
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Bis(imino)pyridine iron complex 5 acts as a catalyst not only for hydrogenation

(see 2.1) but also for hydrosilylation of multiple bonds [27]. The results are

summarized in Table 10. The reaction rate for hydrosilylations is slower than that

for the corresponding hydrogenation; however, the trend of reaction rates is similar

in each reaction. In case of trans-2-hexene, the terminal addition product hexyl

(phenyl)silane was obtained predominantly. This result clearly shows that an

isomerization reaction takes place and the subsequent hydrosilylation reaction

delivers the corresponding product. Reaction of 1-hexene with H2SiPh2 also pro-

duced the hydrosilylated product in this system (eq. 1 in Scheme 18). However, the

reaction rate for H2SiPh2 was slower than that for H3SiPh. In addition, reaction of

diphenylacetylene as an alkyne with phenylsilane afforded the monoaddition prod-

uct due to steric repulsion (eq. 2 in Scheme 18).

Table 10 Olefine hydrosilylation catalyzed by 5

N

N Fe N

R R

Ar Ar
N2N2

Ar = 2,6-iPr2-C6H3

R = H: 5, Ph: 10

cat. 5 or 10

R RH3SiPh

PhH2Si

pentane

PhH2Si

SiH2Ph

SiH2Ph

Ph

PhH2Si

Ph

PhH2Si

Substrate

Ph

Ph

PhH2Si

SiH3PhPhH2Si

2 2

Product

TOF(mol/h)

364 [27]

[27]

[27]

[27]

[27]

[27]

[27]

[31] [31]

[31] [31]

[31] [31], 330

242

0.09a

23 , 20

104

20

182 , 166

5 10

930

16

37

a25% of the internal hydrosilylation product was also obtained.
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Stoichiometric reaction of 5 with phenylsilane produced the iron(0) bis(silane)

s-complex 18, which was confirmed by the single-crystal X-ray analysis as

well as SQUID (Superconducting QUantum Interference Device) magnetometry

(Scheme 19). Complex 18 as a precatalyst showed high activity for the hydrosilylation

of 1-hexene.

The hydrosilylation of various ketones catalyzed by a combination of Fe(OAc)2
with a N-coordinated ligand was reported by Nishiyama and Furuta in 2007 [65].

In this reaction, the catalytic activity was dependant on the N-coordinated ligands

employed (Scheme 20). The ligands on the left side of the dashed line were

effective, whereas those on the right side led to no or low catalytic activity.

Ph2HSi
5

cat. 5

H2SiPh2

cat. 5

H3SiPh

(1)

SiH2Ph

PhPh
PhPh (2)

Scheme 18 Fe-catalyzed

hydrosilylation of alkynes

and alkenes

PhH2Si H
SiH2PhH

N N
N N NFe FeN

Ar Ar ArAr
N2N2

2 PhSiH3

– 2 N2

5 18

Scheme 19 Ligand

exchange in hydrosilylations

N
N N

Ar

NO

N N

O

N N

R R

R = H

NMe2Me2N

MeN NMe

Me2N NMe2

N

N N

N N
Ar

Ar

Ar

Ar = 4-MeOPh

R1 R1R2 R2 R1 R2

O OSiR3 OH

5 mol% Fe(OAc)2
N-coordinated ligand
2 eq. (EtO)2MeSiH

THF, 65 °C, 24 h H3O+

tBu

tmeda bimpy

pybox-dmbipy
bipy-tb

48-94%

Scheme 20 Hydrosilylation of ketones catalyzed by Fe(OAc)2 with the N-coordinated ligand
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The Fe(OAc)2/tmeda system showed good activity and chemoselectivity. The

bromide and ester groups on the aryl ring of acetophenone were not reduced.

Intriguingly, the catalytic activity was improved by using sodium thiophene-2-

carboxylate (STC) instead of the N-ligand as a ligand for Fe(OAc)2 [66]. With

the Fe(OAc)2/STC system, it was possible to use polymethylhydrosiloxane

(PMHS) as well as (EtO)2MeSiH as a silyl source. However, in the presence of

other iron sources such as FeCl3 and Fe(acac)2 with STC no hydrosilylation was not

observed. In both systems, benzalacetone was reduced to the corresponding alcohol

in good to excellent yields with a small amount of 1,4-reduction product. To check

the scope of the catalytic reaction of the Fe(OAc)2/STC system, both transfer

hydrogenation and hydrogenation reactions (see 3.2.2) were examined but the

system was not very effective.

In 2007, the first asymmetric hydrosilylation was observed when a combination

of Fe(OAc)2 with the chiral ligand such as a pybox-bn (L1), bopa-ip (L2), and

bopa-tb (L3) was used [65]. The results are summarized in Table 11. The best ee
value (79% (R)) was attained by the combination of Fe(OAc)2 with L3.

Table 11 The Fe-catalyzed enantioselective hydrosilylation of ketones

Product

R1 R2

O

R1 * R2

OSiR3

R1 * R2

OH2 eq. (EtO)2MeSiH

5 mol% Fe(OAc)2

THF, 65°C H3O+

7 mol% Ligand

Ph

OH

OH

nC5H11

OH

Ligand Yield(%) ee(%)

NO

N N

O

Bn BnL1

N
H

O N N O

R R

R = iPr: L2
tBu: L3

L1 93 37 (R)

L2

L3

57 (R)

79 (R)

82

82

L3 65 (R)59

L3 59 (R)39

pybox-bn

bopa-ip
bopa-tb
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Beller and coworkers reported hydrosilylation reactions of organic carbonyl

compounds such as ketones and aldehydes catalyzed by Fe(OAc)2 with phosphorus

ligands (Scheme 21). In case of aldehydes as starting materials, the Fe(OAc)2/PCy3
with polymethylhydrosiloxane (PMHS) as an H–Si compound produced the

corresponding primary alcohols in good to excellent yields under mild conditions

[67]. Use of other phosphorus ligands, for instance, PPh3, bis(diphenylphosphino)

methane (dppm), and bis(diphenylphosphino)ethane (dppe) decreased the catalytic

activity. It should be noted that trans-cinnamaldehyde was converted into the

desired alcohol exclusively and 1,4-reduction products were not observed.

An iron complex-catalyzed asymmetric hydrosilylation of ketones was achieved

by using chiral phosphorus ligands [68]. Among various ligands, the best enantios-

electivities (up to 99% ee) were obtained using a combination of Fe(OAc)2/(S,S)-Me-

Duphos in THF. This hydrosilylation works smoothly in other solvents (diethylether,

n-hexane, dichloromethane, and toluene), but other iron sources are not effective.

Surprisingly, this Fe catalyst (45% ee) was more efficient in the asymmetric hydro-

silylation of cyclohexylmethylketone, a substrate that proved to be problematic in

hydrosilylations using Ru [69] or Ti [70] catalysts (43 and 23% ee, respectively).
Both Fe-catalyzed systems are compatible with functionalized organic carbonyl

compounds such as halides, sterically bulky groups and electron-withdrawing or

-donating groups on the aryl ring, or alkyl and heteroaryl groups for aldehydes.

A screening of H–Si compounds showed that PMHS and (EtO)2MeSiH were

suitable for both reactions.

In 2008, Gade and coworkers reported that the asymmetric hydrosilylation of

ketones was catalyzed by the Fe complex with a highly modular class of pincer-type

ligand (Scheme 22) [71]. This Fe catalyst system showed both moderate to good

R1 R1R2 R2

O OH

5 mol% Fe(OAc)2
10 mol% L

H-Si compound

THF, 65°C

Oxidation

L = PCy3, R1 = aryl, heteroaryl, alkyl, R2 = H: 72-99%
      PCy3, R1 = Ph, R2 = Me: 82%

L =
P

P

(S,S)-Me-Duphos
48-99% ee

45-99%

R1 = aryl

R2 = alkyl, aryl

Scheme 21 Hydrosilylation catalyzed by an Fe complex with phosphorus ligands
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enantioselectivities and yields at slightly elevated temperature. Although the yield

of product increased when the reaction was carried out at 65�C, the enantiomeric

excess of that decreased. By using sterically bulky dialkyl ketones such as ada-

mantylmethylketon and t-butylmethylketone, both yield and enantiomeric excess of

products decreased.

Interestingly, the activity of the corresponding cobalt catalyst possessing a

pincer-type ligand is higher than that of the iron complex. In addition, the cobalt

complex also acts as a catalyst in asymmetric intermolecular cyclopropanations.

Hydrosilylations of aldehydes and ketones with Ph2SiH2 catalyzed by a bis(imino)

pyridine iron complex were also achieved by Chirik and coworkers (Scheme 23) [72].

The catalytic activity of 19 ismuch higher than that of 20 except using 2-hexanone and

5-hexen-2-one as a ketone. The reaction rate increases with electron-withdrawing

groups in the para position on the phenyl ring (the order of activity: CF3 > H >
OMe > tBu > NMe2). This tendency is similar to that observed for the

corresponding hydrogenations, which was reported by Morris (see 2.2) [49].

The comparison of a bis(imino)pyridine iron complex and a pyridine bis

(oxazoline) iron complex in hydrosilylation reactions is shown in Scheme 24 [73].

Both iron complexes showed efficient activity at 23�C and low to modest

enantioselectivites. However, the steric hindered acetophenone derivatives such as

20,40,60-trimethylacetophenone and 40-tert-butyl-20,60-dimethylacetophenone reacted

sluggishly. The yields and enantioselectivities increased slightly when a combina-

tion of iron catalyst and B(C6F5)3 as an additive was used.

R1 R2

O

Fe cat.
2 eq. (EtO)2MeSiH
THF, 40°C, 40 h 

R1 = aryl, alkyl: R2 = alkyl

K2CO3, MeOH R1 * R2

OH

51-83%, 56-86% ee (S )

N

Ph

Ph

Ph

Ph

N

N

N

N

Fe(OAc)

Scheme 22 Asymmetric hydrosilylation catalyzed by the Fe complex with the pincer-type ligand

N

N Fe N
R R

CH2SiMe3

CH2SiMe3

R = Cy: 19
2,6-iPr2-C6H3: 20

R1 R1R2 R2

O OH

Fe cat.
2 Ph2SiH2
23°C, 3 h

NaOH or H+

R1 = aryl, alkyl; R2 = H, Me
54-99% for 0.1 mol% of 19
21-99% for 1 mol% of 20

Scheme 23 Hydrosilylation catalyzed by a bis(imimo)pyridine iron complex
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3.2 Hydroboration

Allylboranes are widely used in organic synthesis (for recent examples, see [74–82])

and have been prepared mainly by using Grignard and organolithium reagents.

However, these conventional methods present shortcomings such as inapplicability

for compounds with an electrophilic functional group [75]. Although transition-

metal-catalyzed hydroborations of olefins is well-established (for reviews of transi-

tion-metal-catalyzed hydroboration, see [83, 84]), examples for hydroborations of

dienes are comparably rare. Hence, the Pd(0)-catalyzed hydroboration reaction of

unfunctionalized 1,3-dienes with catecholborane affords branched (Z)-allylic bor-

onates as a result of a 1,4-addition (eq. 1 in Scheme 25) [85], while Rh(I)- [86] andNi

(II)-catalyzed [87] hydroboration reactions afford 1,2-addition products mainly

(eq. 2 in Scheme 25).

R1 R1Me Me

O

*

OH

Fe cat.
2 eq. PhSiH3

Et2O, 23°C, 1 h

R1= aryl, alkyl

N
O

N N

O

R2 R2

R3R3

Fe

CH2SiMe3
CH2SiMe3

O

N N

O

Fe

CH2EMe3Me3EH2C

R2 = iPr      58-99%, 5-49% ee
tBu     60-99%, 3-50% ee

Ind     84-99%, 1-33% ee

Bz     46-99%, 6-32% ee
iBu     25-99%, 4-22% ee

R3 = iPr: E = Si      95-99%, 1-21% ee

tBu: E = Si      86-99%, 0-15% ee

Ph: E = C      94-99%, 4-18% ee

C      89-99%, 0-26% ee

NaOH

0.3 mol%

1 mol%

Scheme 24 The comparison of a bis(imino)pyridine iron complex and a pyridine bis(oxazoline)

iron complex for hydrosilylation of ketones

R
Pd(0) cat.

R

HBCat BCat

BCat

(1)

Ni(II) cat.
or Rh(I) cat.

HBCat
(2)

Scheme 25 Transition metal

catalyzed hydroboration of

1,3-dienes
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In 2009, Ritter and coworkers reported a selective Fe-catalyzed hydroboration of

1,3-dienes to produce linear (E)-g-disubstituted allylboranes under mild conditions

when a combination of L1·FeCl2 and magnesium metal as a catalyst was used. The

branched (E)-allylboranes were obtained by using L2·FeCl2 instead of L1·FeCl2
(Scheme 26) [88]. For the synthesis of 2-borylallylsilanes, this method was superior

to the previously reported silaboration of allenes [89].

For a mechanistic investigation, hydroboration of myrcene with pinacolborane-

d1 was examined. A selective deuteration was observed at the methyl group of the

hydroboration product (Scheme 27).

The proposed mechanism for Fe-catalyzed 1,4-hydroboration is shown in

Scheme 28. The FeCl2 is initially reduced by magnesium and then the 1,3-diene

coordinates to the iron center (I ! II). The oxidative addition of the B–D bond of

pinacolborane-d1 to II yields the iron hydride complex III. This species III under-

goes a migratory insertion of the coordinated 1,3-diene into either the Fe–B bond to

produce p-allyl hydride complex IV or the Fe–D bond to produce p-allyl boryl
complex V. The p–s rearrangement takes place (IV ! VI, V ! VII). Subse-

quently, reductive elimination to give the C–D bond from VI or to give the C–B

bond from VII yields the deuterated hydroboration product and reinstalls an

intermediate II to complete the catalytic cycle. However, up to date it has not

been possible to confirm which pathway is correct.

4 mol% L1·FeCl2
10 mol% Mg

Et2O, 23°C, 3 h

N N
Ar

Ar

Ar = 3,5-dimethylphenyl

N N

iPr

iPr

5 mol% L2·FeCl2
10 mol% Mg

Et2O, 23°C, 3 h

L1

L2

PinB R

linear

branched

R

+
O

B
O

H

HBPin

1.2 eq.

H

PinB

H

R

Scheme 26 1,4-Hydroboration of 1,3-diene derivatives with pinacolborane catalyzed by an iron

complex

4 mol% L1·FeCl2
10 mol% Mg

Et2O, 23°C, 3 h
myrcene

+
O

B
O

D1.5 eq.
PinB

D

Scheme 27 Selected deuteration in hydroboration of myrcene catalyzed by FeCl2 with L1
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4 Organic Synthesis

4.1 C–C and C–E Bond Formation

C–C and C–E (E ¼ heteroatom) bond formations are valuable reactions in organic

synthesis, thus these reactions have been achieved to date by considerable efforts of

a large number of chemists using a precious-metal catalysts (e.g., Ru, Rh, and Pd).

Recently, the application range of iron catalysts as an alternative for rare and

expensive transition-metal catalysts has been rapidly expanded (for recent selected

examples, see [12–20, 90–103]). In these reactions, a Fe–H species might act as a

reactive key intermediate but also represent a deactivated species, which is

prepared by b-H elimination.

Iron-catalyzed cross-coupling reaction of aryl Grignard reagents with alkyl

halides possessing b-hydrogens was achieved by Hayashi and Nagano in 2004

(eq. 1 in Scheme 29) [104]. Although alkyl Grignard reagents with aryl and alkyl

halides do not fit in this reaction, the combination of secondary alkyl halides as well

as primary ones with aryl Grignard reagents are adaptable. In 2006, Ready and

Zhang reported that the carbometalation-cross coupling of propargylic and homo-

propargylic alcohols affords tri- and tetrasubstituted olefins with high regio- and

stereo-selectivity catalyzed by Fe(III) complexes such as Fe(acac)3 and Fe(ehx)3
(ehx ¼ 2-ethylhexanoate) (eq. 2 in Scheme 29) [105]. While Cu(I) salts show a low

activity (<5% conversion) [106, 107], Co(OAc)2 and Ni(acac)2 catalysts afford the

corresponding products in moderate yields.

O
B

O
D

R

R
Fe

FeFe Fe

Fe

Fe

Fe
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RNRN RN

RN

RN

RN

RN

NR'

NR'NR' NR'

NR'

NR'

NR'

NR'

PinB

PinB

PinB

PinB
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PinB

D

RD
R

D

R

D

R

Dor

R

R

D

I

III
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V

VII

Cl Cl

Mg

R
II N N

Ar

Ar

Ar = 3,5-dimethylphenyl

Scheme 28 Proposed mechanism for 1,4-hydroboration
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The initially formed tetra-alkylferrate(II) represents the reactive intermediate in

both reactions that undergoes a carboferration of the triple bond in eq. 2, Scheme 29.

Transmetallation from Fe to Mg yields a vinyl-magnesium species, which liberates

the desired olefin upon hydrolysis within the acidic work-up procedure. In the

above two reactions, a competing b-hydride elimination from the ferrate yields

the unreactive Fe–H species and hence is considered to be the deactivation step in

the catalytic cycle.

In 2009, Ritter and coworkers reported a stereo- and regio-selective 1,4-addition

of a-olefins to 1,3-dienes catalyzed by the mixture of FeCl2, the iminopyridine

ligand (L1 or L2), in the presence of magnesium metal (Scheme 30) [108]. This

combination is also adaptable to the 1,4-hydroboration of 1,3-dienes (see 3.2).

In contrast to the hydroboration protocol, this reaction affords the linear 1,4-

diene addition products in either case as the sole product using both L1 or L2 as a

ligand. The system possesses a good degree of functional group tolerance for the

functionalized styrenes with electron-withdrawing or -donating groups such as

halides, ethers, and esters on the aryl ring.

The proposed catalytic cycle is shown in Scheme 31. Hence, FeCl2 is reduced by

magnesium and subsequently coordinates both to the 1,3-diene and a-olefin (I ! III).

The oxidative coupling of the coordinated 1,3-diene and a-olefin yields the allyl alkyl
iron(II) complex IV. Subsequently, the p–s rearrangement takes place (IV ! V). The

syn-b-hydride elimination (HZ) gives the hydride complex VI from which the C–Hz

bond in the 1,4-addition product is formed via reductive elimination with regeneration

of the active species II to complete the catalytic cycle. Deuteration experiments support

this mechanistic scenario (Scheme 32).

Fe(acac)3 cat.

Et2O, reflux, 0.5 h
+ ArMgBrRX R Ar (1)

R1

HO

R2

+ R3MgBr
Fe(III) cat. R3

R1

H

R2

OH

n
n (2)

Scheme 29 Iron-catalyzed cross coupling reaction of aryl Grignard reagents with alkyl halides

Et2O (1 M)

N N
Me

Ph

N N
Ph

L1

L2

+

SiMe3

R2
R3R1 R1

2 mol% FeCl2
2 mol% L1 or L2

4 mol% Mg

R2
R3

51-94%R1 = aryl, benzyl
R2 = Me, H; R3 = Me, alkyl

Scheme 30 Fe-catalyzed 1,4-addition of a-olefins to 1,3-dienes
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Iron-catalyzed C(sp3)–C(sp3) bond-forming cross-coupling reactions of alcohols

with alkenes has been reported by Tu and coworkers in 2009 [109]. Reactions of

primary alcohols with various alkenes in the presence of a catalytic amount of

FeCl3 in 1,2-dichloroethane afford the desired secondary alcohols as the cross-

coupling products in moderate to good yields (Scheme 33). Iron sources such as

Fe

RN NR'

HZ

HZ

I

III

VI

Cl Cl

Mg

II N N
Me

Ph

Ph

Ph

Ph

Ph

HE

HZ

Fe

FeFe

Fe

Fe

RN NR'

RN NR'RN NR'

RN NR'

RN NR'

RN NR'

IV

HZ
HE

HEPh

HE

HZ

Ph
HE

H
V

Scheme 31 Fe-catalyzed 1,4-addition of a-olefins to 1,3-dienes

5 mol% L1•FeCl2

5 mol% L1•FeCl2

15 mol% Mg, Et2O

15 mol% Mg, Et2O

+Ph

Ph

Ph

Ph+

D

D

D

H

D

D

D

(1)

(2)

Scheme 32 Deuteration experiment for 1,4-addition of a-olefins to diene catalyzed by an

iminopyridine-ferrous chloride complex

R2 R2

R3

R3R1

OH OH

H
+

FeCl3 (0.15 eq.)

DCE, 65°C R1 R2

R3OH

H

48-93%R1 = alkyl
R2 = aryl; R3 = H, Me, aryl

Scheme 33 Fe-catalyzed primary alcohols with various alkenes
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FeCl2, Fe(acac)3, and Fe(ClO4)3 instead of FeCl3, however, showed low activity.

Tertiary alcohols, such as 3-phenylpropanol or cyclohexylmethanol instead of

alkenes, are also adaptable to this reaction.

Based upon deuterium-labeling experiments, the following catalytic cycle was

proposed (Scheme 34). The Fe(III) center coordinates to the olefin and interacts

with the C(sp3)–H bond adjacent to the oxygen atom of the alcohol to form

intermediate a. Cleavage of the C(sp3)–H bond gives radical pair b. Subsequently,

both free-radical addition and dissociation afford a free-radical and a Fe(IV)–H

species. The hydrogen transfer from the hydride complex to c gives the desired

product and regenerates the [Fe]III catalyst for the next catalytic cycle.

Beller and coworkers found in 2009 that alkynes react with amines under the CO

pressure (20 bar) in the presence of catalytic amounts of [Fe3(CO)12] to the

corresponding succinimide in moderate to excellent yields (Scheme 35) [110].

Various terminal and internal alkynes and ammonia or primary amines are adapt-

able for this transformation. Furthermore, [Fe(CO)5] as an iron source showed high

activity. The catalytic activity, however, decreased considerably when a phosphine

ligand such as PPh3 and (tBu)2P(
nBu) was employed.

The proposed reaction mechanism, which is assisted by Periasamy’s stoichiomet-

ric reaction [111–118], is shown in Scheme 36. Initially, the reaction of [Fe3(CO)12]

[Fe]III

[Fe]R
3

R1

OHH

H

R1

OH

H

R1 R2

R3OH
[Fe]IVH+

a

b

c

R2

R3

R1

OH

H
+

R2

R1 R2

R3OH

H

[Fe]IVR3

R2

H

Scheme 34 Proposed catalytic cycle for the C–C bond formation

Fe cat.

NH2R", CO
R'R NR"

O

O
R

R'

R, R' = alkyl, aryl, H
R" = H, alkyl 48-98% yield

Scheme 35 Synthesis of

succinimides catalyzed by an

iron complex
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with an amine gives both an “amine-[Fe(CO)4]” and an [Fe2(CO)8] species. Subse-

quently, [Fe2(CO)8] reacts with alkynes under CO pressure to yield complexes a or b.

The corresponding cyclic imides are obtained by the reaction of a or b with an excess

amount of amine and CO via intermediates c–d. Although some mechanistic details

are unapparent, hydride complex d and dihydrogen complex e are considered to be

key intermediates.

In 2009, Chirik reported a hydrogen-mediated reductive enyne cyclization

catalyzed by the bis(imino)pyridine iron complex 5 (Scheme 37) [119]. In the

[Fe3(CO)12] + NH3 +

CO

Fe(CO)3

Fe(CO)3

Fe(CO)3

Fe(CO)3

O

O

R

R' Fe(CO)4

Fe(CO)4

OH

OH

R

R'

R'

or

NH3 excess

O

O

R

R'

NH
H H

FeH(CO)3

N

O

O

R
H

H

Fe(CO)4

NH

O

O
R

R' Fe2H2(CO)x

CO

NH

O

O
R

R'

R'R

a

c

d

b

e

Scheme 36 Reaction mechanism of the formation of succinimides catalyzed by iron complexes

N
N Fe N

Ar Ar
N2N2

5
Ar = 2,6-iPr2-C6H3
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presence of the Fe catalyst under hydrogen pressure, various 1,6-enynes are readily

converted into the corresponding cyclic products. The unsaturated moiety on the

product is subsequently hydrogenated to give the desired products such as pyrro-

lidine, tetrahydrofuran, and cyclopentane derivatives (see also 3.2.1) [120].

The catalytic cycle, which is supported by stoichiometric and labeling experi-

ments, is shown in Scheme 38. Loss of 2 equiv. of N2 from 5 affords the active

species a. Reaction of a with the 1,6-enyne gives the metallacycle complex b.

Subsequently, b reacts with H2 to give the alkenyl hydride complex c or the alkyl

hydride complex d. Finally, reductive elimination constructs the C–H bond in the

cyclization product and regenerates intermediate a to complete the catalytic cycle.

In addition, (Z,Z)-3,4-diethylene-substituted pyrrolidines and cyclopentane are

obtained when 2,7-diynes were used as a starting material in Scheme 39.
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As an alternative method for the C–C bond formation, oligomerization and

polymerization reactions of olefins catalyzed by a bis(imino)pyridine iron complex

are also well known (Scheme 40) [121–124].

The corresponding iron-catalyzed oligomerization of ethylene was developed by

Gibson and coworkers [125]. A combination of an iron precatalyst with MAO

(methyl aluminoxane) yields a catalyst that affords ethylene oligomers (>99%

linear a-olefin mixtures). The activity of ketimine iron complexes (R1 ¼ Me) is

higher than that of the aldimine analogs (R1 ¼ H) and also the a-value of the

oligomer is better (Scheme 41).

A head-to-head dimerization of a-olefin catalyzed by a bis(imino)pyridine iron

complex has been reported by Small and Marcucci [126]. This reaction delivers

linear internal olefins (up to 80% linearity) from a-olefins. The linearity of pro-

ducts, however, depends on the catalyst structure and the reaction conditions.

Fink and Babik reported that propylene polymerization was achieved by a bis

(imino)pyridine iron complex with Ph3C[B(C6F5)]4] and trialkylaluminium as addi-

tives [127]. Both 3-methyl-nbutyl and nbutyl endgroups were observed by 13C NMR

spectrum when triisobutylaluminium as an activator was used, whereas the only
npropyl endgroup was formed in case of triethylaluminium activation. In addition,

this polymerization proceeds two times faster with than without a hydrogen atmo-

sphere, but the Mn value decreases and the Mw/Mn value rises up.

The reaction mechanism is investigated by using DFT calculations [128, 129] indicat-

ing formation of a Fe–H species to be an important step. In case of 1-butene, the synthesis
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Fe cat.
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N Fe N
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R2 R2

ClCl
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Scheme 40 Olefin polymerization catalyzed by a bis(imino)pyridine iron complex
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of linear octenes (i.e., 1,2- and the successive 2,1-insertions of 1-butene) is kinetically

favored rather than that of branched products (Scheme 41). Dimers are obtained via a

competitive reaction of b-hydrogen elimination and b-hydrogen transfer termination.

Further insertion reaction into the Fe–C bond affords higher oligomers and polymers.

The direct reductive amination (DRA) is a useful method for the synthesis of

amino derivatives from carbonyl compounds, amines, and H2. Precious-metal (Ru

[130–132], Rh [133–137], Ir [138–142], Pd [143]) catalyzed reactions are well

known to date. The first Fe-catalyzed DRA reaction was reported by Bhanage and

coworkers in 2008 (Scheme 42) [144]. Although the reaction conditions are not mild

(high temperature, moderate H2 pressure), the hydrogenation of imines and/or enam-

ines, which are generated by reaction of organic carbonyl compounds with amines,

produces various substituted aryl and/or alkyl amines. A dihydrogen or dihydride iron

complex was proposed as a reactive intermediate within the catalytic cycle.

4.2 Others

The dehydration of primary amides with hydrosilane catalyzed by iron carbonyl

clusters, such as [Et3NH][HFe3(CO)11] and Fe2(CO)9, was achieved by Beller and

coworkers in 2009 (Scheme 43) [145]. This reaction shows good functional group

tolerance (e.g., such as aromatic, heteroaromatic, and aliphatic substrates).

A mechanistic proposal, which is based on the ruthenium-catalyzed dehydration

reaction reported by Nagashima and coworkers [146], is shown in Scheme 44.

Reaction of a primary amine with hydrosilane in the presence of the iron catalyst

affords the bis(silyl)amine a and 2 equiv. of H2. Subsequently, the isomerization of

a gives the N,O-bis(silyl)imidate b and then elimination of the disiloxane from b

produces the corresponding nitrile. Although the disiloxane and its monohydrolysis

product were observed by 13C and 29Si NMR spectroscopy and by GC-Mass-

analysis, intermediates a and b were not detected.
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In 2009, Beller (Scheme 45) [147] and Nagashima (Scheme 46) [148] indepen-

dently reported an iron-catalyzed hydrosilane reduction of carboxamides to amines.

Although inexpensive PMHS and TMDS as an H–Si source are usable, the yield of

product considerably decreased when hydrosilane containing only one H–Si moiety

or iron sources such as Fe(acac)2 and FeX2 (X ¼ F, Cl) was used. In both thermal

and photoassisted conditions, almost the same reactivities were observed upon

using a combination of Fe catalyst with TMDS (Scheme 46).

A catalytic mechanism, which is supported by deuterium-labeling experiments

in the corresponding Ru-catalyzed procedure [146], is shown in Scheme 47.

Accordingly, the reactive Fe-hydride species is formed in situ by the reaction of

the iron precatalyst with hydrosilane. Hydrosilylation of the carboxyl group affords

the O-silyl-N,O-acetal a, which is converted into the iminium intermediate b.

Reduction of b by a second Fe-hydride species finally generates the corresponding

amine and disiloxane.
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Scheme 44 Plausible pathway of Fe-catalyzed dehydration of primary amides to nitriles
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Oriyama and coworkers reported an iron-catalyzed reductive etherification of

carbonyl compounds with triethylsilane and alkoxytrialkylsilane [149, 150] and

alcohols (Scheme 48) [151].

Although some methods for reductive etherifications of carbonyl compounds

have been reported [152–162], the iron-catalyzed version possesses several advan-

tages: (1) fairly short reaction times are needed, (2) not only trimethylsilyl ether but

also triethylsilyl and tbutyldimethylsilyl ethers and alcohols are adaptable, and (3) a

broad substrate scope.

Our groups developed a catalytic C–CN bond cleavage of organonitriles cata-

lyzed by the Fe complex (Scheme 49) [163, 164]. In this reaction, an organonitrile

R–CN and Et3SiH are converted into Et3SiCN as a result of the C–CN bond

cleavage and the Si–CN bond formation, and the R–H product. This is the first

example of the catalytic C–CN bond cleavage of acetonitrile.
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Supported by DFT calculation [165], we proposed the mechanism shown in

Scheme 50 for the reaction with acetonitrile. Thus, one CO ligand in CpFe(CO)2Me

is released via photolysis to give the 16-electron species a CpFe(CO)Me. In the

presence of Et3SiH, the hydride complex CpFe(CO)Me(H)(SiEt3) is formed. Sub-

sequently, reductive elimination to give CH4 yields the important intermediate b

CpFe(CO)(SiEt3), which reacts with R–CN to give CpFe(CO)(SiEt3)(Z
2-NCR).

This nitrile complex is then converted into CpFe(CO)(Me)(Z1-CNSiEt3). Finally,

dissociation of Et3SiNC regenerates a to complete the catalytic cycle. The released

Et3SiNC isomerizes to Et3SiCN. In addition to the reaction of b with MeCN, b

reacts also with Et3SiH to give the bis(silyl)hydride complex, which is isolable.

We also reported that CpFe(CO)2Me acts as a precursor for the Si–O–Si bond

formation reaction fromhydrosilane andDMF (Scheme 51) [166, 167]. In this reaction,

tertiary silanes and bis(silyl) compounds are converted into the corresponding disilox-

anes and the polymers with (–R–Si–O–Si)n backbone, respectively.
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The reaction of CpFe(CO)2Me with R3SiH gives the bis(silyl)hydride complex

21. Photoreaction of 21 in DMF afforded the corresponding disiloxane (Scheme 52).

We believe that the oxygen in the disiloxane is derived from DMF, because NMe3
is concomitantly formed in this reaction. It is considered that the silyl species a,

which is prepared via reductive elimination of R3SiH from 21 in situ, is the active

species within the catalytic cycle. Therefore, the generation of a bis(silyl)hydride

species is the dormant step. We are currently studying the details of the reaction

mechanism.

Isomerization reactions of allylic alcohols a to ketones b are catalyzed by various

metal (e.g., Ru, Rh, Co, Ni,Mo, Ir, Pt) (Scheme 53) [168–172]. However, thesemetals

are expensive and in some cases harsh reaction conditions are required.

A mild, Fe(CO)5-catalyzed isomerization of this type was reported by Grée and

coworkers [173]. Allylic alcohols having mono-, di-, trisubstituted alkene are

readily converted into their corresponding ketones, whereas polyunsaturated deri-

vatives do not rearrange (Scheme 54).

The isomerization mechanism is clearly established by labeling experiments. The

rearrangement of a to c via a p-allyl hydride complex b in the coordination sphere of

the metal is a key step in this cayalytic cycle (Scheme 54) [174, 175]. In case of

polyunsaturated derivatives, formation of a stable Z4 complexes (Scheme 55) is

preferred over the rearrangement (a ! c).

In addition, a 532 (visible) or 355 (UV region) nm laser-induced photoisomeriza-

tion of allylic alcohols to aldehydes catalyzed by [Fe3(CO)12] or [Fe(CO)4PPh3] was

developed by Fan [176]. In this reaction, key intermediates such as the p-allyl hydride
species [FeH(CO)3(Z

3-C3H3ROH)] (R ¼ H,Me) were detected by pulsed laser FTIR

absorption spectroscopy. These results strongly support the p-allyl mechanism of

photoisomerization of allyl alcohols.

Furthermore, details of the isomerization of 1-alkenes into 2-alkenes were exam-

ined by deuteration experiments [177] and by using time-resolved IR spectroscopy in
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the gas phase [178] and in solution [179, 180]. The reaction mechanism, which is

supported by the DFT calculations, is shown in Scheme 56. Thus, reaction of

Fe(CO)5 with a 1-alkene under photo-irradiation gives the Z2-alkene complex a.
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Complex a is readily converted into a Fe–g-H agnostic complex b within an early

picosecond timescale and then the p-allyl hydride complex c is generated by hydride

abstraction. The energy level of the 2-alkene isomer d, which is calculated by DFT

experiments, is similar to that of the 1-alkene complex b. In the next step, Fe

(CO)3(Z
2-1-alkene)(Z2-2-alkene) f, which is generated via intramolecular isomeriza-

tion of the coordinated 1-alkene to 2-alkene and the coordination of another 1-alkene,

is a thermodynamically favored product rather than formation of a Fe(CO)3(Z
2-1-

alkene)2 e. Subsequently, release of the 2-alkene from f regenerates the active species

b to complete the catalytic cycle.

5 Hydrogen Generation

H2 serves as the alternative energy source relative to fossil fuels and biomass [181]

because it is clean and environmentally friendly. Hence, catalytic hydrogen gener-

ation from water under mild conditions is one of the goals for the organometallic

catalysis. One of the hopeful methods is the electrochemical reduction of protons by

a hydrogenase mimic.

Based upon structural investigations by experts in the field of molecular biology,

several Fe-containing complexes are found in the active side of natural proteins, e.g.,

a diiron complex in [FeFe]-hydrogenases (structure a in Fig. 6), a binuclear Fe–Ni

complex in [NiFe]-hydrogenases (structure b in Fig. 6), or a monoiron complex in

[Fe]-hydrogenases (structure c in Fig. 6). In [FeFe]-hydrogenases, two Fe centers are

bridged by a CO ligand and a small organic moiety. However, it is not clear whether

the moiety is a dithiolate ligand or not [182–187]. On the other hand, [NiFe]-

hydrogenase is mainly constructed from both a large subunit containing the Ni–Fe

cluster [188–190] and a small subunit, an iron–sulfur cluster ([4Fe–4S]). The waved
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line stands for the interface between the hydrogenase large subunit and the small

subunit [191–193]. The crystal structure of the model for the active site of the [Fe]-

hydrogenases is not entirely clear [194, 195].

5.1 Electrochemical Reduction

Within the past 10 years, various biomimetic Fe model complexes were prepared

and their catalytic activities in the electrochemical reduction of protons to H2 were

investigated (Scheme 57).

In 2001, Rauchfuss found that the dithiolate diiron complex Et4N[Fe2{m-
S2(CH2)3}(CN)(CO)4(PMe)3] 22 acts as a catalyst in this reaction under strong

acid conditions such as H2SO4, HCl, and HOTs [196]. In a preparative-scale

reaction, a solution of 10�3 M of 22 with 50 equiv. H2SO4 in CH3CN was

electrolyzed at –1.2 V. Gas chromatographic analysis showed that the yield of

produced H2 was 100 (�10)%. The proposed catalytic cycle is shown in Scheme 58.

Initially, 22 is converted into the m-hydride complex 23 by metal protonation.

A subsequent second protonation at the N atom of the CN� ligand affords 23H+.

Two-electron reduction of 23H+ yields H2 and regenerates 22. In this cycle, the m-
hydride complex 23 was isolated by a stoichiometric reaction of 22 with H2SO4

[196] and its structure was confirmed by the X-ray analysis [197].
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Further investigations of the related dithiolate diiron complexes [Fe2{m-S2(CH2)3}

(CO)4(L)2] (L ¼ CO or phosphine) were conducted by Rauchfuss’s group and

Darensbourg’s group [197–199] and revealed the catalytic activities to be strongly

dependant on the nature of the ligand L. Two proposed mechanisms for these

complexes are shown in Fig. 7. EECC mechanism (Fig. 7a) is adopted when L is a

CO ligand, whereas ECCE mechanism (Fig. 7b) is likely for the phosphine complex.

The m-hydride diiron complex [(m-H)Fe2(BC)(CO)4(PMe3)2]PF6 24 (BC ¼
benzo-[c]-cinnoline), which was prepared by protonation of [Fe2(BC)

(CO)4(PMe3)2] as a model for the active site of the [FeFe]-hydrogenase, was

reported by Rauchfuss in 2007 (Scheme 59) [200]. The structure of 24 was con-

firmed by the X-ray analysis. The electrochemical reduction of protons was attained

by using 24 as a catalyst in the presence of p-toluenesulfonic acid (pKa ¼ 8.73).

In the same year, Evans and coworkers reported the electrochemical reduction of

protons to H2 catalyzed by the sulfur-bridged dinuclear iron complex 25 as a

hydrogenase mimic in which acetic acid was used as a proton source [201]. The

proposed mechanism for this reaction is shown in Scheme 60. The reduction of

25 readily affords 252� via a one electron reduction product 25�. Protonation
of 252� by acetic acid produces the m-hydride complex 25H� which is reduced to

25H2�. The obtained 25H2� reacts with acetic acid to generate molecular hydrogen
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and 25� to complete the catalytic cycle. This ECEC mechanism was confirmed

by calculations and electrochemical experiments.

Evans found that molecular hydrogen was efficiently generated by the reaction

of a simple diiron complex [CpFe(CO)2]2 (Fp2) with acetic acid (pKa ¼ 22.3) in

acetonitrile [202]. Electrochemical simulations revealed that Fp2, [CpFe(CO)2]
�

(Fp�), and [CpFe(CO)2H] (FpH) were key intermediates in this catalytic mecha-

nism (Scheme 61). Reduction of Fp2 produces both an Fp� anion and an Fpl

radical, which is further reduced to give an Fp� anion. The oxidation of the

Fp� anion by proton affords FpH. This protonation was found to be the rate-

limiting step. The dimerization of the FpH generates Fp2 and H2. Alternatively,

the FpH is reduced to afford the FpH� anion, which is subsequently protonated
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with release of H2. This system was adaptable to weaker acids such as

2-BrC6H4OH (pKa ¼ 23.9), 4-BrC6H4OH (pKa ¼ 25.5), and 4-tBuC6H4OH

(pKa ¼ 27.5). In contrast, 25 showed no activity when 4-tBuC6H4OH was used.

Chiang and coworkers synthesized a dimer of compound 26 in which two

diiron subunits are linked by two azadithiolate ligands as a model of the active

site for the [FeFe]-hydrogenase [203]. Protonation of 26 afforded the m-hydride
complex [26-2HN2HFe]4+ via the initially protonated spieces [26-2HN]2+

(Scheme 62). These three complexes were also characterized by the X-ray diffrac-

tion analyses. H2-generation was observed by electrochemical reduction of protons

catalyzed by 26 in the presence of HBF4 as a proton source. It was experimentally

ascertained that [26-2HN2HFe]4+ was converted into 26 by four irreversible

reduction steps in the absence of HBF4.

The proposed mechanism of H2 evolution by a model of [FeFe]-hydrogenases

based upon DFT calculations [204–206] and a hybrid quantum mechanical and

molecular mechanical (QM/MM) investigation is summarized in Scheme 63

[207]. Complex I is converted into II by both protonation and reduction.

Migration of the proton on the N atom to the Fe center in II produces the

hydride complex III, and then protonation affords IV. In the next step, two

pathways are conceivable. One is that the molecular hydrogen complex VI is

synthesized by proton transfer and subsequent reduction (Path a). The other

proposed by De Gioia, Ryde, and coworkers [207] is that the reduction of IV

affords VI via the terminal hydride complex V (Path b). Dehydrogenation from

VI regenerates I.
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Although the mechanistic insights for the model complex of [FeFe] hydrogenase

became clearer little by little, those for the [NiFe] hydrogenase are still challenging

topics.

Heterodinuclear Ni–Fe complexes, which are not stabilized by the phosphine

and NO ligands, were synthesized by Tatsumi and coworkers as [NiFe] hydroge-

nase mimics [208–210]. Several examples are shown in Fig. 8. However, the

catalytic activities of these complexes are not ascertained.

The first electrochemical H2 generation catalyzed by a hetero-nuclear Fe–Ni

complex [Ni(L)Fe2(CO)6] (27) [L
2� ¼ (CH3C6H3S2)2(CH2)3

2�] (Fig. 9) with tri-

fluoroacetic acid was reported by Sch€oder and coworkers in 2006 [211]. Based on

their electrochemical behavior, spectroscopic data, and DFT calculations of 27, an

EECC mechanism was ruled out and therefore an ECCE or ECEC mechanism

involving the formation of FeII–H� and NiIII–H� intermediates is likely. In this

cycle, six catalytic turnovers were achieved. This value is comparable to those for

[Fe2(X)(CO)4(PMe3)2] [X ¼ 2(EtS�), pdt2�, edt2�, xyldt2�] (ca. 6–30 TON)

[198, 199].
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In 2009, Rauchfuss and coworkers succeeded in the synthesis of the Fe–m-
H–Ni complex [(CO)3Fe(pdt)(m-H)Ni(dppe)]BF4 28 (pdt ¼ 1,3-propanedithiolate,

dppe ¼ 1,2-C2H4(PPh2)2) as a model for [NiFe]-hydrogenases (Scheme 64)

[212]. The structure of 28 was characterized by X-ray crystallographic analysis.

This is the first example of an Fe–Ni thiolato hydride complex. Evolution of H2

by electrochemical reduction of CF3CO2H (pKa ¼ 12.65) was observed in the

presence of the catalytic amounts of 28.
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Yang and Hall investigated mechanistic details for the H–H bond cleavage by

mononuclear [Fe]-hydrogenases using computational methods (Scheme 65) [213].

Accordingly, model complex I reacts with H2 to give the dihydrogen complex II,

which is subsequently converted into the hydride complex III via TSII,III for the

cleavage of H2 with sulfur as a proton accepter. Complex III shows strong interac-

tion through Fe–Hd– � � �Hd+–O dihydrogen bond.

5.2 Photochemical Reduction

Transition-metal catalyzed photochemical reactions for hydrogen generation from

water have recently been investigated in detail. The reaction system is composed of

three major components such as a photosensitizer (PS), a water reduction catalyst

(WRC), and a sacrificial reagent (SR). Although noble-metal complexes as WRC

have been used [214–230], examples for iron complexes are quite rare. It is well

known that a hydride as well as a dihydrogen (or dihydride) complex plays

important roles in this reaction.

An iron-catalyzed photochemical hydrogen generation from water was devel-

oped by Wang, Sun, and coworkers in 2008 [231]. A three component catalyst

system (a ruthenium polypyridine derivative as the PS, a dithiolate diiron complex

as the WRC, ascorbic acid as both electron and proton donor (SR)) in CH3CN/H2O

under photo-irradiation conditions showed catalytic activity in the hydrogen gener-

ation (Scheme 66). Although the visible light-driven hydrogen generation from

water proved successful, the catalytic activity is not high (up to 4.3 TON based on

the iron complex).

OC Fe

S

CH2O
O

N

O
Me

OH

HO

+ H2

– H2O
OC Fe

S

CH2

O

N

O
Me

OH

HO

OC Fe

S

C
H

O

N

O
Me

OH

HO

H
OC Fe

S

C
H

O

N

O
Me

OH

O

H

H

I II

TSII,IIIIII

Scheme 65 The calculated mechanism of H–H bond cleavage reaction of the model complex for

[Fe]-hydrogenases

72 H. Nakazawa and M. Itazaki



Very recently, Hammarstr€om, Ott, and coworkers found that the catalytic activ-

ity was significantly increased (up to 200 TON based on the iron complex) when a

diiron complex having a 3,6-dichlorobenzene-1,2-dithiolate ligand (Fig. 10) instead

of a benzylazadithiolate ligand was used as a WRC (see ref. [64] in [232]).

Recently, Beller and coworkers reported another efficient Fe-catalyzed light-

driven hydrogen generation system [233]. The highest activity for the iron complex

was achieved by using the combination of [Ir(bpy)(ppy)2][PF6]as the PS, an iron(0)

carbonyl complex as the WRC, and triethylamine (TEA) as the SR under photolysis

conditions. The maximum TON was 322 based on the iron complex. The mechanism

for the photochemical reduction of water, which is similar to the one proposed by

Wang, Sun, and coworkers [231], is shown in Scheme 67. The iron carbonyl species

a is generated by reduction of [Fe(CO)5] by the PS�, which is generated by

photoreaction of PS and TEA as the SR. Protonation and reduction of a affords

the hydride species b, which is subsequently protonated to give dihydrogen with

regeneration of a.

Two different types of zinc-porphyrins coordinated diiron complex act as cata-

lysts for the photochemical reduction hydrogen evolution from water. In this system
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achieved by Hartl and coworkers (Scheme 68) [234], two different chromophores

(Zn1 and Zn2) and a tertiary amine NiPr2Et as a SR for the electron donor are

required.
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Appendix

The isolated iron hydride complexes introduced in this chapter are listed in

Table 12, where the hydride chemical shifts in the 1HNMR spectra and the Fe–H

bond distances are summarized.
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Table 12

FeC
C
O

O H
Fe

PMe3

CO
Me3P

CON N

24

PF6

d 15.479 (dd, JPH = 8, 26.5 Hz, unsym)

d15.621 (dd, JPH = 9 Hz, sym) 1.62(3) for sym

N
S S

S

N

S

Fe

Fe

Fe

Fe
H H

nPr

nPr
CC

Me3P

Me3P
C C

C C PMe3

C C PMe3
O O

O O

O O

O O 2

[26-2HFe]2+

d 15.46 (d, JPH = 21 .5 Hz) 1.620b, 1.668b

Fe
C

C
O

O H
Ni

SC
SO

P

P

Ph2

Ph2
28

BF4

1.46(6)d 3.53 (tt, JPH = 6 Hz, JHH = 0.6 Hz)

Fe1C
Me3P

O H
Fe2

S
S

C
CN

C

O

CO

23

d 17.08 (d, JPH = 24 Hz)
1.63(2) for Fe2

1.70(2) for Fe1

O

Fe

C
PhMe2Si

O
H

SiR3
R3 = Me2Ph: 21

Et

d 13.22 (s)

d 13.71 (s)

1.44(3)

1.46(3)

 1H NMR
hydride signal (d, ppm)

       X-ray analysis
Fe-H bond distance (Å)Complex

Fe

TMS
O

TMS
H

C
C

H

O

O

11

B

PiPr2

PiPr2

Ph

iPr2P

iPr2P

Fe

PR3

HH
H

R3 = Me3: 3PiPr2

PiPr2

Et3: 4

d 13.72 (s)a

d 13.16 (s)a

1.44(2), 1.46(3), 1.51(2)

d 11.62 (s) 1.38(2)

N

N Fe N
Ar Ar

H H

N.D. [27]

[27]

9

Ref.

MePh2 d 13.16 (s)a

B

Ph

Fe
PR3H

d 2.34 (br,s)R3 = Me3

MePh2 1.363(13)

1.511(14)

N.D.

for catalytic
reaction

N

N Fe N
Ar Ar

PhH2Si H
SiH2PhH

18

1.45(3), 1.51(3)d 6.69 (s)

[26]

[26]

[26]

[26]

[26]

[235]

[47]

[197]

[200]

[200]

[203]

[212]

[166,167]

a1H{31P} NMR measurement.
bThe bond distances were calculated by Mercury 2.2 for Windows [236] using CIF

data.
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1 Introduction

Iron is an essential element for the proper function of nearly all known biological

systems. In living organism, iron is generally stored in the center of metallopro-

teins, most important is the incorporation into heme complexes. These complexes
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are an essential part of cytochromes, e.g., P450 cytochromes, which mediate

numerous redox reactions, and of oxygen carrier proteins, for example hemoglobin.

Nonheme iron-based enzymes include, for example, methane monooxygenase and

hemerythrins, which regulate oxygen transport and fixation in marine invertebrates.

The key active species in numerous biological oxidation reactions in which activa-

tion of oxygen is involved are known to be high-valent iron–oxo intermediates of

heme and nonheme complexes [1, 2]. In the past two decades, significant advance-

ments towards the direct characterization of Fe(IV)O-, Fe(V)O-, and even Fe(VI)O-

species have been made [3]. Hence, detailed knowledge on the structure of model

complexes such as [FeIV(TMCS)(¼O)](PF6) (TMCS ¼ 1-mercaptoethyl-4,8,11-

trimethyl-1,4,8,11-tetraza cyclotetradecane) [4] and FeVTAML(¼O) (TAML ¼
tetraamido macrocyclic ligand) [5] are nowadays available. There is no doubt that

such basic knowledge is important for the understanding of biologically relevant

actions and the more rational design of artificial catalysts. However, so far the

catalytic performance of most of these model complexes is far away from the

efficiency of biologically active systems and sometimes with model complexes

no catalytic behavior is observed at all.

Because there exist a number of reviews which deals with the structural and

mechanistic aspects of high-valent iron–oxo and peroxo complexes [6, 7], we focus

in this report on the application and catalysis of iron complexes in selected

important oxidation reactions. When appropriate we will discuss the involvement

and characterization of Fe–oxo intermediates in these reactions.

2 Epoxidation of Olefins

Among the different oxidation reactions, both from an academic as well as indus-

trial point of view, the epoxidation of olefins is of considerable interest [8, 9].

Subsequent ring opening reactions make epoxides versatile building blocks for

large-scale materials, bulk, and fine chemicals as well as agrochemicals and

pharmaceuticals [10]. Due to their low cost, benignancy to the environment and

biological relevance, there is an increasing interest to use iron complexes as

catalysts for epoxidation reactions [11, 12]. Notably, in addition to the catalysts,

the applied oxidant determines the value of the oxidation system to a significant

extent (for a list of common oxidants, their active oxygen contents and waste

products see [13]). From ecological and economical points of view, molecular

oxygen [14, 15] and hydrogen peroxide are the oxidants of choice with regard to

waste and by-products.

As an example heme-models have been reported to catalyze the epoxidation of

olefins to the corresponding epoxides in good yield [16, 17]. In particular,

[FeIII(TPP)Cl] (TPP ¼ 5,10,15,20-meso-tetraphenylporphyrin) was reported to

oxidize naturally occurring propenylbenzenes to the corresponding epoxides up to

98% selectivity (conversion 98%) using H2O2 as oxidant [16]. The major drawback
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for these heme-model systems is the low tunability of the catalysts for different

olefins. Mechanistic insights into the iron porphyrin-catalyzed epoxidation using

hydrogen peroxide were published by Bell and coworkers [18, 19].

In addition, also nonheme iron catalysts containing BPMEN 1 and TPA 2 as

ligands are known to activate hydrogen peroxide for the epoxidation of olefins

(Scheme 1) [20–26]. More recently, especially Que and coworkers were able to

improve the catalyst productivity to nearly quantitative conversion of the alkene by

using an acetonitrile/acetic acid solution [27–29]. The carboxylic acid is required to

increase the efficiency of the reaction and the epoxide/diol product ratio. The

competitive dihydroxylation reaction suggested the participation of different active

species in these oxidations (Scheme 2).

Mechanistic studies revealed a mononuclear FeV¼O species (intermediate C,

Scheme 3) to be most likely the epoxidizing agent in this catalytic epoxidation in

the presence of acetic acid. In the absence of carboxylic acid, FeIII–OOH and

FeV¼O (intermediates A and B, Scheme 3) were proposed as active oxidation

species depending on the presence of water. This conclusion is mainly based on

labeling studies and spectroscopic methods to identify the active species. The

reported results are quite controversial to the results of the groups of Talsi and

Comba. Talsi and coworkers reported the formation of an FeIV¼O intermediate

supported by NMR- and EPR-spectroscopy [30], which is in agreement with the

results obtained by Comba and coworkers [31]. In addition, other groups explored

similar high-valent iron–oxo species, which shed light on this catalytic mechanism

[32, 33].

Iron complexes with the pentadentate ligand 3 derived from pyridyl and prolinol

building blocks containing a stereogenic center were reported from the group of

Klein Gebbink (Scheme 4) [34]. In alkene oxidations with hydrogen peroxide,

N

NN

N

CH3H3C

RR
BPMEN TPA

N
N

N

NR R

R
R = H, Me

1 2

Scheme 1 BPMEN and TPA ligands for the iron-catalyzed epoxidation of olefins

O1.5 equiv. H2O2

0.5 mol% [(1)FeII(NCCH3)2]
2+

up to 90% yield

acetonitrile /acetic acid

1 min, 0 °C

TON = 200

Scheme 2 Epoxidation of

cyclooctene catalyzed by

Fe(BPMEN) and Fe(TPA)

complexes
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the corresponding epoxide is obtained only in low yield as a racemic mixture.

Moreover, the formation of the corresponding allylic alcohol and ketone is observed.

The product ratio is influenced by the nature of the coordinating anions (Cl or OTf).

To mimic the square-pyramidal coordination of iron bleomycin, a series of iron

(II)complexes with pyridine-containing macrocycles 4 was synthesized and used

for the epoxidation of alkenes with H2O2 (Scheme 4) [35]. These macrocycles bear

an aminopropyl pendant arm and in presence of poorly coordinating acids like triflic

acid a reversible dissociation of the arm is possible and the catalytic active species

is formed. These complexes perform well in alkene epoxidations (66–89% yield

with 90–98% selectivity in 5 min at room temperature). Furthermore, recyclable

terpyridines 5 lead to highly active FeII-complexes, which show good to excellent

results (up to 96% yield) for the epoxidation with oxone at room temperature

(Scheme 4) [36].
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With respect to generality, it still remains challenging to discover iron-catalyzed

epoxidations, which allow efficient and selective reactions for both aromatic and

aliphatic olefins. A convenient and efficient method for the fast epoxidation of a

variety of olefins was developed by our group. The simple and practical in situ

catalyst system consists of iron trichloride hexahydrate, pyridine-2,6-dicarboxylic

acid (H2pydic), and an organic amine [37–39]. By modifying the organic amine

almost all classes of olefins are accessible for epoxidation with hydrogen peroxide

under mild conditions. Pyrrolidine 6 and benzylamine derivatives 7 turned out to be

advantageous as coligands (Scheme 5). The development of a second generation

catalyst in the absence of pyridine-2,6-dicarboxylic acid was achieved by using iron

trichloride hexahydrate in combination with bio-inspired imidazole derivatives

8 [40, 41]. Selected results are shown in Table 1.

Until recently only few examples on asymmetric epoxidation using iron-based

catalysts were reported in the literature (Scheme 6) [42–44]. With [Fe(BPMCN)

(CF3SO3)2] 10, 58% of the epoxide with 12% ee was obtained in the oxidation of

trans-2-heptene [42].
By elaborating 5,760 metal–ligand combinations, Francis and Jacobsen identi-

fied three Fe-complexes with peptide-like ligands, which gave the epoxide in

15–20% ee in the asymmetric epoxidation of trans-b-methylstyrene utilizing 30%

H2O2. The homogeneous catalyst 11 derived from this study gave 48% ee with

100% conversion of trans-b-methylstyrene [43]. Aerobic epoxidation of styrene

derivatives with an aldehyde coreductant catalyzed by tris(d,d-dicampholylmetha-

nato) iron(III) complex 12 was also reported.

A breakthrough in iron-catalyzed asymmetric epoxidation of aromatic alkenes

using hydrogen peroxide has been reported by our group in 2008. Good to excellent

isolated yields of aromatic epoxides are obtainedwith ee-values up to 97% for stilbene

derivatives using diphenylethylenediamines 9 as ligands (Scheme 5) [45, 46].

Additional recent ligand developments to be mentioned are the chiral bipyridine

ligand 13 and the polypyridine ligand 14 (Scheme 7) [47, 48]. The m-oxo-dinuclear
iron complex of 13 performed the enantioselective epoxidation with peracetic acid

in high conversion and yield. Unsymmetrical alkenes were oxidized with enantio-

meric excess ranging from 9 to 63%, whereas symmetrical trans-stilbene led to

racemic mixtures. The importance for the dinuclearity of the catalyst has been

pointed out since the mononuclear complexes of the ligand showed lower rate,

yield, and lower enantiomeric excess. Disadvantage of the reaction is the use

of peracetic acid as oxidant which leads to significant amounts of acetic acid as

H
N Ph

H
N

N
H

Ph

O2
S Ar

Bn
HN

R2

R1

R3

R1
 = Cl, H

R2
 = Me, Et, Ph

R3
 = H, Me N

N

R5
R4

R4
 = H, Hal

R5
 = H, Ar

6 7 8 9

Scheme 5 Organic coligands used in the epoxidation of alkenes
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by-product. Hence, acid labile epoxides are not accessible. The m-oxo-dinuclear
iron complex of 14 showed excellent reactivity and selectivity towards terminal and

1,2-substituted aromatic alkenes in the epoxidation with H2O2 in acetonitrile/acetic

acid. Enantiomeric excess up to 43% was achieved.

Table 1 Selected result of the epoxidation using iron trichloride hexahydrate, pyridine-2,6-

dicarboxylic acid, and an organic amine

FeCl3 
. 6H2O, H2pydic, amine

R2 R3

R1

R4

O
+ 30% H2O2

t-amyl alcohol, r.t., 1h
R2 R3

R1

R4

R1, R2, R3, R4 = H, aryl, alkyl

Entry Substrate Amine Yielda

1
Ph

Ph H
N

97

2
Ph

Ph H
N

93

3
H3C

CH3

NH2

CH3
96

4

HN

Ph

CH3

89

8b

Ph
Ph

N

N

CH3

Cl

87

9b

N

N

H3C

CH3

H3C

H3C

65

Reaction conditions: 5 mol% FeCl3
.6H2O, 5 mol% H2pydic, 10–12 mol% amine, 3 equiv. H2O2

aYield was determined by GC analysis;
bH2pydic was omitted
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Asymmetric epoxidation systems using iron porphyrin heme-mimics are also

known, however the labor-intensive and expensive syntheses is limiting their

applications [49].

The immobilization of metal catalysts onto solid supports has become an

important research area, as catalyst recovery, recycling as well as product separa-

tion is easier under heterogeneous conditions. In this respect, the iron complex of

the Schiff base HPPn 15 (HPPn ¼ N,N0-bis(o-hydroxyacetophenone) propylene

diamine) was supported onto cross-linked chloromethylated polystyrene beads.

Interestingly, the supported catalyst showed higher catalytic activity than the free

metal complex (Scheme 8) [50, 51]. In terms of chemical stability, particularly with

H
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N

O

N
Fe

CH3

Cl Cl
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N
H3C
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N
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O O
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O

O
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CH3 CH3

CH3CH3
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Scheme 6 Chiral iron complexes for the asymmetric epoxidation of olefins
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regard to oxidizing conditions, inorganic matrices show improved stability [52–54].

Inspired by homogeneous [{Fe(phen)2(H2O)}2 m-O]
4+ (phen ¼ 1,10-phenantroline),

Stack and coworkers immobilized phenantroline derivative 16 on micelle-templated

silica SBA-15 (Scheme 8) [55, 56]. The system showed more selective and efficient

catalytic activity for olefin epoxidations with peracetic acid than the analogous

homogeneous catalyst.

In addition, iron(II) complexes of tetraaza macrocyclic ligands 17–20 were

encapsulated within the nanopores of zeolite-Y and were used as catalysts for the

oxidation of styrene with molecular oxygen under mild conditions (Scheme 9) [57].

3 Dihydroxylations

1,2-Diols are applied on a multimillion ton scale as antifreezing agents and polyes-

ter monomers (ethylene and propylene glycol) [58]. In addition, they are starting

materials for various fine chemicals. Intimately connected with the epoxidation-

hydrolysis process, dihydroxylation of C¼C double bonds constitutes a shorter and

more atom-efficient route to 1,2-diols. Although considerable advancements in the

field of biomimetic nonheme complexes have been achieved in recent years, still

osmium complexes remain the most efficient and reliable catalysts for dihydrox-

ylation of olefins (reviews: [59]).

So far, biomimetic and bio-inspired approaches mimicking the nonheme oxyge-

nases have been studied with ligands such as the tetradentate N4 ligand BPMEN 1

also named as mep or the tripodal ligand TPA 2 (reviews: [60–62], Scheme 1).

Lately, TPA ligands were used also as model for NDO (naphthalene 1,2-dioxygen-

ase), which catalyzes the conversion from naphthalene to cis-(1R,2S)-1,2-dihydro-
1,2-naphthalenediol [63]. Another tetradentate N4-ligand family was examined by

Costas and coworkers in 2008 based on the methylpyridine-derivatized triazacy-

clononane (TACN) backbone. The resulting FeII complexes showed activity both in

alkane hydroxylation (vide infra) and in olefin dihydroxylation [64]. For example,

cyclooctene is oxidized under inert atmosphere with 35% hydrogen peroxide in the

presence of catalytic amounts of different iron complexes to attain the

corresponding epoxide and cis-diol in 19% and 62% yield, respectively, based on

the oxidant (Table 2, entry 1). The unprecedented high water incorporation into the

NH HN

NH HN

NH HN

NH HN

NH HN

NH HN

NH

NH

HN

HN

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O

O
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Scheme 9 Tetraaza macrocyclic ligands for supported iron catalysts
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Table 2 Epoxidation of cyclooctene with iron catalysts and H2O2

35% H2O2+
Fe catalyst

CH3CN, r.t.

O HO OH

+

Entry Catalyst Olefin:H2O2 Epoxidea cis-Diola References

1b

Fe
OSO2CF3

N

N OSO2CF3

N

NiPr
iPr

10 mol%

100:1 19 62 [64]

2b

Fe
OSO2CF3

N

N OSO2CF3

N

NiPr
iPr

1 mol%

10:1 12 73 [64]

3c

Fe

N

NCCH3

N

N

N

N

COOMe

MeOOC OHHO

10 mol%

100:1 50 0 [29, 31]

4b,c

Fe

N

NCCH3

N

N

N

N

COOMe

MeOOC OHHO

10 mol%

100:1 10 10 [29, 31]

5

Fe

O

O

N

N

N

N

O

H3C

O CH3

N CH3

N CH3

N

NH3C

H3C

(CF3SO3)2

10 mol%

100:1 28 11 [69]

(continued)
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corresponding epoxides and diols was later explained by a substrate-dependent

interplay between two isomerically related high-valent iron oxo species [65].

Further improvements were achieved using a pentadentate N5-ligand motif

known as bispidine ligands [29, 31]. This FeII complex catalyzed the oxidation of

cyclooctene with hydrogen peroxide mainly to afford the epoxide as product.

However, under anaerobic conditions cis- and trans-1,2-diols are observed (Table 2,
entries 3 and 4).

In a specific subset of the nonheme iron oxygenases including the Rieske

dioxygenases, the mononuclear iron(II) center is coordinated by the so-called

2-his-1-carboxylate triad [66]. This ligand scaffold has emerged as a versatile

platform for oxidative transformations and as a fundamental model for the design

of new ligands. For example, Klein Gebbink and coworkers introduced bis(1-

alkylimidazol-2-yl)propionates as a new tridentate, tripodal N, N, O ligand family

[67], which were applied as model of the active site of the extradiol cleaving

catechol dioxygenases [68] and as epoxide/dihydroxylation catalysts mimicking

the Rieske oxygenases [69]. Whereas propyl 3,3,-bis(1-methylimidazol-2-yl)-

propionate favored epoxidation (Table 2, entry 5), novel (di-(2-pyridyl)methyl)

benzamide ligands showed predominantly formation of the cis-diol product in the

oxidation of cyclooctene. This member of the N,N,O-ligand family was introduced

by Que and coworkers in 2005 [70]. The iron(II) complexes of this ligand catalyzed

the dihydroxylation of various aliphatic and aromatic olefines (Table 2, entry 6). It

should be noted that the cis-diol to epoxide ratio is significantly increased and

mainly the cis-diol is formed.

In 2008, Que and coworkers reported an asymmetric version of the dihydroxyla-

tion with a new type of ligands bearing bipyrrolidine as the chiral backbone [71].

The corresponding iron(II) complex showed general activity in the dihydroxylation

of various olefins using H2O2. Satisfactory results are obtained with aliphatic as

well as with aromatic olefins. For example, dihydroxylation of styrene gave styrene

oxide and 1-phenylethane-1,2-diol in<1% and 65% yield, respectively (Scheme 10).

Table 2 (continued)

Entry Catalyst Olefin:H2O2 Epoxidea cis-Diola References

6

10 mol%

(CF3SO3)2Fe
N

O

H
N

N
N

O
N
H

N

100:1 5% 70 [70]

aYield based on the limiting reagent
bReactions carried out in inert atmosphere
cThe corresponding anions were not mentioned
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Most striking result goes to the oxidation of 2-heptene. In this system, the cis-
diol is obtained in 55% yield with 97% ee (Scheme 10).1 However, due to the

unusual reaction conditions (large excess of olefin), this method is unlikely to be

applied in organic synthesis. In-between homogeneous and heterogeneous iron

catalysts, unsupported “free” nano-g-Fe2O3 displays a unique opportunity to com-

bine reusability with activity and selectivity. The nano-g-Fe2O3 catalyst with a

particle size of 20–50 nm showed oxidative cleavage of aromatic olefins to the cor-

responding aldehydes applying hydrogen peroxide as oxidant (Scheme 11) [72, 73].

Various aromatic olefins with different substituents were successfully oxidized

into aldehydes with high selectivity although only low conversion was achieved.

Interestingly, the catalytic activity can be tuned by changing the particle size of

nano-iron oxide.

4 Alkane Oxidation

Saturated hydrocarbons are the main constituents of petroleum and natural gas.

Mainly used as fuels for energy production they also provide a favorable, inexpen-

sive feedstock for chemical industry [74]. Unfortunately, the inertness of alkanes

renders their chemical conversion challenging with respect to selectivity. Clearly,

the development of new and improved methods for the selective transformation of

alkanes belongs to the central goals of catalysis. Iron-catalyzed processes might be

a smart tool for such transformations (for reviews see [75–77]).

Remarkably, alkanes are oxidatively transformed by biological organisms at

benign temperatures and pressures. Clearly, enzymatic transformations of alkanes

and their well studied mechanisms (e.g., for cytochrome P450) are beyond the

H3C CH3
35% H2O2+

Fe catalyst

CH3CN, r.t.

H3C CH3O

H3C CH3

OH

OH+
N

N

Fe
OSO2CF3

OSO2CF3

Me

Me

N

N

Fe catalyst

10 mol%

50 : 1

yield: 2%

yield: 52% ; 97% ee

21

Scheme 10 Asymmetric epoxidation of trans-2-heptene with the chiral iron complex and H2O2

R
30% H2O2, 75 °C, 5h

R
O

1 mol% nano-g-Fe2O3Scheme 11 Selective

cleavage of olefins to

aldehydes

1Yield and catalyst concentration based on the limiting reagent.
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scope of the present review and the interested reader is referred to recent literature

(for heme systems like Cytochrome P450 and for nonheme systems see [78–80]).

However, as discussed in the previous section, these enzymes are inspiration for a

broad range of heme and nonheme biomimetic model catalysts [81]. In addition,

radical reactions based on Fenton chemistry offer possibilities for the oxidation of

alkanes (for an overview about iron-catalyzed oxidation reactions see [82]).

A ligand-free oxidation of activated methylenes was reported by Bolm and

coworkers with Fe(ClO4)2 as catalyst [83] and later with an FeCl3�6H2O as catalyst

source in an improved system [84]. In the latter system, no acid was needed under

GoAggV-type conditions, where pyridine was used as solvent. Benzylic oxidation

was achieved to the corresponding carbonyl compounds (up to >99% yield) with

aqueous TBHP (¼t-butyl hydroperoxide) as terminal oxidant. Besides, alcohols are

converted to the corresponding ketones. In 2008, we introduced an FeCl3�6H2O

ligand-free catalyst system for the a-oxidation of b-ketoesters (Scheme 12) [85]. By

using cyclic b-ketoesters as starting material 75–90% yield of the hydroxylation

products are obtained with H2O2 as oxidant.

Inspired by GifIII,IV or GoAggIII type chemistry [77], iron carboxylates were

investigated for the oxidation of cyclohexane, recently. For example, Schmid

and coworkers showed that a hexanuclear iron p-nitrobenzoate [Fe6O3(OH)

(p-NO2C6H4COO)11(dmf)4] with an unprecedented [Fe6
IIIO3(m3-O)(m2-OH)]

11+

core is the most active catalyst [86]. In the oxidation of cyclohexane with only

0.3 mol% of the hexanuclear iron complex, total yields up to 30% of the

corresponding alcohol and ketone were achieved with 50% H2O2 (5.5–8 equiv.)

as terminal oxidant. The ratio of the obtained products was between 1:1 and 1:1.5

and suggests a Haber–Weiss radical chain mechanism [87, 88] or a cyclohexyl

hydroperoxide as primary oxidation product.

In contrary to the not easy adjustable ligand-free systems, systems with ligands

provide possibilities in tuning activity and selectivity. Shul’pin et al. examined the

addition of bipyridine to FeCl3 and hydrogen peroxide as oxidant [89]. They moni-

tored a 35 times enhanced reactivity (TON up to 400) for oxidation of cyclohexane.

They observed the predominant formation of cyclohexyl hydroperoxide and the cor-

responding transformations into cyclohexanol and cyclohexanone. Another radical-

based system involving cyclohexyl hydroperoxide was developed by Pombeiro and

coworkers. They used an FeN2S2 center bearing a noninnocent ligand (Scheme 13)

[90]. In the presence of pyrazinecarboxylic acid (Hpca) at room temperature within

6 h, yields up to 13% are achieved (alcohol as the major product).

O O

O CH3

O O

O CH3
OH

yield 90%

1 mol% FeCl3
.6H2O

2 equiv. 30% H2O2
t-amyl alcohol

r.t.

Scheme 12 Selective hydroxylation of 2-ethoxycarbonyl-1-oxo-cyclopentane
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Based on Shul’pin’s examinations on the rate enhancement by adding Hpca [91]

and in contrast to the inhibition while adding Hpca [110], Reedjik and coworkers

investigated the role of Hpca with defined iron complexes [92]. In their studies, [Fe

(pca)2(py)2]�py showed moderate activity with a maximum yield of 31% based on

hydrogen peroxide.

A major challenge in the application of “biomimetic” or “bio-inspired” ligands is

to direct the unselective radical pathways of simple Fe salts and H2O2 into chemo-,

regio-, and stereoselective transformations. Thus, homolytic cleavage of the iron

peroxo bond has to be omitted. For this purpose, various N- and N,O-ligands were

developed (for a review about “Biologically inspired oxidation catalysis” see [93]).

Tridentate ligands like bis(imino)pyridine or bis(amino)pyridine turned out to be not

appropriate. Here, two ligands can cover all coordination sites and the Fe complexes

showed onlymoderate oxidation reactivity [94, 95].More suitable ligands are those of

tetradentate nitrogen-donor ligands. An arrangement that allows two cis-oriented
coordination sites for peroxide binding is also necessary as stated by Que [96]. During

the past decade, tetradentate N4-ligands and recently N,O-ligands showed interesting

activity not only in olefin oxidation but also in more challenging alkane oxidation.

Scheme 14 shows important N-ligands, which have been used in such reactions.
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The first example of a nonheme iron catalyst with the TPA ligand 2, which

effected stereospecific alkane hydroxylation, was developed by Que and cow-

orkers in 1997 [97]. In the same year, the linear N4 tetradentate mep or BPMEN

1 ligand was reported by Nishida and coworkers [98]. [Fe(1)(OTf)2] complexes

are characterized by two essential pyridine donors connected with an ethylendia-

mine bridge, two labile cis-coordination sites at the metal center and single cis-a
coordination geometry [99]. Therefore, iron complexes of 1 are quite stable

against the addition of excessive H2O2 (up to 100 equiv. excess) and show a

reactivity that is distinct from Fenton-type chemistry. Hence, the catalyst converts

65% of the H2O2 into oxygenated products using 10 equiv. of H2O2 [100].

A breakthrough in selective alkane oxidation was reported in 2007 by Chen and

White, who developed a catalyst system based on a modified mep ligand.

The resulting hydroxylation catalyst [Fe(S,S-30)(CH3CN)2](SbF6)2 reacts with

electron-rich, tertiary C–H bonds using H2O2 in good yields with predictable

selectivity (Scheme 15) [101].

The addition of acetic acid (0.5 equiv. to the substrate) to the catalyst system led

to increased activity (doubling of yield) by maintaining the selectivity with

1.2 equiv. H2O2 as terminal oxidant. Advantageously, the system is characterized

by a certain tolerance towards functional groups such as amides, esters, ethers, and

carbonates. An improvement in conversions and selectivities by a slow addition

protocol was shown recently [102]. For the first time, a nonheme iron catalyst

system is able to oxidize tertiary C–H bonds in a synthetic applicable and selective

manner and therefore should allow for synthetic applications [103].

Recently, Nam, Fukuzumi, and coworkers succeed in an iron-catalyzed oxidation

of alkanes using Ce(IV) and water. Here, the generation of the reactive nonheme iron

(IV) oxo complex is proposed, which subsequently oxidized the respective alkane

(Scheme 16) [104]. With the corresponding iron(II) complex of the pentadentate

ligand 31, it was possible to achieve oxidation of ethylbenzene to acetophenone

(9 TON). 18O labeling studies indicated that water is the oxygen source.

In addition to tri- [105] and tetradentate N-ligands, mononuclear and dinuclear

iron complexes with pentadentate N,N,N,N,O-ligands were applied to alkane

PivO

H

PivO

OH
N

N

Fe
NCCH3

NCCH3N

N

catalyst

(SbF6)2

catalyst, AcOH
H2O2 , CH3CN, r.t.

5 mol%

yield 38%, sel. 90%

>99:1 (dr)

30

Scheme 15 Selective C–H hydroxylation by Chen and White
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oxidations. As an example Sun and Wang used tpoen, 29 in the oxidation of

cyclohexane [106]. Mediocre conversion (18%) based on the oxidant H2O2 are

observed. Another multidentate ligand (mebpa, 27) was reported by Reedjik (first

report on the mebpa ligand: [107, 108]). At lowH2O2 concentration in the presence of

additives, they succeeded in 54% conversion with an alcohol/ketone ratio up to 3.5.

A mononuclear diastereopure high-spin FeIII alkylperoxo complex with a pen-

tadentate N,N,N,O,O-ligand 33 (Scheme 17) was reported by Klein Gebbink and

coworkers [109, 110]. The complex is characterized by unusual seven-coordinate

geometry. However, in the oxidation of ethylbenzene the iron complex with 33 and

TBHP yielded with large excess of substrate only low TON’s (4) and low ee (6.5%)

of 1-phenylethanol.

For nearly two decades TACN-type ligands are of continuing interest for

oxidation chemistry. A more recent example is described by Shul’pin and cow-

orkers, who prepared novel di- and tetranuclear complexes with TACN ligands 25

bearing pendant acetato arms bridging the iron(III) centers (Scheme 18) [111]. The

0.5 mol% FeIIL FeIVL
O

CH3CH3

O

CeIV CeIII

L= N N N

NN

= Bn-tpen 31

H2O/ CH3CN
1:3

r.t.

r.t.

TON 9+1-

Scheme 16 Oxidation of ethylbenzene with Ce(IV)

OH
OH

N

N

N

N

N

N

32

N

N

N

CO2CH3

CO2CH3

33

Scheme 17 Biomimetic ligands used in Fe-catalyzed alkane oxidations
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tetranuclear catalyst showed improved productivity (TON ¼ 43) in cyclohexane

oxidation with H2O2 as oxidant with an alcohol/ketone (A/K) ratio of 6. Simila-

rities in the A/K ratio conclude a radical pathway, e.g., Fenton chemistry, for this

reaction.

Apart from selective organic synthesis, there exists a significant interest in the

nonselective iron-catalyzed oxidations of all kinds of organic compounds. In this

respect, Collins and coworkers developed and examined tetraamido macrocyclic

ligands (TAML, 28) for the treatment of waste water from paper and textile mills

with H2O2 [112]. During their investigations, Fe(V)-oxo species and Fe(IV) com-

plexes were proposed and observed as key intermediates [113]. Notably, the

isolated Fe (V)-oxo species gave substoichiometric reactions with olefins and

with ethylbenzene [4]. For hydrocarbon decompositions also photocatalytic oxida-

tions were reported in 2006 by Nocera and coworkers. More specifically, they used

fluorinated Pacman bisporphyrin ligands bridged by a dibenzofuran scaffold with

visible light and oxygen as terminal oxidant (Scheme 19) [114].

The Pacman catalyst selectively oxidized a broad range of organic substrates

including sulfides to the corresponding sulfoxides and olefins to epoxides and

ketones. However, cyclohexene gave a typical autoxidation product distribution

yielding the allylic oxidation products 2-cyclohexene-1-ol (12%) and 2-cyclohexene-

1-one (73%) and the epoxide with 15% yield [115].
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O
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In addition to porphyrin-type ligands, also porphyrazine complexes show inter-

esting properties such as activation of H2O2 and pH-dependent decomposition of

dyes [116]. Recently, Sorokin and coworkers applied binuclear phthalocyanine

complexes for the oxidation of methane [117]. With their m-nitrido-bridged phtha-

locyanine complexes (Scheme 20), they were able to perform homogenous oxida-

tion in CH3CN to give formic acid with H2O2 as oxidant.

Labeling studies indicated that the obtained formic acid was originated from

both substrate and solvent. When the catalyst was supported onto silica to provide a

heterogeneous catalyst, methane is oxidized at 80 �C and 32 bars CH4 to CH2O (up

to 1.1 TON) and HCOOH (up to 27.3 TON).

Metal-oxygen cluster species such as polyoxometalates (POM’s) represent an

interesting and interdisciplinary field in oxidation catalysis. Especially, high-valent

iron–oxo species of POM’s should be highly active catalysts [118]. Unfortunately,

until today experimental investigations did not prove the existence of this type of

powerful oxidants. Novel protocols for the oxidation of alkanes with Fe-containing

POM’s include the use of iron-supported polyoxotungstates (FeSiW11) for the oxida-

tion of cyclohexane in the presence of microwave-induced heating [119, 120]. More

specifically, tetrairon(III)-substituted polytungstates immobilized on (3-aminopro-

pyl)triethoxysilane (apts)-modified SBA-15 showed high catalytic activity in the

oxidation of long chain alkanes [121]. For example, n-hexadecane gave 18% conver-

sion (TOF ¼ 2,043 h�1) using air as oxidant at 150 �C. Selectivities of 50% C16

ketones and 28% C16 alcohols were obtained. Mechanistic investigations showed that

the reaction occurred via a free-radical chain autooxidation.

5 Oxidation of Aromatic C–H Bonds

Selective C–H hydroxylation on arenes to give the corresponding phenols displays

an attractive tool for the chemical industry and organic synthesis. Unfortunately,

the desired phenolic product is more electron rich than the substrate and therefore
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tends to over-oxidation resulting in catechols, hydroquinones, benzoquinones, and

finally tars.

Already in the beginning of the nineteenth century, radical reactions on arenes

with iron(II)sulfate and H2O2 were discovered, known as Fenton reaction. Later on,

numerous attempts were undertaken to direct the unselective radical reactions to

more selective ones by employing different oxidants, ligands, biphasic systems,

photochemistry, or electro-catalytic methods. More recent examples include the

work of Bianchi et al. who reported enhanced selectivity for benzene oxidation by

the addition of a pyrazine-carboxylate ligand under biphasic conditions [122]. At a

conversion of 8.6%, 85% selectivity based on H2O2 and 97% selectivity based on

benzene were observed. Pombeiro and coworkers improved the conversion and

selectivity by using FeIII(gma)(PBu3) as catalyst, which was also active in alkane

oxidation [90]. The oxidation of benzene proceeded under rather mild reaction

conditions (r.t., 6 h) and yielded 20% (110 TON) phenol without any other observed

by-products and hydrogen peroxide as terminal oxidant (4 equiv. with respect to

benzene). Another biphasic approach made use of iron(II)sulfate as catalyst and

H2O2 as oxidant in a system with a polypropylene hydrophobic porous support as

separation barrier [123]. The performance in terms of conversion is low (up to

1.2%). Not surprisingly, the selectivities to corresponding phenol (99.9%) and

H2O2 conversions to phenol (96.8%) were excellent. It is well-known from hetero-

geneous catalyst systems that at higher conversion the selectivities will be lower.

A micro-emulsion catalytic system consisting of water, benzene, acetic acid, ferric

dodecane sulfonate as catalyst and sodium dodecylbenzene sulfonate as surfac-

tant was shown to be also applicable for hydroxylation of benzene with H2O2

as oxidant [124]. With low H2O2/benzene ratio phenol selectivities up to 92.9%

could be achieved, at 21.9% benzene conversion. At higher H2O2 concentration,

benzene conversion is enhanced but with the disadvantage of a more unselective

reactions.

In the field of nonheme aromatic hydroxylations the oxidation of benzoic acids

to salicylic acid was investigated. In 2005, the group of Rykbak-Akimova achieved

stoichiometric hydroxylation of benzoic acid with an [FeII(1)(CH3CN)2](ClO4)2
complex and H2O2 as oxidant to yield exclusively o-hydroxylated salicylate com-

plex [FeIII(1)(OOC(C6H4)O)](ClO4)3 (up to 84% at r.t.) [125]. In the same year,

Nam and coworkers reported that perbenzoic acid is converted into salicylate

complexes while reacting with [FeII(2)(CH3CN)2]
2+ [126]. Several investigations

were performed with nonheme iron(II)complexes of Bn-tpen 31 and N4Py. They

resulted in the conclusion that the iron(IV)-oxo group attacks the aromatic ring

via an electrophilic pathway to produce either a tetrahedral radical or cationic

s-complex [127]. A catalytic transformation of arenes was achieved with nonheme

iron complexes of tpen ligands 35 (Scheme 21) [128]. Addition of a reducing agent

(1-naphthol) enhanced in most cases the yields of substrates; e.g., 59% yield of

phenol.2

2Yields are based on the limiting reagent.
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In addition to nonheme iron complexes also heme systems are able to catalyze

the oxidation of benzene. For example, porphyrin-like phthalocyanine structures

were employed to benzene oxidation (see also alkane hydroxylation) [129].

Mechanistic investigations of this type of reactions were carried out amongst

others by Nam and coworkers resulting in similar conclusions like in the nonheme

case [130]. More recently, Sorokin reported a remarkable “biological” aromatic

oxidation, which occurred via formation of benzene oxide and involves an NIH

shift. Here, phenol is obtained with a TON of 11 at r.t. with 0.24 mol% of the

catalyst.

Compared with the selective hydroxylation of arenes or polyarenes to phenols,

similar reactions to quinones were so far of limited interest. Again, the stability of

the corresponding products under the reaction conditions is often problematic.

Nevertheless, this type of reaction is of industrial interest for the preparation of

vitamin intermediates. Here, menadione (vitamin K3) and 2,3,6-trimethylquinone

(key intermediate in vitamin E synthesis) represent the most important intermedi-

ates. Moreover, polynuclear partly functionalized aromatic hydrocarbons (PAHs)

are a central class of environmental carcinogens and the complete oxidation and

decomposition is important for environmentally benign waste disposals (mostly wet

air oxidations are used for decomposition of PAH’s; for iron-catalyzed examples

see [131, 132]). For the oxidation of such compounds, metalloporphyrins are

applied as models for cytochrome P450. Thus, 1 mol% o-substituted tetraarylpor-

phyrinatoiron(III)chloride with electron withdrawing groups at the porphyrin ring

as well as at the phenyl rings gave with H2O2 as oxidant high conversion for

different PAH’s. For example, the oxidation of pyrene proceeded in up to 92%

conversion and resulted in two major products (pyrene-4,5-dione, pyrene-4,5,9,

10-tetrone) (Scheme 22) [133].

Previous studies by Sorokin with iron phthalocyanine catalysts made use of

oxone in the oxidation of 2,3,6-trimethylphenol [134]. Here, 4 equiv. KHSO5 were

necessary to achieve full conversion. Otherwise, a hexamethyl-biphenol is observed

as minor side-product. Covalently supported iron phthalocyanine complexes also

showed activity in the oxidation of phenols bearing functional groups (alcohols,

double bonds, benzylic, and allylic positions) [135]. Besides, silica-supported iron

phthalocyanine catalysts were reported in the synthesis of menadione [136].

OH

Fe

N

N

N
N

N N

cat. , H2O2

5 mol%

CH3CN/CH2Cl2, 2h, 20 °C

cat.

46% yield

35

Scheme 21 Hydroxylation of benzene to phenol with nonheme iron complex 35 [142]
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6 Alcohol Oxidations

A number of easily available iron salts and complexes can be used for the selective

oxidation of alcohols to carbonyl compounds. Often iron oxo species are proposed

as catalytic intermediates. Examples include the simple combination of FeCl3 and

hydrogen peroxide, which is known to be of moderate activity in alcohol oxidations

as shown in the case of 2-cyanoethanol [137]. An FeCl3–TEMPO–NaNO2 catalyst

system using air as oxidant was introduced in 2005 [138]. At ambient temperature

various alcohols including sulfur-containing compounds were converted to the cor-

responding aldehydes and ketones with high conversion and excellent selectivities.

Pearson and coworkers presented an iron carbonyl precatalyst (1,3-cyclohexadiene)

Fe(CO)3 in the presence of triethylamine-N-oxide as oxidant yielding the cor-

responding carbonyl compounds in 88–98% yield [139].

Under solvent-free conditions in the presence of stoichiometric amounts of iron

nitrate good to very good yields for the oxidation of benzyl and various secondary

alcohols were obtained [140]. Despite these examples, controlling iron-catalyzed

oxidation reactions of alcohols with air or hydrogen peroxide remain difficult. In

2008, we demonstrated the possibility to switch between nonselective radical

pathways and selective nonradical reactions by tuning the absolute pH of the

reaction system [141]. As a benchmark reaction, the oxidation of benzyl alcohol

was studied, which is catalyzed by various iron salts (mainly Fe(NO3)3) to give

benzaldehyde. A constant pH value resulted in high conversion (pH value close to

1.00), whereas the chemoselectivity is controlled by the change of the pH.

In the field of nonheme iron complexes, M€unck, Collins, and Kinoshita reported
the oxidation of benzylic alcohols via stable m-oxo-bridged diiron(IV) TAML

complexes, which are formed by the reaction of iron-28 complexes with molecular

oxygen (Scheme 23) [142].

Remarkably, the shown FeIII complexes reacted directly with oxygen to afford

high-valent oxo–iron species. In addition, Kim, Nam, and coworkers explored

O
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O

other products
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N

N N

N

O2N

Cl

Cl Cl

Cl

Cl

ClCl

Cl

Fe
Cl

1 mol%

O

O

yield 44%
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Scheme 22 Oxidation of pyrene with Fe-porphyrin catalysts
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mechanistic details of the alcohol oxidation with heme and nonheme complexes

[143]. They suggested that this oxidation occurred via a a-CH hydrogen atom

abstraction followed by an electron transfer. Later Kim and coworkers reported

an iron(III) complex with tetradentate ligands bearing amide moieties (Scheme 24)

[32]. These complexes oxidized alcohols as well as olefins to the corresponding

carbonyls and epoxides on treatment with mCPBA as oxidant. However, low

TON’s between 50 and 90 were achieved using unusual substrate:oxidant:catalyst

ratio of 100:10:0.5.

A biomimetic oxidation with perfluorinated porphyrin complexes [(F20TPP)

FeCl] showed high catalytic activity with secondary alcohols with over 97% yield

in all cases [144]. Furthermore, this catalyst is able to oxidize a broad range

of alcohols under mild conditions with mCPBA as terminal oxidant. Here, an

a-hydroxyalkyl radical species is proposed as central intermediate.

Another iron porphyrin complex with 5,10,15,20-tetrakis(20,60-dichloro-30-
sulfonatophenyl)porphyrin was applied in ionic liquids and oxidized veratryl

alcohol (3,4-dimethoxybenzyl alcohol) with hydrogen peroxide in yields up to 83%

to the aldehyde as the major product [145]. In addition, TEMPOwas incorporated via
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a phenyl linker into the porphyrin scaffold [146]. The resulting catalyst showed a

slight increase of the activity in the oxidation of benzyl alcohol using bleach as

oxidant. However, similar Mn-based complexes showed distinct better activity.

Finally, phthalocyanine iron catalysts were also used for the oxidation of

alcohols to yield corresponding carbonyl compounds with nonbenign hypervalent

iodine oxidants [147].

Interestingly, “free” nano-iron oxide particles are active catalysts for the selec-

tive oxidation of alcohols to yield the corresponding aldehydes/ketones [72, 73].

Different aromatic alcohols and secondary aliphatic alcohols were oxidized with

high selectivity, but at low conversion. Here, further improvement should be

possible (Scheme 25).

Under microwave irradiation and applying MCM-41-immobilized nano-iron

oxide higher activity is observed [148]. In this case also, primary aliphatic alcohols

could be oxidized. The TON for the selective oxidation of 1-octanol to 1-octanal

reached to 46 with 99% selectivity. Hou and coworkers reported in 2006 an iron

coordination polymer {[Fe(fcz)2Cl2]·2CH3OH}n with fcz ¼ 1-(2,4-difluorophenyl)-

1,1-bis[(1H-1,2,4-triazol-l-yl)methyl]ethanol which catalyzed the oxidation of

benzyl alcohol to benzaldehyde with hydrogen peroxide as oxidant in 87% yield

and up to 100% selectivity [149]. An alternative approach is based on the use of

heteropoly acids, whereby the incorporation of vanadium and iron into a molybdo-

phosphoric acid catalyst led to high yields for the oxidation of various alcohols (up

to 94%) with molecular oxygen [150].

7 Conclusions

Iron-based redox reactions are of key importance for the correct function of

biological systems. Often in these systems, high-valent iron–oxo species are pro-

posed as crucial intermediates. In the past decade, significant advancements have

been reported with respect to the understanding and characterization of such active

iron oxo species. However, despite all this work still the development of syntheti-

cally useful iron catalysts is significantly driven by the synthesis of new ligands and

catalytic testing. Notably, selective catalytic oxidations with iron complexes allow

to “streamline” organic synthesis and to perform the synthesis of advanced inter-

mediates with improved efficiency.

30% H2O2R R

OH

R R

O1 mol% nano-g-Fe2O3

R= aryl, alkyl, H

Scheme 25 Selective

oxidation of alcohols to

aldehydes and ketones

104 K. Schr€oder et al.



References

1. Sheldon RA (1994) Metalloporphyrins in catalytic oxidations. Marcel Dekker, New York

2. Trautheim AX (1997) Bioinorganic chemistry: transition metals in biology and their coordi-

nation chemistry. Wiley-VCH, Weinheim

3. Berry JF, Bill E, Bothe E, George SD, Miener B, Neese F, Wieghardt K (2006) Science

312:1937–1941

4. Bukowski MR, Koehntop KD, Stubna A, Bominaar EL, Halfen JA, Munck E, NamW, Que L

(2005) Science 310:1000–1002

5. de Oliveira FT, Chanda A, Banerjee D, Shan X, Mondal S, Que L, Bominaar EL, M€unck E,

Collins TJ (2007) Science 315:835–838

6. Krebs C, Fujimori DG, Walsh CT, Bollinger JM (2007) Acc Chem Res 40:484–492

7. Makris TM, von Koenig K, Schlichting I, Sligar SG (2006) J Inorg Biochem 100:507–518

8. Yudin AK (2006) Aziridines and epoxides in organic synthesis. Wiley-VCH, Weinheim,

pp 229–269

9. Larrow JF, Jacobsen EN (2004) Topics Organomet Chem 6:123–152

10. Jacobsen EN, Pfaltz A, Yamamoto H (1999) Comprehensive asymmetric catalysis, vol 3.,

pp 1309–1326

11. Plietker B (2008) Iron catalysis in organic chemistry. Wiley-VCH, Weinheim, pp 73–123

12. Enthaler S, Junge K, Beller M (2008) Angew Chem 120:3363–3367, Angew Chem Int Ed

47:3317–3321

13. B€ackvall J-E (2004) Modern oxidation methods. Wiley-VCH, Weinheim, pp 22–50

14. Punniyamurthy T, Velusamy S, Iqbal J (2005) Chem Rev 105:2329–2363

15. Simándi LI (2003) Advances in catalytic activation of dioxygen by metal complexes.

Kluwer, Dordrecht

16. Souza DPB, Fricks AT, Alvarez HM, Salomão GC, Olsen MHN, Filho LC, Fernandes C,

Atunes OAC (2007) Catal Commun 8:1041–1046

17. Traylor TG, Tsuchiya S, Byun YS, Kim C (1993) J Am Chem Soc 115:775–2781

18. Stephenson NA, Bell AT (2007) J Mol Catal A Chem 275:54–62

19. Stephenson NA, Bell AT (2005) J Am Chem Soc 127:8635–8643

20. Bassan A, Blomberg MRA, Siegbahn PEM, Que L (2005) Angew Chem 117:2999–3001,

Angew Chem Int Ed 44:2939–2941

21. Kodera M, Itoh M, Kano K, Funabiki T, Reglier M (2005) Angew Chem 117:7266–7268,

Angew Chem Int Ed 44:7104–7106

22. Fujita M, Que L (2004) Adv Synth Catal 346:190–194

23. Chen K, Costas M, Kim J, Tipton AT, Que L (2002) J Am Chem Soc 124:3026–3035

24. White MC, Doyle AG, Jacobsen EN (2001) J Am Chem Soc 123:7194–7195

25. Costas M, Tipton AK, Chen K, Jo D-H, Que L (2001) J Am Chem Soc 123:6722–6723

26. Chen K, Que L (1999) Chem Commun 1375–1376
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Catalysis by Fe¼X Complexes (X ¼ NR, CR2)

Chi-Ming Che, Cong-Ying Zhou*, and Ella Lai-Ming Wong

Abstract Iron–nitrene/imido and carbene complexes are reactive chemical species

capable of performing C–N and C–C bond formation, respectively. They have

been widely utilized in the synthesis of natural and unnatural bioactive organic

compounds and there is a growing interest in developing iron-catalyzed organic

transformation reactions involving these chemical species as reaction intermedi-

ates. In the first part of this chapter, the organometallic chemistry of iron–nitrene/

imido and carbene complexes including their synthesis, structures, spectroscopic

properties and reactivity are presented. In the second part, a variety of iron-catalyzed

nitrene and carbene transfer reactions are discussed.
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Abbreviations

Ac Acetyl

acac Acetylacetonate

Ar Aryl

Cp Cyclopentadienyl

DCM Dichloromethane

DMF N,N-Dimethylformamide

dppe Bis(diphenylphosphino)ethane

dr Diastereomeric ratio

ee Enantiomeric excess

equiv Equivalent(s)

Et Ethyl

h Hour(s)

i-Pr Isopropyl

Me Methyl

Mes Mesityl, 2,4,6-trimethylphenyl

min Minute(s)

mol Mole(s)

NHC N-Heterocyclic carbene
Nu Nucleophile

Ph Phenyl

rt Room temperature

t-Bu tert-Butyl
THF Tetrahydrofuran

Ts Tosyl, p-toluenesulfonyl

1 Introduction

Transition metal-catalyzed carbenoid transfer reactions, such as alkene cyclopro-

panation, C–H insertion, X–H insertion (X ¼ heteroatom), ylide formation, and

cycloaddition, are powerful methods for the construction of C–C and C–heteroatom

bonds [1–6]. In contrast to a free carbene, metallocarbene-mediated reactions often

proceed stereo- and regioselectively under mild conditions with tolerance to a wide

range of functionalities. The reactivity and selectivity of metallocarbenes can be
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tuned by changing metal ion or auxiliary ligands. The decomposition of diazo

compounds by transition metal complexes is a convenient way to generate metal–

carbene intermediates.

Nitrene, a nitrogen analogue of carbene, can undergo alkene aziridination, C–H

insertion, and imination of sulfur compounds, straightforwardly affording amino

compounds, which are ubiquitous in natural products and biologically active

molecules. Transition metal complexes can efficiently and stereoselectively effect

these nitrene transfer reactions via intermediacy of metallonitrenes under mild

conditions [7–16]. PhI¼NR is the most commonly used nitrene precursor, which

can be formed in situ by reaction of RNH2 with PhI(OAc)2 or PhIO. Other nitrene

sources such as chloramine-T, bromamine-T, and organic azides can also be used

for metal-catalyzed nitrene transfer reactions.

Although complexes of platinum group metals such as that of rhodium are well

documented to efficiently catalyze carbene and nitrene transfer reactions [1–16],

the development of new catalysts based on inexpensive and biocompatible metals is

an appealing subject in this area of research. Iron is inexpensive due to its natural

abundance and easy accessibility. Iron complexes are biocompatible in comparison

to that of other transition metals as they are involved in a wide range of biological

processes in the human body. These features make iron an ideal choice of element

for the development of transition metal-catalyzed reactions. This chapter sum-

marizes the catalysis through the intermediacy of iron–nitrene and carbene com-

plexes. The first part presents organometallic aspects of these complexes, including

their synthesis, structures, spectroscopic properties, and reactivity. The organome-

tallic chemistry of iron porphyrin carbene complexes is discussed, since iron

porphyrins have been successfully applied for catalytic carbenoid transfer reac-

tions. The Fisher-type iron carbene complexes such as half-sandwich iron carbene

complexes, which are commonly employed in stoichiometric reactions, are not

covered in this chapter. The second part summarizes the relevant catalysis.

2 Iron Carbene Complexes

2.1 Synthesis

In 1964, Fischer and coworkers reported the first stable transition metal carbene

complex [17]. Thirteen years later, Mansuy reported the first iron porphyrin carbene

complex, which is also the first iron carbene complex isolated [18]. Treatment of

[Fe(TPP)] with CCl4 in the presence of an excess of iron powder under argon gave

[Fe(TPP)CCl2] in 90% yield (Scheme 1). With this method, various iron porphyrin

carbene complexes [Fe(Por)C(X)R] have been synthesized by the reaction of iron

porphyrins with polyhalogenated compounds (RCX3) in the presence of excess

reducing agents such as iron powder or sodium dithionite (Na2S2O4) [19, 20]. These

halogenated carbenes include CCl2, CBr2, CF2, C(Cl)F, C(Br)F, C(Cl)CO2Et,

C(Cl)CN, and C(Cl)CF3. Five-coordinate halocarbene complexes [Fe(Por)C(X)R]

Catalysis by Fe¼X Complexes (X ¼ NR, CR2) 113



can bind donor solvent molecule or organic base (such as pyridine) to form six-

coordinate species [(L)Fe(Por)C(X)R]. [Fe(TPP)(CCl2)(H2O)] is the first iron porphy-

rin carbene complex characterized by single-crystal X-ray diffraction analysis [21].

Decomposition of diazo compounds by iron porphyrins is a convenient method

for the synthesis of non-heteroatom carbene–iron porphyrins [22]. Reaction of

[Fe(F20-TPP)] [F20-TPP ¼ meso-tetrakis(pentafluorophenyl)porphyrinato dianion]

with diazo compounds N2C(Ph)R (R ¼ Ph, CO2Et, CO2CH2CH¼CH2) under an

inert atmosphere afforded complexes [Fe(F20-TPP)C(Ph)R] in 65–70% yields

(Scheme 2). Like the halocarbene complex [Fe(TPP)(CCl2)], [Fe(F20-TPP)CPh2]

reacted with MeIm to afford six-coordinate species [(MeIm)Fe(F20-TPP)CPh2] in

65% isolated yield.

N N

N N

Fe

R1

R1R1

R1

R2

R2

R2

R2

R2

R2

R2 R2

R3

R3

R3

R3

R4

R4

R4

R4
R1 = R2 = R3 = R4 = H, [Fe(TPP)];
R1 = Me, R2 = R3 = R4 = H, [Fe(TTP)];
R1 = F, R2 = R3 = R4 = H, [Fe(p-F-TPP)];
R1 = OMe, R2 = R3 = R4 = H, [Fe(p-OMe-TPP)];
R1 = R3 = R4 = Me, R2 = H, [Fe(TMP)];
R1 = R2 = H, R3 = R4 = Cl, [Fe(TDCPP)];
R1 = R2 = R3 = R4 = F, [Fe(F20-TPP)].

Fe

Cl Cl

= TPP dianion
Fe +   CCl4

+ 2e–

– Cl2

90%

Scheme 1 Schematic structures of ironmeso-tetraarylporphyrins and preparation of Fe-porphyrin
carbene complexes

Fe

Ph R

Fe

1: R=Ph, 2: R=CO2Et, 3: R=CO2CH2CH=CH2

MeIm Fe

Ph Ph

N2C(Ph)R

N

N
Me

= F20–TPP dianion

Scheme 2 Synthesis of non-heteroatom carbene-iron porphyrins
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2.2 Spectroscopic Feature and X-Ray Structure

All iron porphyrin carbene complexes are diamagnetic and can be characterized by

NMR spectroscopy. These complexes are low-spin iron(II) species. The 13C NMR

data for iron porphyrin carbene complexes are summarized in Table 1. As shown in

this table, the resonances of Fe¼C(carbene) are deshielded with chemical shifts

at 220–390 ppm range. For halocarbene complexes [Fe(TPP)C(X)R], electron-rich

substituent (R ¼ alkyl) leads to Fe¼C(carbene) signal at 310 ppm, whereas elec-

tron-withdrawing substituent (R¼CN, CO2Et) upfields the shift of Fe¼C(carbene)
signal to 220 ppm. For non-heteroatom carbene–iron porphyrins [Fe(F20-TPP)C

(Ph)R], the arylcarbene complexes [Fe(F20-TPP)CPh2] and [(MeIm)Fe(F20-TPP)

CPh2] display downfield Fe¼C(carbene) signals at 358.98 ppm and 385.44 ppm,

respectively, compared to the (alkoxycarbonyl) carbene complexes [Fe(F20-TPP)C

(Ph)CO2Et] (d ¼ 327.47 ppm) and [Fe(F20-TPP)C(Ph)CO2CH2CH¼CH2] (d ¼
325.67 ppm). Notably, coordination of MeIm to [Fe(F20-TPP)CPh2] downfield

shifts the Fe¼C(carbene) signal by 26 ppm.

Although a large number of iron porphyrin carbene complexes have been

reported in the literature, only a few of these complexes have been characterized

by single-crystal X-ray diffraction analysis [21, 22]. Table 2 shows the structural

data of the iron porphyrin carbene complexes reported in the literature. The Fe¼C

(carbene) distance of [Fe(F20-TPP)CPh2] is 1.767(3) Å. Coordination of MeIm to

[Fe(F20-TPP)CPh2] to form [(MeIm)Fe(F20-TPP)CPh2] results in lengthening of the

Fe¼CPh2 bond to 1.827(5) Å, which is similar to the Fe¼CCl2 distance in [Fe

(TPP)(CCl2)(H2O)] [1.83(3) Å].

Table 1 13C NMR data for iron porphyrin carbene complexes

Complex 13C NMR (ppm) Fe¼C References

[Fe(TPP)C(Cl)CHMe2] 324.0 [23, 24]

[Fe(TPP)C(Cl)CH(OH)Me] 312.0 [23, 24]

[Fe(TPP)C(Cl)CH(OH)Ph] 303.0 [23, 24]

[Fe(TPP)C(Cl)CO2Et] 234.0 [19]

[Fe(TPP)CCl2] 224.7 [18]

[Fe(TPP)C(Cl)CN] 210.0 [19]

[Fe(F20-TPP)CPh2] 358.98 [22]

[Fe(F20-TPP)C(Ph)CO2Et] 327.47 [22]

[Fe(F20-TPP)C(Ph)CO2CH2CH¼CH2] 325.67 [22]

[(MeIm)Fe(F20-TPP)CPh2] 385.44 [22]

Table 2 X-ray structural data for iron porphyrin carbene complexes

Complex Fe¼C(Å) Fe–N(Å) References

[Fe(TPP)(CCl2)(H2O)] 1.83(3) 1.984(4) [21]

[Fe(F20-TPP)CPh2] 1.767(3) 1.966(3) [22]

[(MeIm)Fe(F20-TPP)CPh2] 1.827(5) 1.973(4) [22]
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The porphyrin ring of [Fe(F20-TPP)CPh2] exhibits a marked ruffling distortion

with a mean deviation of 0.138 Å from the mean plane of the 24 component atoms.

The porphyrin ring in [(MeIm)Fe(F20-TPP)CPh2] shows a even more severe ruf-

fling distortion with a mean deviation of 0.198 Å from the mean plane of the 24

component atoms (Fig. 1). In contrast, the porphyrin ring of [Fe(TPP)(CCl2)(H2O)]

is essentially planar (mean deviation: 0.03 Å).

The iron atom in [Fe(F20-TPP)CPh2] is 0.294 Å out of the mean porphyrin

plane toward the carbene group, whereas [(MeIm)Fe(F20-TPP)CPh2] exhibits a

considerably smaller displacement of the iron atom from the mean plane of

the porphyrin ring (0.122 Å toward the CPh2 group). In contrast, the iron atom of

Fig. 1 Ball and stick drawings of the structures of (a) [Fe(F20-TPP)(CPh2)]·0.5C6H6·0.5CH2Cl2
and (b) [Fe(F20-TPP)(CPh2)(MeIm)]. The solvent molecules and/or hydrogen atoms are not

shown [22]

116 C.-M. Che et al.



[Fe(TPP)(CCl2)(H2O)] is not significantly displaced from the porphyrin plane.

Despite the different structures of [Fe(F20-TPP)CPh2], [(MeIm)Fe(F20-TPP)

CPh2], and [Fe(TPP)(CCl2)(H2O)], the average Fe–N(pyrrole) distances in these

three complexes are similar.

2.3 Reactivity

[Fe(TPP)CCl2] reacts with primary amine RNH2 to form isonitrile complex

(eq. 1 in Scheme 3) [25, 26]. Visible light can activate iron porphyrin dihalocarbene

complex to generate free carbene which reacts with alkenes to produce cyclopro-

panes in good yields (eq. 2 in Scheme 3) [27, 28]. In contrast, [Fe(F20-TPP)C(Ph)

CO2Et] can undergo stoichiometric cyclopropanation of alkenes at 60�C without

the need of light irradiation (eq. 3 in Scheme 3) [22]. However, [Fe(F20-TPP)(CPh2)]

is unreactive toward stoichiometric cyclopropanation of styrene, even though it can

catalyze intermolecular cyclopropanation of styrene with EDA and intramolecular

cyclopropanation of allylic diazoacetates. Interestingly, the six-coordinate carbene

complex [(MeIm)Fe(F20-TPP)CPh2] can react with styrene at 80�C to give 1,1,

2-triphenyl cyclopropane in 53% yield. This result can be rationalized by the trans
effect of MeIm, which weakens the Fe¼C bond as evident from the longer Fe¼C

distance in [(MeIm)Fe(F20-TPP)CPh2] than in [Fe(F20-TPP)CPh2] [22].

Interestingly, [Fe(F20-TPP)C(Ph)CO2Et] and [Fe(F20-TPP)CPh2] can react with

cyclohexene, THF, and cumene, leading to C–H insertion products (Table 3) [22].

The carbenoid insertion reactions were found to occur at allylic C–H bond of

cyclohexene, benzylic C–H bond of cumene, and a C–H bond of THF. This is the

first example of isolated iron carbene complex to undergo intermolecular carbenoid

insertion to saturated C–H bonds.

[Fe(TPP)CCl2]  +  2RNH2 [Fe(TPP)(RNH2)(RNC)]  + 2HCl

[Fe(TPP)C(X)Y]  +
hv

R R'
R R'

X Y

X=Cl, Br; Y=Cl, Br, F
R=Alkyl, phenyl, R'=alkyl, H 55-90%

[Fe(F20–TPP)C(Ph)CO2Et]  + Ph
60 oC

Ph Ph

CO2Et

82%

(1)

(2)

(3)

Scheme 3
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3 Iron Nitrene/Imido Complexes

3.1 Synthesis

In a seminal work in 1982, Breslow and Gellman reported an iron porphyrin

complex catalyzed amination of cyclohexane [29] followed by Mansuy’s work in

1984 that iron porphyrins are able to catalyze the insertion of a nitrene moiety to

alkanes, with PhI¼NTs as the nitrene source [30]. Iron nitrene complexes are

usually implicated as intermediates in nitrogen atom/group transfer reactions and

are usually generated in situ by treating the iron(II) precursor, including iron(II)

supported with organic ligands or iron(II)/(III) salts, for example, FeCl2, FeCl3 Fe

(OTf)2 [31, 32], in appropriate solvent (e.g., CH3CN) with solid sample of

PhI¼NTs. Within minutes of the addition, the color change of the solution can be

observed showing the formation of nitrene species [33]. Normally, the iron nitrene

complexes generated in situ are used directly for nitrene transfer reactions, with-

out further isolation. Although implicated as reaction intermediates in group trans-

fer reactions, iron nitrene complexes are rare. Only a few examples have been

reported in the literature and iron nitrene complexes are usually characterized by

spectroscopic methods. The complex [Fe(TPP)(NTs)(Cl)] reported by Mansuy and

coworkers [34] was characterized by X-ray crystallography to contain a bridging

NTs ligand, whereas the structure of [Fe(N4Py)(NTs)]2+ reported by Que and

coworkers [35] was characterized by DFT geometry optimization.

Table 3 Stoichiometric C–H Insertion Reactions of [Fe(F20-TPP)C(Ph)CO2Et] 2 and [(MeIm)Fe

(F20-TPP)CPh2] 4 with Alkenes or Tetrahydrofuran

H
R3

R1

R2
Fe

Ph R

+ CH(Ph)R
R3

R1

R2

Entry Complex Substrate Temperature (�C) Time (h) Product Yield (%)

1 2
H

80 24
CH(Ph)CO2Et 

64

2 4
H

80 36
CHPh2 

24

3 2

O H

65 24

O CH(Ph)CO2Et 

88

4 2
H

80 15
CH(Ph)CO2Et 

83

5 4
H

80 20
CHPh2

59
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Besides, iron(IV) imides have also been implicated as reaction intermediates in

nitrogen atom/group transfer reactions [36]. The first structurally characterized

iron–imide complex was reported by Lee and coworkers [37] through the reaction

of FeCl3 with 2 equiv. of LiNHtBu in THF, giving one of the products as a stable

site-differentiated cubane having three Fe(III) and one Fe(IV) centers and the

Fe(IV) center has a terminally bonded imido ligand (Scheme 4).

Subsequently, Peters and coworkers reported the structurally characterized

mononuclear iron(III) and iron(IV) imides, [PhB(CH2PPh2)3]Fe
III�N-p-tolyl and

{[PhBP2
tBu(pz0)]FeIV�NAd}+, respectively, supported by tridentate pyrazolyl/bis

(phosphino)borate ligand [38, 39] (Scheme 5). These iron–imides are prepared via

oxidative nitrene transfer from organic azides, using low-valent iron(I) precursors

containing phosphine or dinitrogen ligands.

With the same tactic, a meta-stable 3-coordinate iron(III) imido complex was

reported by Holland and coworkers [40]. Using the diketiminate-supported dinitrogen

iron(I) complex [LMeFeNNFeLMe] as a source of iron(I) precursor [LMe ¼ 2,4-bis

(2,6-diisopropylphenylimino)pent-3-yl], the addition of adamantyl azide (AdN3) in
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the presence of 4-tert-butylpyridine (tBupy, 2 equiv.) led to the formation of

[LMeFeNAd] as the major product in 70% yield. In the absence of pyridine additive,

the AdN3 units will be coupled to give a diiron(II) hexazene complex {LMeFe}2(m-
AdN6Ad). The more bulky derivative was also prepared by similar method using

sterically demanding b-diketiminate ligand LtBu (LtBu ¼ 2,2,6,6-tetramethyl-3,5-bis

(diisopropylphenylimido)-hept-4-yl) giving [LtBuFeNAd] as product [41] (Scheme 5).

In 2008, Power and coworkers reported that the reaction of a sterically encum-

bered iron(I) aryl/arene complex 3,5-Pr2
iAr*Fe(Z6-C6H6) [Ar*-3,5-Pr2

i¼C6H-2,6

(C6H2-2,4,6-Pr3
i)2-3,5-Pr2

i] with organoazides N3C6H3-2,6-Mes2 (Mes ¼ C6H2-

2,4,6-Me3) or N3(1-Ad) afforded the iron(II) amido derivative {CH2C6H2-2

(C6H3-2-N(H)FeAr*-3,5-Pr2
i)-3,5-Me2}2 and Fe(V) bis(imido) complex {3,5-

Pr2
iAr*Fe[N(1-Ad)]2} with N2 elimination [42] (Scheme 6).

High-valent iron–imido complexes have also been proposed as reaction inter-

mediates in several reactions of the iron catalysis. Que and coworkers have

provided evidence for Fe(IV) imide as a reaction intermediate in the reaction of

[(6-PhTPA)-FeII(CH3CN)2]
2+ with PhI¼NTs. Borovik and coworkers have also

reported the formation of an amide product involving the generation of a putative

iron(IV) imide [36] (Scheme 7).
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3.2 Spectroscopic Feature and X-Ray Structure

Despite the analogy between iron–imido and iron–oxo complexes and extensive

studies on iron(IV)–oxo complexes following the works by Que and coworkers

[43, 44], well-characterized iron nitrene species are sparse in the literature. Most of

the iron–imido/nitrene complexes are unstable with short lifetimes and are usually

characterized by spectroscopic methods, such as UV-vis, NMR spectroscopy, and

mass spectrometry at low temperature. In some instances, they have also been

characterized by magnetic measurements using EPR or M€ossbauer spectroscopy
performed at low temperature for probing the oxidation state of the iron center.

Structural information has been obtained using Fe K-edge X-ray absorption spec-

troscopy (XAS) and EDAX (for iron–imido species) and single X-ray crystallogra-

phy (for iron–imides). Density functional theory (DFT) calculations were

performed to provide insight into the electronic structures.

Lee and coworkers reported the first stable terminal iron–imide complex

[Fe4(m3-N
tBu)4(N

tBu)Cl3] in 2000 [37]. This complex has been characterized by

X-ray crystallography as a cubane cluster possessing a nearly linear terminal

iron–imide moiety with a short Fe–N bond distance (1.64 Å). The short Fe–N

distance indicates the existence of iron–nitrogen triple bond. The IR spectrum of

this complex is dominated with prominent peaks corresponding to the stretching of

the bridging tert-butylimide ligands. M€ossbauer measurement showed two quadru-

pole doublets with d ¼ 0.36 mm/s and �0.17 mm/s, indicating the presence of

high-spin iron(III) and iron(IV), respectively.

Peters and coworkers have reported a series of mononuclear iron imides stabi-

lized by tris(phosphino)borate ligands [38, 45, 46]. These mononuclear iron imides

display short Fe–N bonds (~1.65 Å) with relatively linear Fe–N–C angles (>170�)
[38, 47]. The structural data are consistent with the strong dp(Fe)-pp(N) bonding
in Fe(IV)–imides. The complexes are low-spin species with S ¼ 1/2 configura-

tion. For the iron(III) imide complex [PhB(CH2PPh2)3]Fe
III�N-p-tolyl, its cyclic

voltammetry shows a fully reversible FeIII/II couple at �1.35 V, whereas an

irreversible oxidation is observed at approximately �300 mV in 0.3 M [TBA]

[PF6] at 30 mV/s. The other complex {[PhBP2
tBu(pz0)]FeIII�NAd} exhibits a

completely irreversible reduction wave at �2.20 V, showing that the iron(II)

imide anion is unstable. A quasi-reversible feature at �0.72 V (at 100 mV/s;

22�C) is observed for the same complex corresponding to a FeIV/III couple, and

this couple becomes fully reversible when the scan rate is increased to 500 mV/s.

This suggests that {[PhBP2
tBu(pz0)]FeIV�NAd}+ might be modestly stable.

Power and coworkers prepared the iron(V) bis-imide complex {3,5-Pr2
iAr*Fe[N

(1-Ad)]2} [42]. This complex has been characterized by X-ray crystallography with

the iron in planar three-coordinate geometry. The Fe–N bond distances are 1.642(2)

and 1.619(2)Å. Magnetic studies of {3,5-Pr2
iAr*Fe[N(1-Ad)]2} reveals that this

complex has a low-spin d3 configuration with S ¼ 1/2 ground state. This compound

is notable as it is a stable Fe(V) imide being well characterized.

An iron(IV)–imido complex was reported by Que and coworkers in 2006 [35].

The starting iron(II) precursor is [Fe(N4Py)]
2+ (N4Py ¼ N,N-bis(2-pyridylmethyl)bis
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(2-pyridyl)methylamine) which reacts with PhINTs to give [FeIV(NTs)(N4Py)]
2þ.

[FeIV(NTs)(N4Py)]
2þ in CH3CN exhibits an intense absorption band at l ¼ 445 nm

(e ¼ 2700M�1 cm�1) and a weak broad band at l ¼ 660 nm (e ¼ 250M�1 cm�1),

tentatively assigned as the iron(IV)-oxo contaminant. It has a half-life of 3 h at

room temperature. The M€ossbauer spectrum of [FeIV(NTs)(N4Py)]
2þ obtained in

CH3CN at 4.2 K showed a doublet with a quadrupole splitting of 0.93 mms�1 and

an isomer shift of 0.02 mms�1. All these data are consistent with the formulation of

nonheme iron(IV) complexes. High-resolution ESI-MS showed a predominant ion

species at m/z 741.0860, corresponding to the {[FeIV(NTs)(N4Py)](CF3SO3)}
þ

formulation. An analysis of the EXAFS data obtained for [FeIV(NTs)(N4Py)]
2þ

shows a single scatter at 1.73 Å, attributed to the Fe–N bond distance with double

bond character. This result matches with the DFT calculation in which a (3dxy)
2

(3dxz)
1(3dyz)

1 ground state electronic configuration has been suggested. The

Fe–NTs bond (1.73 Å) in [FeIV(NTs)(N4Py)]
2þ is significantly longer than the

Fe–N bonds observed in the X-ray crystal structures of two other iron(IV) imido

complexes reported by Lee and Peters (ca. 1.65 Å). The M€ossbauer spectrum of

[FeIV(NTs)(N4Py)]
2þ is consistent with an S ¼ 1 ground state.

Other iron–imido complexes have also been reported. Holland and coworkers

reported the synthesis of the imidoiron(III) complex [LMeFeNAd] [40, 41]. This

imidoiron(III) complex has not been isolated and was found to convert to a purple

high-spin iron(III) complex. It has an S ¼ 3/2 ground state from EPR measurement.

Based on the results of QM/MM computations, [LMeFeNAd] is a three-coordinated

complex with an Fe–N distance of 1.68 Å and has a nearly linear Fe¼N–C unit with

Fe–N–C angle of 174.1�. Chirik and coworkers made use of liable ligands to

prepare iron–imido complexes by treatment of (iPrPDI)-Fe(N2)2 (iPrPDI ¼ (2,6-
iPr2C6H3N ¼ CMe)2C5H3N) with a series of aryl azides [47].

Mass spectrometry is a useful tool to detect the existence of reactive iron–imido

intermediates. In intramolecular aromatic aminations, Que and coworkers used

electrospray ionization mass spectrometry to show the presence of a molecular

ion at m/z 590.3 and 621.2, which could be attributed to the formation of [(6-(o-
TsN-C6H4)-TPA)Fe

II]þ and [(6-(o-TsN-C6H4)-TPA)Fe
III(OMe)]þ. With the isoto-

pically enriched PhI15NTs and deuterated phenyl ring in iron(II) starting materials

[(d5-PhTPA)Fe
II(NCCH3)2]

2þ, the mass spectrometry results are consistent with

the substitution of a tosyl nitrene group for a hydrogen on the 6-phenyl ring of the

6-PhTPA ligand. Che and coworkers also made use of high-resolution ESI-MS to

detect the existence of iron–imido species in the nitrene transfer reactions using [Fe

(Cl3-terpy)2]
2+ as catalyst and PhINTs as nitrogen source [48].

3.3 Reactivity

Iron–nitrene/imido complexes are proposed to be the reaction intermediates in

nitrogen group transfer reactions. The nitrene group can be transferred to organic

substrates. Aziridination and amination are the well-known nitrogen atom/group
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transfer reactions catalyzed by iron complexes. This will be discussed in Sect. 5 of

this chapter.

The iron(III) imides are reactive. [PhBP3]Fe�N-p-tolyl can readily react with

carbon monoxide at room temperature to give isocyanate (O¼C¼N-p-tolyl) and the
iron(I) by-product [PhBP3]Fe(CO)2 [38]. Isocyanate (AdN¼C¼O, 81% yield) has

also been observed upon the reaction of [LtBuFeNAd] with CO [41]. With the same

catalyst, addition of 10 equiv. of tert-butylisocyanide (tBuNC) or cyclohexyliso-

cyanide (CyNC) gave the carbodiimides AdN¼C¼NtBu and AdN¼C¼NCy in

nearly quantitative yields. The three-coordinate iron(III) complex [LtBuFeNAd]

can transfer the nitrene to PMe3 (excess, 10 equiv.) at room temperature giving

AdN¼PMe3 (90% yield). No transferred product AdN¼PPh3 was observed when

PPh3 was used, attributed to steric reason.

Iron–imide complexes can also undergo hydrogenation reactions [49]. [PhBP3]

Fe�N-p-tolyl was found to give an intense red/purple color change of the reaction

mixture, with anilido complex [PhBP3]Fe(N(H)-p-tolyl) as the major product, upon

exposure to 1 atm of H2 for 3 h at room temperature. This anilido complex has a

weak u (N–H) stretch at 3,326 cm�1 (Nujol) with a magnetic moment of 4.92 mB
(S ¼ 2). Prolonged hydrogenation of [PhBP3]Fe�N-p-tolyl in benzene for 3 days

revealed the formation of a new diamagnetic compound [PhBP3]Fe(Z
5-cyclohex-

adieyl) with the release of H2N-p-tolyl (eq. 1 in Scheme 8). The iron–imide

complex (iPrPDI)-Fe¼NAr also reacts with hydrogen to give the iron–dihydrogen

complex (iPrPDI)-Fe(H2) with the release of free aniline (eq. 2 in Scheme 8).

4 Catalysis via Intermediacy of Iron Carbene Complexes

4.1 Cyclopropanation

Cyclopropane rings are commonly found in biologically active natural products and

therapeutic drug molecules [50–52]. Iron porphyrins are active catalysts for the
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cyclopropanation of terminal alkenes with diazoesters with high trans-selectivity.
In 1995, Kodadek and Woo reported an efficient [Fe(TTP)]-catalyzed cyclopropa-

nation of styrene with EDA [53]. The reaction occurs at room temperature with high

catalyst turnover (1,300), affording the corresponding cyclopropyl ester in high

diastereoselectivity (Scheme 9). Decreasing the reaction temperature improves the

diastereoselectivity dramatically (Scheme 9). The solvent has modest effect on the

stereoselective course. Donor solvents such as THF result in higher trans/cis ratio
(13:1) than that obtained in dichloromethane. The increase in trans/cis ratio could

be rationalized by a trans-effect of the axially ligated solvent molecule on the iron

porphyrin carbene intermediate, rendering the trans-carbene less electrophilic and
hence a late transition state for the carbenoid transfer reactions.

Compared with [Fe(TTP)], [Fe(TTP)Cl] is a more practical catalyst in alkene

cyclopropanation due to its good air stability [53]. For the [Fe(TTP)Cl]-catalyzed

alkene cyclopropanation with diazoester, it has been proposed that air-sensitive Fe

(II) porphyrin generated in situ through the reduction of Fe(III) porphyrin by

diazoester is the catalytically active species in the decomposition of diazoesters.

However, the reduction of [Fe(TTP)Cl] by EDA requires elevated temperature

(40�C), which is not favorable for achieving high diastereoselectivities. This

problem can be circumvented by addition of the one-electron reductant cobaltocene

which can reduce [Fe(TTP)Cl] in situ at room temperature, thus giving trans and cis
cyclopropanes in a ratio of 8.7:1 comparable to that obtained using [Fe(TTP)] as

catalyst (Scheme 10). In 2003, Tagliatesta and coworkers demonstrated that the

bulky iron porphyrin [Fe(TDCPP)Cl] together with CoCp2 can also efficiently

catalyze cyclopropanation of various styrene derivatives with EDA in high product

yields (up to 97%) and excellent diastereoselectivity (trans/cis up to 78:1) [54].

To simplify the catalytic system further, Kodadek and Woo investigated the

activity of [Fe(F20-TPP)Cl] for alkene cyclopropanation with EDA in the absence

of cobaltocene. These workers proposed that electron-deficient porphyrin would

render the Fe(III) porphyrin more easily reduced by EDA. Indeed, [Fe(F20-TPP)Cl]

efficiently catalyzes alkene cyclopropanation with EDA with high catalyst turnover

trans:cis=8.7:1

CoCp2, CH2Cl2
EDA

+
+

[Fe(TTP)Cl]

Ph PhPh

CO2Et

CO2Et

Scheme 10

room temperature: trans:cis=8.8:1
–78 oC: trans:cis=29:1

Ph Ph PhCH2Cl2

+ N2CHCO2Et
+

CO2Et
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(4,000) and good trans-selectivity (trans/cis ¼ 3.3–6.0/1) without cobaltocene at

room temperature [53].

Iron porphyrins display pronounced substrate preferences for alkene cyclopro-

panation with EDA. In general, electron-rich terminal alkenes in conjunction with

aromatic moiety or heteroatoms can efficiently undergo cyclopropanation with high

catalyst turnover and selectivity. In contrast, 1,2-disubstituted alkenes cannot

undergo cyclopropanation with diazoesters. Alkyl alkenes are poor substrates,

giving cyclopropanated products in low yields. In both cases, the dimerization

product diethyl maleate was obtained in high yield [53].

Aryldiazomethane can also be used for iron porphyrin-catalyzed alkene cyclo-

propanation [55]. For example, the treatment of p-tolyldiazomethane with styrene

in the presence of [Fe(TTP)] afforded the corresponding arylcyclopropapane in

79% yield with a high trans/cis ratio of 14:1 (eq. 1 in Scheme 11). Interestingly,

when bulkier mesityldiazomethane was used as carbene source, cis-selectivity was

observed (cis/trans ¼ 2.0:1). Additionally, mesityldiazomethane was found to

react with trans-b-styrene, the latter was found not to react with EDA or trimethyl-

silyldiazomethane under the similar reaction conditions, to give 1-mesityl-2-

methyl-3-phenylcyclopropane in 35% yield. Trimethylsilyldiazomethane is also

an active carbene source for [Fe(TTP)]-catalyzed cyclopropanation of styrene,

affording 1-phenyl-2-trimethylsilylcyclopropane in 89% yield with trans/cis ratio
of 10:1 (eq. 2 in Scheme 11).

More recently, Carreira reported a [Fe(TPP)Cl]-catalyzed diastereoselective

synthesis of trifluoromethyl-substituted cyclopropane in aqueous media [56]. The

carbene precursor trifluoromethyl diazomethane is difficult to be handled, gener-

ated in situ from trifluoroethyl amine hydrochloride, and reacts with styrene in the

presence of [Fe(TPP)Cl] to give the corresponding cyclopropanes in high yields and

with excellent diastereoselectivities (Scheme 12).

The complex [Fe(D4-TmAP)Cl] with Halterman’s porphyrin ligand can

effect asymmetric alkene cyclopropanation with diazoacetate in high product

yield and high stereoselectivity [57]. The reaction occurs smoothly at room tem-

perature without the need for addition of CoCp2, affording the cyclopropyl esters
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with high trans/cis ratios (up to 23:1) and high enantioselectivity for the trans-
cyclopropanes (up to 86% ee) (Scheme 13). This complex is a robust catalyst which

can efficiently catalyze alkene cyclopropanation in 0.002% catalyst loading without

detrimental effect on the selectivity. Like [Fe(TTP)], an axial ligation effect was

found to affect the diastereoselectivity of [Fe(D4-TmAP)Cl]-catalyzed cyclopropa-

nations. Addition of organic base such as pyridine increases the trans/cis ratio from
12:1 to 33:1. Subsequent detection of [(py)Fe(D4-TmAP)(CHCO2Et)] by ESMS

provided experimental evidence for six-coordinate iron monocarbene as a catalyti-

cally active species. [Fe(D4-TpAP)Cl] that has a D4-symmtric porphyrin ligand

similar to Halterman´s porphyrin gave high diastereoselectivity (trans/cis ¼ 21/1)

and modest enantiomeric excesses for both diastereomers 45% ee for trans-isomer,
21% ee for cis-isomer. Fe[HPhH(dach)2] with tetraaza macrocycle derived from

enantiomerically pure trans-1,2-diaminocyclohexane catalyzed the styrene cyclo-

propanation in modest enantioselectivity (42% ee for both isomers) [58].

m-Oxo-bis[(salen)iron(III)] complexes (Scheme 14) reported by Nguyen are

moderate active catalysts for alkene cyclopropanation, affording the corresponding

cyclopropanes in moderate to high yields (28–97%) with modest stereoselectivity

(trans/cis ¼ 2–4:1) in refluxing benzene [59, 60]. Fe(III/IV) corroles (Scheme 14)

reported by Gross can catalyze the cyclopropanation of styrene with EDA to give
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cyclopropyl esters in good yields (up to 89%) with moderate trans/cis ratio (up to

2.3) [61].

Interestingly, the cyclopropanation of styrenes with EDA catalyzed by the half

sandwich iron complex [CpFe(CO)2(THF)]
+BF4

� afforded cyclopropanes in good

yields and with cis-selectivity (cis/trans ¼ 80:20) [62]. With phenyldiazomethane as

a carbene source, excellent cis-selectivity (92–100%) was achieved (Scheme 15) [63].

4.2 N–H Insertion and Olefination

Carbenoid N–H insertion of amines with diazoacetates provides a useful means for

the synthesis of a-amino esters. Fe(III) porphyrins [64] and Fe(III/IV) corroles [65]

are efficient catalysts for N–H carbenoid insertion of various aromatic and aliphatic

amines using EDA as a carbene source (Scheme 16). The insertion reactions occur

at room temperature and can be completed in short reaction times and with high

product yields. It is performed in a one-pot fashion without the need for slow
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addition of EDA, revealing that Fe(III) porphyrins and Fe(III/IV) corroles are not

poisoned by amines. In contrast, poisoning effects by amines on ruthenium [66] and

rhodium [67] catalysts have been reported.

As the C¼C bond is a versatile functionality in synthetic chemistry and is

prevalent in bioactive natural products, its synthesis is of continuing interest to

the chemistry community. Transition metal-catalyzed olefination of aldehydes with

diazo compounds and phosphines is an efficient method for C¼C bond formation

without the need of base for generation of a phosphorous ylide. [Fe(TTP)] can

efficiently catalyze the olefination of a variety of aromatic and aliphatic aldehydes

in high product yields (>85%) and excellent selectivity for trans-isomer was

obtained (>90%) (Scheme 17) [68, 69]. The reaction mechanism involves the

formation of a phosphorous ylide by reaction of iron–carbenoid with phosphine.

Subsequently, the phosphorous ylide undergoes a Wittig reaction with aldehydes to

generate alkenes. Besides phosphine, phosphite can also mediate Wittig olefination

with diazo compounds affording alkenes in high trans-selectivity [70].

A more practical catalytic system is based on the use of air-stable [Fe(TTP)Cl] as

catalyst, which can efficiently catalyze the olefination reactions at 80�C in excellent

yields and high trans-selectivity [71] (Scheme 18).

In contrast to aldehydes, simple ketones are poor substrates for Fe-catalyzed

olefinations due to their weak electrophilicity. Decreasing the electron density

of carbonyl group can facilitate olefination of ketones with diazo compounds.
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Zhang demonstrated that in the presence of [Fe(TTP)Cl], trifluoromethyl ketones

can react with EDA and PPh3 to give b-trifluoromethyl a,b-unsaturated esters in

high yields (up to 95%) and high trans selectivity (up to 99%) [72] (eq. 1 in

Scheme 19). Addition of benzoic acid was found to increase the electrophilicity

of ketones through protonation of the carbonyl oxygen atom, leading to alkenes in

good yields and modest selectivity [73] (eq. 2 in Scheme 19).

5 Catalysis via Intermediacy of Iron Nitrene Complexes

5.1 Aziridination

Aziridines are versatile intermediates in organic synthesis and commonly found in

bioactive molecules. The transition metal-catalyzed nitrene transfer to alkenes is

an attractive method for the synthesis of aziridines [7]. In 1984, Mansuy and

coworkers reported the first example of an iron-catalyzed alkene aziridination in

which iron porphyrin [Fe(TTP)Cl] was used as catalyst and PhINTs was used as

nitrene source [30]. Subsequently, the same authors demonstrated that [Fe(TDCPP)

(ClO4)] is a more efficient and selective catalyst than [Fe(TTP)Cl] (Scheme 20).

PPh3, toluene, 80 oC

R = Aryl, alkenyl

[Fe(TTP)Cl]

Yield = 73-93%
trans:cis=4-99:1

R

H
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R

F3C

F3C
O  +  N2CHCO2Et

PPh3, toluene, 80 oC

[Fe(TTP)Cl], benoic acid

Yield = 42-93%
trans:cis=1-3:1

H
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R2
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O O

OO

O

O

O

O

Cl O2N
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Three different side reactions are found in [Fe(TTP)Cl]-catalyzed nitrene transfer

reaction including

1. Hydrolysis of reactive intermediates to form tosylamide

2. Modification of [Fe(TTP)Cl] due to intramolecular nitrene insertion to iron–

nitrogen bond

3. Oxidative degradation of [Fe(TTP)Cl]

but these undesired reaction pathways could be minimized by the use of

[Fe(TDCPP)(ClO4)] [74].

Two nonheme Fe (II) complexes containing a tridentate nitrogen ligand reported

by Halfen are efficient catalysts for styrene aziridination with PhINTs as nitrene

source [75]. With excess of styrene (25 equiv. vs PhINTs), the corresponding

aziridine was obtained in high yield (Scheme 21). The effect of varying the

polydentate nitrogen donor ligands was examined. The results revealed that the

presence of one pair of cis labile coordination sites is necessary for efficient

aziridination, and the macrocyclic ligand iPr3TACN is better than linear triamine

Me5dien, which gave higher product turnovers.

A dinuclear iron(II/III) complex bearing a hexadentate phenol ligand displayed

moderate activity toward aziridination of alkenes with PhINTs; a large excess of

alkene (2,000 equiv. vs PhINTs) was required for good product yields (Scheme 22)

[76]. It is noteworthy that complex 4 is active in the aziridination of aliphatic

alkenes, affording higher product yields than copper (II) catalysts with tetradentate

macrocyclic ligands [77].

The mild iron-based Lewis acid, [(Z5-C5H5)Fe(CO)2(THF)]BF4 reported by

Hossain, catalyzed the aziridination of styrene derivatives with PhINTs with product

Ph
+ PhI=NTs

CH2Cl2, 25 oC

N
Ph Ts

>95%

Fe(Me5dien)(OTf)2
or

Fe(iPr3TACN)(OTf)2

N
NN

N N

NMe5dien iPr3TACN

Scheme 21

Ph

Ph

Ph

Ph
+  PhI=NTs

[Fe(TDCPP)(ClO4)]

CH2Cl2, rt
N

Ts
90%

Scheme 20
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yields up to 85% [78]. Importantly, the aziridination was stereospecific, affording

cis-aziridines from cis-alkenes and trans-aziridines from trans-alkenes, whereas

trans-alkenes are poor substrates, resulting in low product yields (Scheme 23).

A variety of alkenes can be converted to aziridines with PhINTs in good yields

(48–90%) using iron phthalocyanine as catalyst (Scheme 24) [79]. It is noteworthy

Ph
+ PhINTs

[CpFe(CO)2(THF)]BF4 (10 mol%)

CH2Cl2, RT

N

Ph Ph

Ts
54%

Ph
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CH2Cl2, RT
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+ PhINTs

Me
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Ph Me
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Scheme 23
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O OO O
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Scheme 22
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that alkenes were employed in slight excess in the aziridination reactions (alkenes:

PhINTs ¼ 1.5:1).

Iron(II)-salts in the presence of the ligand “4,40,400-trichloro-2,20:60,200-terpyri-
dine” were reported by Che and coworkers to be an effective catalytic system

for intermolecular and intramolecular aziridination of alkenes [48]. Employing a

slight excess of PhINTs (1.5 equiv.), the intermolecular aziridination of aryl

and aliphatic alkenes afforded good substrate conversions (63–86%) and product

yields (78–97%). Alkenyl sulfamides underwent intramolecular aziridination effi-

ciently with PhI(OAc)2 as oxidant, affording bicyclic aziridines in high yields

(Scheme 25).

The system “iron (II) triflate, quinaldic acid and an ionic liquid” efficiently

catalyze aziridinations of alkenes with equimolar amounts of iminoidinane [80].

5-Methyl-2-pyridinesulfonyliminophenyliodinane is a better nitrene source than

arylsulfonyliminophenyliodinane, affording products in higher yields (Scheme 26).

This result reveals that the chelating effect of pyridyl group can facilitate alkene

aziridination. The additive ethylmethylimidazolium bis[(trifluoromethyl)sulfonyl]

amide (emim BTA), an ionic liquid, was found to display a significant effect on the

reaction leading to improved product yields.

Fe(OTf)2-catalyzed aziridination of enol silyl ethers with PhINTs followed by

ring opening led to a-N-tosylamido ketones in good yields (Scheme 27) [81]. With

silyl ketene ketal (R1 ¼ OMe) as substrate, the N-tosyl-protected amino acid ester

was obtained in 50% yield. In contrast, the copper (I) salt CuClO4 was found not

effective for this substrate [82].
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A more practical, atom-economic and environmentally benign aziridination

protocol is the use of chloramine-T or bromamine-T as nitrene source, which

leads to NaCl or NaBr as the sole reaction by-product. In 2001, Gross reported an

iron corrole catalyzed aziridination of styrenes with chloramine-T [83]. With iron

corrole as catalyst, the aziridination can be performed under air atmosphere condi-

tions, affording aziridines in moderate product yields (48–60%). In 2004, Zhang

described an aziridination with bromamine-T as nitrene source and [Fe(TTP)Cl] as

catalyst [84]. This catalytic system is effective for a variety of alkenes, including

aromatic, aliphatic, cyclic, and acyclic alkenes, as well as a,b-unsaturated esters

(Scheme 28). Moderate to low stereoselectivities for 1,2-disubstituted alkenes were

observed indicating the involvement of radical intermediate.

5.2 C–H Insertion

In 1982, Breslow and coworkers reported the first example of iron-catalyzed nitrene

C–H bond insertion [29]. They used [Fe(TTP)] as catalyst and PhINTs as nitrene

precursor to achieve C–H bond amination of cyclohexane. However, the product

yield was low (around 10%). Subsequently, the same authors found that iminoio-

dane 7 derived from 2,5-diisopropylbenzenesulfonamide underwent intramolecular

C–H amination efficiently with [Fe(TPP)Cl] as catalyst at room temperature, giving

the insertion product in 77% yield (Scheme 29) [85].

Alkenes include aromatic, aliphatic, cyclic, acyclic olefins and unsaturated esters
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With the iron complex [Fe(Cl3terpy)2](ClO4)2 (Cl3terpy ¼ 4,40,400-trichloro-
2,20:60,200-terpyridine) as catalyst, sulfamate esters react with PhI(OAc)2 to generate

iminoiodanes in situ which subsequently undergo intramolecular nitrenoid C–H

insertion to give amidation products in good yields (Scheme 30) [48].

Iron phthalocyanine is an efficient catalyst for intermolecular amination of

saturated C–H bonds. With 1 mol% iron phthalocyanine and 1.5 equiv. PhINTs,

amination of benzylic, tertiary, and allylic C–H bond have been achieved in good

yields (Scheme 31). With cyclohexene as substrate, the allylic C–H bond amination

product was obtained in 75% yield, and the aziridination product was found in

minor amount (17% yield) [79].

5.3 Imination of Sulfur Compounds

The synthesis of sulfoximides and sulfimides has attracted considerable attention

in recent years due to the potential utility of these compounds as efficient auxi-

liaries and chiral ligands in asymmetric synthesis (reviews: [86–88]). Transition

metal-catalyzed nitrene transfer to sulfoxides and sulfides is an efficient and

straightforward way to synthesize sulfoximides and sulfimides, respectively. Bach

and coworkers reported the first iron-catalyzed imination of sulfur compounds with

FeCl2 as catalyst and BocN3 as nitrene source. Various sulfoxides and sulfides were
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converted to N-Boc protected sulfoximides and sulfimides in good to high yields,

while high catalyst loadings (25–50%) were required to guarantee the product yields

(Scheme 32) [89, 90].

To improve catalyst turnover and to avoid the use of potentially explosive

BocN3, Bolm and coworkers employed Fe(acac)2 as catalyst and sulfonylamideþ
PhI¼O as nitrene source to iminate sulfur compounds [91, 92]. Using 5 mol% Fe

(acac)2 would allow for efficient imination of sulfur compounds to give the

corresponding sulfoximides and sulfimides in high yields. The best results were

obtained with p-nitrobenzene sulfonylamide (NsNH2) as nitrene source and PhIO

as terminal oxidant (eq. 1 in Scheme 33). Subsequently, Bolm demonstrated that Fe

(OTf)2 is a more efficient catalyst for sulfur imination [93]. Only 2.5 mol% Fe(OTf)2
was needed for imination of sulfur compounds with p-nosylamide(NsNH2). Impor-

tantly, some sluggish substrates bearing benzyl, bulky alkyl, and heteroaryl substi-

tuents, which are ineffective for Fe(acac)2 catalysis, could undergo sulfur imination

efficiently with Fe(OTf)2 as catalyst, affording corresponding products in good yields

(eq. 2 in Scheme 33). Both Bach and Bolm found that iron-catalyzed sulfur imination

proceeded stereospecifically with retention of configuration at sulfur providing an

efficient access to enantiopure sulfoximides from corresponding chiral sulfoxides.

When allyl sulfides are employed as substrates, they undergo imidation/[2, 3]-

sigmatropic rearrangement reaction upon treatment with BocN3 and a catalytic

amount of FeCl2, affording N-Boc-protected N-allyl sulfenamides, presumably via

intermediacy of I (eq. 1 in Scheme 34) [94]. Propargyl sulfides could also undergo
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this transformation to give N-allenyl sulfonamides when [dppeFeCl2] was used as

catalyst (eq. 2 in Scheme 34) [95].

6 Conclusion

There is a growing interest in iron-catalyzed carbenoid and nitrenoid transfer

reactions. Iron complexes can efficiently catalyze various carbenoid transfer reac-

tions, including alkene cyclopropanation, C–H insertion, N–H insertion, and olefi-

nation, and nitrenoid transfer reactions, including alkene aziridination, C–H

insertion, and imination of sulfur compounds. More importantly, iron catalysis

meets the increasing demand for environmentally benign and sustainable chemical

processes in view of the low cost and biocompatibility of iron complexes. The

structurally characterized iron porphyrin carbene complexes by single crystal X-ray

diffraction analysis provide structural information on the metallocarbenoid reaction

intermediate involved in iron porphyrin catalysis. However, structurally character-

ized iron–nitrene/imido complexes by X-ray crystallography are sparse probably

due to their instability. More efforts are needed to design suitable ligand systems

for stabilizing this class of complexes.
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Ferrocene and Half Sandwich Complexes

as Catalysts with Iron Participation

René Peters, Daniel F. Fischer, and Sascha Jautze

Abstract The unique and readily tunable electronic and spatial characteristics of

ferrocenes have been widely exploited in the field of asymmetric catalysis. The

ferrocene moiety is not just an innocent steric element to create a three-dimensional

chiral catalyst environment. Instead, the Fe center can influence the catalytic

process by electronic interaction with the catalytic site, if the latter is directly

connected to the sandwich core. Of increasing importance are also half sandwich

complexes in which Fe is acting as a mild Lewis acid. Like ferrocene, half sandwich

complexes are often relatively robust and readily accessible. This chapter highlights

recent applications of ferrocene and half sandwich complexes in which the Fe

center is essential for catalytic applications.
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Abbreviations

Å Ångstr€om
Ac Acetyl

acac Acetylacetonate

Ar Aryl

Bn Benzyl

Boc tert-Butyloxycarbonyl
c- Cyclo-

cat. Catalytic

CIP Cahn-Ingold-Prelog

COD Cyclooctadiene

COP Cobalt sandwich based oxazoline palladacycle

Cp Cyclopentadienyl

D Deuterium

DCE 1,2-Dichloroethane

DCM Dichloromethane

DME 1,2-Dimethoxyethane

dr Diastereomeric ratio

ee Enantiomeric excess

equiv. Equivalent(s)

Et Ethyl

h Hour(s)

Hex Hexyl

hn Light irradiation

i-Bu iso-Butyl
i-Pr Isopropyl

IUPAC International Union of Pure and Applied Chemistry

LG Leaving group

Me Methyl

Mes Mesityl, 2,4,6-trimethylphenyl

min Minute(s)
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mol Mole(s)

mp Melting point

MTBE tert-Butylmethylether

Nu Nucleophile

Pent Pentyl

Ph Phenyl

PMP para-Methoxyphenyl

PS Proton sponge, 1,8-bis(dimethylamino)naphthalene

R Residue

rds Rate determining step

RT Room temperature

s Selectivity

SET Single electron transfer

t-Bu tert-Butyl
Tf Trifluoromethylsulfonyl

THF Tetrahydrofuran

THP Tetrahydropyranyl

TIPS Triisopropylsilyl

TMEDA N,N,N0,N0-Tetramethyl-1,2-ethylenediamine

TMS Trimethylsilyl

Tol Toluyl

Ts Toluenesulfonyl

y Yield

D Reflux conditions

1 Introduction

Ferrocene (1) was the first sandwich complex to be discovered, thereby opening a

wide and competitive field of organometallic chemistry. The formation of ferrocene

was found at almost the same time in two independent studies: on July 11, 1951,

Miller, Tebboth, and Tremaine reported that on the passage of N2 and cyclopenta-

diene over a freshly prepared mixture of “reduced” Fe (90%), alumina (8%),

potassium oxide (1%), and molybdenum oxide (1%) at 300�C, yellow crystals

identified as Cp2Fe (Fig. 1) were obtained [1]. Due to the low yields obtained

(3 g starting from 650 g ferric nitrate), doubts remain as to whether Fe(0) was the

Fe2 + ''Fe''

Al2O3, Mo2O3, K2O,
300 °C, N2     

1

Fig. 1 Formation of Cp2Fe

by Miller, Tebboth, and

Tremaine
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reactive species or if residual Fe(II) reacted with Cp� formed in situ in the presence

of basic oxides.

On August 7, 1951, Kealy and Pauson reported the formation of Cp2Fe starting

from CpMgBr and FeCl3 (3.5 g from 9.05 g FeCl3, Fig. 2) [2]. Initially, it was

planned to form fulvalene via generation of a cyclopentadienyl radical by SET from

Cp� to Fe(III), radical combination and subsequent oxidation of Cp2 by Fe(III).

Instead, Fe(II) formed by reduction with the Grignard reagent reacted further by

transmetallation.

In both original reports, the authors did not assign a sandwich structure to Cp2Fe.

However, their work immediately triggered intensive research activity by other

groups to explain the unexpected properties of this new material, culminating in the

structure determination as early as 1952 by E.O. Fischer (magnetic studies, X-ray

crystal structure analysis) [3, 4], G. Wilkinson, and R.B. Woodward (magnetic

studies, IR-spectroscopy) [5].

Due to the aromatic character of Cp2Fe predicted by Woodward and confirmed

by the reactivity toward electrophilic substitutions, which proceed with rates

comparable to anisole, the name ferrocene was coined in analogy to simple

aromatic systems [6].

A more efficient way to synthesize ferrocene involves a transmetallation of

CpNa with FeCl2 [7]. Ferrocene forms an orange crystalline solid (mp 173�C),
which can be purified, for example, by sublimation, and which is relatively inert

toward air and hydrolysis [1, 2].

The covalent part of the bonding character of both Cp� ligands with Fe(II) can

be summarized by s-bond interactions (Cp� ! s/pz/dz2), strong p-interactions
(Cp� ! dxz/dyz/px/py), and weak retrodative d-interactions (dxy/dx2�y2 ! Cp�)
[8]. The molecular orbital interactions are almost independent of the conformation

of the sandwich complex with respect to rotation of the Cp rings. Both the staggered

(D5d) as well as the eclipsed conformation (D5h) possess similar binding energies

[9]. The same holds true for all conformations between these two extremes meaning

that the activation energy for ligand rotation is very low (ca. 0.9 � 0.3 kcal/mol)

[10, 11]. In the gas phase the eclipsed conformation is preferred, while for solid

state structures of substituted derivatives, preference for one conformation is often

due to packing forces or interactions of the various substituents.

All bonding or nonbonding orbitals are filled resulting in a stable diamagnetic

18-electron complex. Single-electron oxidation to a ferrocenium cation provides a

17-electron species, in which one electron is unpaired.

3 CpMgBr   +   FeCl3 Fe

1

benzene, Et2O,
RT to

34%

Fig. 2 Formation of Cp2Fe

by Kealy and Pauson
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Fe

1

Fe

1
staggered

D5d conformation
eclipsed

D5h conformation

As a consequence of the molecular orbital interactions, ferrocene adopts an

axially symmetrical sandwich structure with two parallel Cp ligands with a distance

of 3.32 Å (eclipsed conformation) and ten identical Fe–C distances of 2.06 Å as

well as ten identical C–C distances of 1.43 Å [12]. Deviation of the parallel Cp

arrangement results in a loss of binding energy owing to a less efficient orbital

overlap [8]. All ten C–H bonds are slightly tilted toward the Fe center, as judged

from neutron-diffraction studies [13].

As mentioned above, ferrocene is amenable to electrophilic substitution reac-

tions and acts like a typical activated electron-rich aromatic system such as anisole,

with the limitation that the electrophile must not be a strong oxidizing agent, which

would lead to the formation of ferrocenium cations instead. Formation of the

s-complex intermediate 2 usually occurs by exo-attack of the electrophile (from

the direction remote to the Fe center, Fig. 3) [14], but in certain cases can also

proceed by precoordination of the electrophile to the Fe center (endo attack) [15].

Due to the pronounced electron donating character of ferrocene, a-ferrocenyl
carbocations 3 possess a remarkable stability and can therefore be isolated as salts

[16]. They can also be described by a fulvene-type resonance structure 3’ (Fig. 4) in

which the Fe center and the a-center are significantly shifted toward each other as

revealed by crystal structure analysis, indicating a bonding interaction [17].

Fe

1

EX
Fe

2

H

E +

–

+

X

exo-attack

–HX
Fe

E

EX e.g.: DCl, R(C=O)Cl/AlCl3, H2C=NMe2

Fig. 3 Intermolecular

electrophilic substitution

reactions of ferrocene via an

exo-attack

Fe Fe
R1

R2

LG

R1
R2

– LG
Fe

3

–

+ +

R1

R2

3'

Fig. 4 Formation and stabilization of a-ferrocenyl carbocations 3
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Recently, this concept could be transferred to the homologous silylium ions 3-Si

(Si in a-position to the ferrocene core) [18, 19], which were found to be potent

catalysts for Diels–Alder reactions at low temperature [19]. The electron-rich

ferrocene core buffers the Lewis acidity, thus avoiding the irreversible formation

of Lewis pairs.

3-Si

Fe

Si

R1

R2

+

Ferrocene derivatives 4 bearing two different substituents X,Y 6¼ H at the same

Cp ring can be planar chiral. Schl€ogl defined a simple rule to determine the

stereodescriptors [20]: looking at the double substituted Cp ring from above,

the configuration is defined as Rp if the shortest way through the space starting

from the substituent of the highest priority (according to the CIP rules) to the second

substituent is clockwise (Fig. 5).

Unfortunately, the IUPAC recommended rule by Cahn, Ingold, and Prelog

usually leads to the opposite stereodescriptors [21]. Assuming imaginative Fe–C

single bonds between the Fe center and all C atoms, the latter can be treated as

distorted tetrahedrons allowing to apply the CIP rules for stereocenters (Fig. 6). The

stereodescriptor of the C-atom carrying the substituent of the highest priority is

used as stereodescriptor of the whole Cp ring or molecule. As the Schl€ogl system is

more commonly used in literature, it will also be employed in this chapter.

Planar chirality has proven to be a very potent means in asymmetric catalysis to

achieve high levels of stereocontrol (see Sect. 3) because planar chiral systems offer

(Rp)–4 (Sp)–4

Fe FeYX 1 12

34

2XY2

3 4

Fig. 6 Definition of the

stereodescriptors of planar

chiral ferrocenes according to

Cahn, Ingold, and Prelog

Fe

(Rp)–4 (Sp)–4

X

Y Fe

X

Y

Fig. 5 Definition of the

stereodescriptors of planar

chiral ferrocenes according to

Schl€ogl
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a high degree of spatial control around the active site. The unique and readily tunable

electronic and spatial characteristics of ferrocene and ferrocenium systems have been

widely exploited in the field of asymmetric catalysis. This is showcased by selected

applications in Sect. 3, in which the Fe center communicates with the catalytic site.

Of increasing importance are also Fe half sandwich complexes in which Fe is

acting as a mild Lewis acid, presented in Sect. 2. Like ferrocene, half sandwich

complexes such as 8 are often relatively robust and readily accessible starting from

cyclopentadiene (Fig. 7). Reaction of cyclopentadiene with Fe(CO)5 initially gen-

erates a diene complex 5 which further reacts to give a metal hydride species 6 [22,

23]. The latter can be transformed into dimer 7, which reacts with oxidizing agents

such as iodine to give the synthetically versatile iron prototype half sandwich

complex 8 [24]. Section 2 is subdivided into systems with Fe in the oxidation states

0, +I, and +II.

2 Catalysis by Iron in Half Sandwich Complexes

2.1 Fe(0)- and Fe(I)-Catalysts

Jonas et al. have shown that individual Cp rings of ferrocene can be successively

removed under reducing conditions [25–29]. Working under an ethylene atmo-

sphere, the Fe(0) half sandwich complex 9 has been formed even on multigram

scale as an air-sensitive crystalline solid upon co-complexation of the Li counterion

with TMEDA. The labile ethylene ligands can be readily exchanged by the chelat-

ing 1,5-cyclooctadiene (COD) forming 10 or the closely related DME adduct 11.

9

Fe0 LiI

N
Me2

Me2
N

10

Fe0 Fe0LiI LiI

N
Me2

Me2
N

11

O
Me

Me
O

X-ray crystal structure analysis of 10 and 11 has revealed a close contact

between Fe and the Li ion of ca. 2.5 Å. Moreover, the Li ion resides close to the

olefin units. Stabilization of the electron-rich Fe center by the p-accepting character
of the olefins is evidenced by the significant elongation of the C¼C bonds to ca.

6

FeII
OC

OC
H

5

Fe0
OC

OC
CO

H

H

Fe(CO)5
+

–H2–CO
Fe

I

OC C
O

7

Fe
I

CO
O
Cor

hν I2

1/2

8

FeII

OC

OC
I

Fig. 7 Formation of the half sandwich complex CpFe(CO)2I (8)
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1.44 Å in 11 (1.34 Å in free COD). Nevertheless, binding of the olefin ligands is

labile enough to allow for ligand exchange, in particular by chelating substrates

containing an alkyne moiety, rendering these species attractive as catalysts for

cycloisomerizations as demonstrated by F€urstner et al. [30, 31]. In fact, 1,6-enynes

12 undergo an oxidative cyclization pathway, which is triggered by the electron-

rich ferrate unit, resulting in a net Alder-ene type cycloisomerization.

While the ethylene ligands in 9 are more readily displaced, COD offers the

advantage that it might stabilize the resting state of the catalyst as it stays in solution

serving as an ancillary protecting ligand and allowing the cycloisomerization of

demanding substrates. It was found that catalyst 9 is particularly suited for the

formation of bicyclic products 13 by annulation reactions, in which the size of the

preexisting ring of the starting material determines the configuration at the ring

junction and displays a distinct influence on the reaction rate (Fig. 8). As a general

trend, substrates with larger cycloalkenes usually facilitate the reaction. In the

majority of cases, the products were formed as single trans-diastereomers with

regard to the ring-junction with the exception of [3.3.0]- and [4.3.0]-bicycles 13a

exclusively resulting in a cis-arrangement, while decaline products provide cis/
trans-mixtures. The catalyst has a remarkable compatibility with functional groups

and tolerates even terminal alkynes, aryl halides, and tertiary amino groups.

For acyclic enynes, there is a pronounced effect of the substitution pattern on the

reactivity (Fig. 9). Substrates 14 with R2 ¼ H could only be rearranged by catalyst

11, while 9 failed. For substrates with R2 6¼ H, both catalysts were found to be

effective providing preferentially the trans-configured products 15a. Enynes carry-

ing trisubstituted olefin moieties failed to react.

X

R

n 5-20 mol% 9,
toluene, 90 °C

X
H

H
R

n

13a, n = 1 or 2

X
H

H
R

n

13b, n = 3 or 4

or

X
H

H
R

n–5

13c, n = 6 or 8

or

X = C(CO2Et)2, NTs, O, C(CH2OAc)2, C(CH2OTIPS)2;
R = H, Me, c-Pr, aryl, alkenyl, C(=O)-c-Hex, TMS

50-97%

12

Fig. 8 Cycloisomerizations of cyclic enynes catalyzed by 9

X

R1

5-20 mol% 9 or 11,
toluene, 90 or 110 °C

X

R1

X = C(CO2Et)2, NTs, NBn, O; R1 = H, c-Pr, aryl; R2 = H, Me, n-Pr, c-Pr, Ph; R3 = H, n-Pr

48-98%
15a/15b = 1.3-20:1

R2 R2

R3 R3

R3

15a (major)14

X

R1

R2

15b (minor)

+
1,2

1,2 1,2

Fig. 9 Cycloisomerizations of acyclic enynes catalyzed by 9 or 11
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Various mechanistic pathways have been considered (Fig. 10), such as addition

of a metal hydride species to the alkyne thus forming a vinyl metal complex 16

which subsequently reacts with the olefin part according to a Heck reaction.

Alternative scenarios are either an activation of the allylic CH-bond, resulting in

a p-allyl species 17, which subsequently undergoes a metallo-ene like reaction with

the alkyne, or an oxidative cyclization of the enyne to generate a metalla-cyclo-

pentene 18. The product 19 is then released by b-hydride elimination and reductive

elimination. To get a more detailed mechanistic insight, D-labeling experiments

were conducted, which provide strong evidence for the above-mentioned metalla-

cyclic pathway.

Next to cycloisomerizations, catalysts like 11 are also useful for [4 þ 2] and

even more interesting for [5 þ 2] cycloaddition reactions (Fig. 11), which are very

X

R1

5-20 mol% 9 or 11,
toluene, 90 or 110 °C

X = C(CO2Et)2, C(CH2OAc)2, C(CH2OTBS)2, NTs

R1 = H, CO2Et, aryl, TMS
R2 = H, Me

54-99%
21a/21b = 2.3:1 - 15:1

R2

21a (major)20 21b (minor)

1,2
X R2

H
R1

X R2

H
R1

+
1,2 1,2

Fig. 11 [5 + 2] cycloaddition reactions catalyzed by 9 or 11

M

H

H-M

M

metal hydride
addition

allylic C-H
activation

oxidative
cyclization

16

17

18

19

Fig. 10 Mechanistic alternatives for the cycloisomerizations of enynes
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useful for the formation of seven-membered rings 21 starting from vinyl cyclopro-

pane 20 [31]. Again, 11was found to be of wider applicability. The cycloheptadiene

derivatives were formed with good to excellent diastereoselectivity favoring the

1,2-trans-disubstituted diastereomer and tolerating terminal and differently end-

capped alkynes. Trisubstituted olefins failed in this approach.

In addition, complexes like 11 are also capable of catalyzing [2 þ 2 þ 2]

cycloadditions of alkyne moieties resulting in the formation of substituted benzenes.

Furthermore, Fe(I) catalysts like 22with an odd electron count (17-electron species)

have been studied in this context (Fig. 12) and the initial results demonstrate that

they are catalytically relevant, uncovering a previously largely unrecognized aspect.

A so far unsolved problem is the development of asymmetric procedures for the

above described Fe(0)-catalyzed cycloisomerizations and cycloadditions. The

option to use the element of planar chirality might allow to successfully address

this issue in future applications.

2.2 Fe(II)-Catalysts

Hersh et al. found that the cationic complex [CpFe(CO)2(THF)]BF4 (23) can

accelerate the [4 + 2] cycloaddition of acrolein and cyclopentadiene [32]. How-

ever, the catalytic activity was higher than expected from rate constants determined

in stoichiometric experiments, indicating that a Brønsted or Lewis acid impurity

might accelerate this process and generating doubts about the role of 23.

In 1994, K€undig et al. described a related catalyst, in which both CO ligands

have been replaced by a chiral P,P-chelate ligand providing evidence that structur-

ally defined cationic Fe sandwich complexes are indeed efficient catalysts for

Diels–Alder reactions [33].

The Lewis acidity is mainly caused by the positive total charge of complexes

like 23 and is further amplified by the p-accepting CO ligands, while the Cp ligand

buffers the acidity, overall resulting in mild Lewis acids. Replacement of CO by the

less p-acidic PPh3 resulted in a catalytically inactive species. To retain the catalytic
activity, the neutral ligand thus has to mimic the binding characteristics of CO.

Accordingly, with P(OMe)3 catalytic activity was noticed [34, 35]. K€undig et al.

utilized a C2-symmetric chiral ligand exhibiting similar electronic binding

FeI

22

20 mol% 22 or
10 mol% 11,
toluene, Δ

80% (with 22)
89% (with 11)

CO2EtEtO2C

CO2EtEtO2C

CO2Et
EtO2C

CO2Et

CO2Et

Fig. 12 [2 + 2 + 2] cycloaddition reactions catalyzed by 11 or 22

148 R. Peters et al.



characteristics as CO as a result of P-bound pentafluorophenyl moieties [36].

Complex 24 can be isolated as a solid by precipitation and can be used as the

catalyst precursor, although it was found to be instable in solution.

–

FeII

O

O

(C6F5)2P

P(C6F5)2

O
X

24

24 (5 mol%) catalyzes the cycloaddition of various enals 25, a,b-substituted
or -unsubstituted, and different acyclic and cyclic dienes such as cyclopentadiene

with high enantioselectivity favoring in most cases the exo-products 26 (Fig. 13).

An endo product 27 was preferentially formed with cyclohexadiene and a modest

endo preference was found for the reaction of cyclopentadiene with acrolein. 2,6-

Di-tert-butylpyridine was usually added to trap Br€onsted acid impurities, which

otherwise result in reduced ee values and varying reaction rates. Reaction tempera-

tures higher than �20�C were not useful as the catalyst slowly decomposes.

The enantioselectivity was explained by the preference for a transition state 28,

in which the diene approaches the Ca-Si face of the coordinated dienophile, which

adopts an s-trans conformation (Fig. 14).

In 1999, K€undig and Bruin reported a closely related catalyst system 29a, in

which a more readily accessible ligand has been employed [37]. Catalytic activity

and stability are strongly dependent upon the nature of the neutral ligand L. While

the acetonitrile complex 29b is stable, yet catalytically inactive, complex 29a with

L ¼ acrolein is stable only in the solid state, but decomposes as a solution in DCM

CHO
R1

R1OHC

R2 R2

+

5 mol% 24, 2.5 mol%
2,6-(tBu)2-pyridine,
DCM, −20 - −40 °C

12-87%

exo/endo = 38:62 - 98:2
ee (major diastereomer) = 84-95%

CHO
Br

CHO
Br

CHO
Br

25 26

R1 = H, Me, Et, Br; R2 = H, Me

92%
ee = 97%

88%
ee = 96%

27: 88%
exo/endo = 10:90
ee (endo) = >99%

Fig. 13 Diels–Alder reactions with enals catalyzed by 24
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in the absence of an excess of free aldehyde at temperatures above �20�C. Stereo-
selectivities and yields obtained for the Diels–Alder reaction of enals either match

or slightly exceed the results obtained with 24.

FeII

Ph

Ph

O

O

(C6F5)2P

P(C6F5)2

L –
X

29
29a: L = acrolein
29b: L = MeCN

In subsequent work by the same group, a modified procedure for catalyst

formation has been developed involving an additional step of anion metathesis

thus providing Fe catalysts of higher purity superseding the use of Br€onsted acid

scavengers.[38] Catalytic activity strongly varies with the counterion, increasing in

the order TfO� < BF4
� < PF6

� < SbF6
�. In general, the Diels–Alder reactions

catalyzed by Fe-complexes 24 or 29a were found to be faster and slightly more

enantioselective than with analogous Ru catalysts, which, however, offer the benefit

of almost quantitative recovery as directly reusable complexes, while the Fe com-

plexes are too unstable for recovery (for the investigation of the related Ru

catalysts, see also [39]).

In addition to asymmetric Diels–Alder reactions, Fe(II) sandwich complexes

such as 29a and their Ru analogues can also be employed as catalysts for asymmetric

1,3-dipolar cycloaddition reactions between nitrones and enals providing isoxa-

zolidines, direct precursors for enantioenriched 1,3-amino alcohols. Usually,

Lewis acids coordinate nitrones preferentially (and often irreversibly) over

simple a,b-unsaturated aldehydes, explaining the often found necessity of two-

point binding dipolarophiles. Any cycloaddition of a mono-coordinating enal

with a nitrone would thus be due to a noncatalyzed background reaction.

Nevertheless, in 2002, K€undig et al. could present the first examples of catalytic

asymmetric 1,3-dipolar cycloadditions of nitrones with monocoordinating dipo-

larophiles based on a judicious choice of the metal ligand environment and

Lewis acidity (Fig. 15) [40]. Using 29a as catalyst (5 mol%), cycloadducts of

diarylnitrones were obtained in excellent yield and with high enantiomeric

excess. With methacrolein, only endo-products were obtained, yet with low

regioselectivity. For the acyclic diarylnitrones it was found that the Ru analo-

gous catalysts are superior [41–43].

FeII

P(C6F5)2
P

F
F

F

F
F O

O

O

ArR

28

Fig. 14 Explanation of the

enantioselectivity by the

preferred transition state 28
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Cyclic N-oxides demonstrated a higher reactivity (Fig. 16). To suppress a

thermal background reaction, the nitrone concentration had to be maintained low.

These conditions afforded the cycloaddition products 32–35 in excellent yields and

high enantiomeric purities as a single regioisomer. For cyclic substrates, the

Fe-catalyst 29a performed significantly better than the corresponding Ru analo-

gues. X-Ray crystal structure analysis of the latter as a complex with methacrolein

shows that the enal adopts an s-trans conformation. The configuration of the

cycloaddition products are consistent with an endo-approach of the nitrone to the

Ca-Si-face of the coordinated enal at the (R,R)-catalyst site.

The cationic complex [CpFe(CO)2(THF)]BF4 (23) can also catalyze the proton

reduction from trichloroacetic acid by formation of Fe-hydride species and may be

considered as a bioinspired model of hydrogenases (“Fe-H Complexes in Catalysis”)
[44]. This catalyst shows a low overvoltage (350 mV) for H2 evolution, but it is

inactivated by dimerization to [CpFe(CO)2]2.

Hydride species were also formed in the dehydrogenative coupling of hydro-

silanes with DMF [45]. The catalytic system is applicable to tertiary silanes, which

are known to be difficult to be converted into disiloxanes (Fig. 17). The catalytic

reaction pathway involves the intermediacy of a hydrido(disilyl)iron complex

Me CHO
+

5 mol% 29a,
5 mol% 2,6-lutidine,
DCM, -20 °C

85%

endo-30/endo-31 = 80:20
ee (endo-30) = 87%
ee (endo-31) = 91%

endo-30

N
OPh

Ph
N O

Ph

Me

CHO

Ph

endo-31

N O

Ph

Ph

CHO
Me

+

Fig. 15 [3 + 2] cycloaddition reactions of diarylnitrones with enals catalyzed by 29a

Me CHO
+

–

5 mol% 29a,
5 mol% 2,6-lutidine,
DCM, −20°C

92%
ee = 96%

N
O N O

CHO

Me

H

32

33
71%

ee > 96%

N O

CHO

Me

H

34
75%

ee = 75%

N O
Me

H CHO

35
71%

ee = 94%

N O

CHO

Me

H

Fig. 16 [3 + 2] cycloaddition reactions of cyclic nitrones with enals catalyzed by 29a
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(“Fe-H Complexes in Catalysis”). Similarly, also di-tert-butyltin dihydride could be
dimerized [46].

Cyclopentadienone iron alcohol complexes like 37 were generated from the

reactions of [2,5-(SiMe3)2-3,4-(CH2)4(Z
5-C4COH)]Fe(CO)2H (36) and aromatic

aldehydes [47]. This process can be used for the iron-catalyzed hydrogenation of

aldehydes (Fig. 18 and “Fe-H Complexes in Catalysis”).

The studies described in Sects. 2.1 and 2.2 showcase the high synthetic potential

of Fe half sandwich complexes in the field of catalysis and should pave the way for

additional exciting developments in the near future.

3 Chiral Catalysts Electronically Influenced

by a Ferrocene Core

The ferrocene moiety is not just an innocent steric element to create a three-

dimensional chiral catalyst environment. Instead, the Fe center can influence a

catalytic asymmetric process by electronic interaction with the catalytic site, if

the latter is directly connected to the sandwich core. This interaction is often

comparable to the stabilization of a-ferrocenylcarbocations 3 (see Sect. 1) making

use of the electron-donating character of the Cp2Fe moiety, but can also be

reversed by the formation of ferrocenium systems thereby increasing the acidity

of a directly attached Lewis acid. Alternative applications in asymmetric cataly-

sis, for which the interaction of the Fe center and the catalytic center is less

distinct, have recently been summarized in excellent extensive reviews and are

outside the scope of this chapter [48, 49]. Moreover, related complexes in which

one Cp ring has been replaced with an Z6-arene ligand, and which have, for

example, been utilized as catalysts for nitrate or nitrite reduction in water [50],

are not covered in this chapter.

2 R3SiH

4 mol% [Cp(CO)2FeMe],
DMF, hν, RT

R3Si–O–SiR3 + H2
30-99%

Fig. 17 Dehydrogenative coupling of tertiary silanes
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Fig. 18 Iron-Catalyzed Hydrogenation of Aldehydes
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3.1 Planar Chiral Ferrocenyl Metallacycle Catalysts

Palladacycles are defined as compounds with a Pd-C s-bond with the Pd being

stabilized by one or two neutral donor atoms, typically forming 5- or 6-membered

rings [51]. Ferrocenyl palladacycles constitute a particularly attractive catalyst class

partly due to the element of planar chirality. The first diastereoselective cyclopallada-

tion of a chiral ferrocene derivative was reported in 1979 by Sokolov [52, 53].

There had been doubts about the utility of palladacycles in asymmetric catalysis,

raised by the failure to achieve enantioselectivity as a result of a slow release of low

ligated Pd(0) (naked Pd) [54]. However, recent success of several planar chiral

palladacycles in highly enantioselective aza-Claisen reactions and in a number of

other applications proves that the coordination shell of the Pd(II) species is not

necessarily destroyed during the catalytic action.

3.1.1 The Aza-Claisen Rearrangement

In 1997 the first asymmetric aza-Claisen rearrangement was reported by Overman

et al. [55], which made use of diamines as bidentate ligands for Pd(II), allowing for

moderate enantioselectivities. In the same year, Hollis and Overman described the

application of the planar chiral ferrocenyl palladacycle 38 as a catalyst for the

enantioselective aza-Claisen rearrangement of benzimidates 39 (Fig. 19) [56].

A related ferrocenyl imine palladacycle provided slightly inferior results, while a

benzylamine palladacycle lacking the element of planar chirality was not able to

provide any enantioselectivity [57].

A significant breakthrough was achieved by Overman and Donde in 1999: they

reported the first highly selective catalyst 41 for the aza-Claisen rearrangement of

benzimidates 39 (Fig. 20) [58]. Enantioselectivities were inmost cases good to very good.

Kang et al. described ferrocene bispalladacycle 42 (Fig. 21) [59]. Enantioselec-

tivities and yields obtained were comparable to the results obtained by Overman

with 41 [58].

In 2005, Moyano et al. [60] reported a new type of chiral dimeric ferrocene

palladacycle 43 that lacked the element of planar chirality and involved three

Fe

PdMe2N X

2

O

R

Ph

N
Ar

O

R

Ph

N
Ar

39 40

5 mol% 38,
DCM, RT

38 (X = O2CCF3)R = Me, n-Pr,Ph
Ar = Ph, C6H4-p-CF3, C6H4-p-OMe

47-97%
ee = 47-61%

Fig. 19 Asymmetric Aza-Claisen Rearrangement of benzimidates 39 using amino palladacycle 38
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Pd-centers as catalysts for the rearrangement of benzimidate substrates. While the

enantioselectivity reached a practical value, the yield was only moderate (Fig. 22).

In 2005 [61], Overman and coworkers described the application of their oxazo-

line system 41 to synthetically attractive trifluoroacetimidates 44 (Fig. 23) forming

trifluoroacetamides 45, which, in contrast to benzamides 40, can be readily trans-

ferred into free primary allylic amines.

A related planar chiral Co-based oxazoline palladacycle COP-X (46) was later

found to be of higher synthetic utility as it permitted the use of benzimidates, [62] as

well as allylic trifluoro- [63] and trichloroacetimidates [64, 65]. 46 was found to be

superior to its ferrocene analogue 41 [61] in a number of aspects such as ease of

5 mol% 41,
10 mol% AgO2CCF3,
DCM or toluene,
RT or 40°C or 75°CO

R

Ar

N
PMP
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N
Ar

39 40
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Ar = Ph, p-Tol
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2
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SiMe3

(E)-39: 59-97%
ee = 63-84%

(Z)-39: 11-97%
ee = 75-96%

41

Fig. 20 Asymmetric aza-Claisen rearrangement of benzimidates using oxazoline palladacycle

precatalyst 41
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Fig. 21 Asymmetric aza-Claisen rearrangement of benzimidates using bispalladacycle precatalyst 42
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preparation [41 was not accessible by direct cyclopalladation due to oxidative

decomposition by Pd(II)], catalyst stability, activity, and substrate scope.

COP-X (46)

Pd NX

2

O

i-Pr

Co
PhPh

Ph Ph

47

Fe

PdN X

2

N

R1

R2

R3
R R

R

R

R

Unfortunately, in the case of trifluoroacetimidates COP-Cl (46) still required

catalyst loadings, which are not useful for large-scale applications [10 mol% Pd

(II)], while long reaction times were necessary for high conversion. Moreover, the

scope was limited to substrates bearing a-unbranched alkyl substituents R at the

3-position of the allylic imidate.

Peters and coworkers have systematically addressed the issue of catalytic activity

for the asymmetric rearrangement of trihaloacetimidates. These investigations uti-

lized a modular design of a planar chiral carbophilic Lewis acid allowing for an

adjustment of electronic and steric properties. Although all previous ferrocene-

based catalysts had not been as efficient as COP-X (46), ferrocene moieties were

chosen as backbone for planar chiral catalyst systems for two main reasons: (a) the

cobalt-based sandwich complexes proved to be very sensitive with regard to the

cyclopalladation outcome depending on the oxazoline substitution pattern in terms

of reactivity and configuration, thus limiting the number of accessible catalyst

structures [66]; (b) for the cobalt-based sandwich backbone, the electron density

could not be extensively variegated, in contrast to ferrocenes for which, for example,

the oxidation potentials are strongly dependent upon the substitution pattern [67].

Along these lines, imidazoline [68, 69] rather than oxazoline coordination sites

better fitted into a modular concept in order to understand how the electronic

properties should ideally be, since electron density can be readily adjusted by the

choice of the N substituent [70]. The Cp0 ligand C5R5 in 47 permits steric and

electronic tuning. With the electron-withdrawing effect of five Ph groups R, the

O

R

CF3

N
PMP

44

O

R

CF3

N
PMP

45

7.5 mol% 41,
30 mol% AgO2CCF3,
20 mol% PS, DCM,
RT, 24 h

R = n-Pr, n-Bu, (CH2)2Ph, Ph

(E)–44: 46-88%
ee = 45-84%

(Z)–44: 21%
ee = 87-90%

FeIII

Pd NX

2

X = O2CCF3

O

t-Bu

SiMe3

active species:

Fig. 23 Asymmetric aza-Claisen rearrangement of trifluoroacetimidates using precatalyst 41
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electron density on the Pd(II)-center is significantly decreased, and the catalyst

displays an enhanced Lewis acidity. Additionally, the enhanced bulk has led to

an improved enantioselectivity. The iron center of the sandwichmoiety can be either

Fe(II) or Fe(III). A ferrocenium core formed during catalyst activation via oxidation

with a silver salt is in fact a major reason for enhanced catalytic activity as compared

to COP (46) due to electronic communication with the Pd-center. N-Sulfonyl groups

R3 in 47 resulted in high activity because of their electron-withdrawing effect. The

sulfonyl group in 48 offers the additional advantages that Pd can be introduced by a

direct diastereoselective cyclopalladation due to enhanced stability of the ferrocene

core against oxidative decomposition and owing to a chirality transfer fromR1 to the

neighboring N atom effecting a preferred conformation in which the sulfonyl moiety

points away from the ferrocene moiety (Fig. 24).

Different counteranions X� coordinating to the Pd-center of 47a were employed

by breaking the chloro bridge of the catalytically inert dimeric precursor with

different silver salts. AgO2CCF3 provided the best results. Enantioselectivities

were good to excellent and the yields were in general high (Fig. 25). The catalyst

loadings could be decreased by a factor of 100 as compared to the previous results,

performing catalysis under almost solvent-free conditions.

The high catalytic activity also enabled aza-Claisen rearrangements to form

N-substituted quaternary stereocenters (Fig. 26) [71]. The catalyst does not need to

distinguish between differently sized substituents on the double bond of 49 (e.g.,

R ¼ CD3, R
1 ¼ CH3, ee ¼ 96%), indicating that coordination of the olefin is the

stereoselectivity predetermining step. The imidate-N-atom subsequently attacks

intermediate 47-I from the face remote to the Pd-center totally resulting in a

N
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R1
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FeR R

R
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R

N

N

R2O2S
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FeR R
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Fig. 24 Conformational

equilibrium for 48 caused by

chirality transfer to the

sulfonylated N-atom
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Fig. 25 Asymmetric aza-Claisen rearrangement of trifluoroacetimidates 44 using precatalyst 47a
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stereospecific reaction outcome. The allylic amides 50 can be transferred to almost

enantiopure quaternary a- and b-amino acids. 47a was also examined for the

rearrangement of imidates carrying different N-substituents to give rise to various

secondary allylic amines after reductive amide cleavage [72].

To examine if the higher catalytic activity and selectivity of 47a as compared to

the COP-X system 46 is mainly caused by the pentaphenyl ferrocenium or by the

imidazoline moiety, oxazoline 53-Cl was prepared in diastereomerically pure form

starting from carboxylic acid 51 and (S)-valinol via oxazoline 52 (Fig. 27) [73].

In difference to COP-X (46), the i-Pr group is pointing toward the sandwich

core. AgNO3 generates a highly active and selective catalyst (Fig. 28). Complete

0.5-4.0 mol% 47a,
2.0-16 mol% AgTFA,
PS, DCM, 50°C

R/R' = Me, Et, n-Pr, n-Bu, (CH2)2Ph,(CH2)2CH=CMe2,

(CH2)3OSi(i-Pr)3,(CH2)3O(CO)OBn, (CH2)3NBnBoc,

(CH2)2CO2Et, (CH2)3OSi(i-Pr)3, CH2OBn,(CH2)3OSi(i-Pr)3
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ee = 93 - >99%

via

Pd X O
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Fig. 26 Asymmetric aza-Claisen rearrangement of trifluoroacetimidates 49 generating N-substi-
tuted quaternary stereocenters
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oxidation to the corresponding catalytically active ferrocenium species is accomplished

with 4 equiv. of AgNO3 per Cl-bridged dimer. 53-Cl activated by AgNO3 is in

general more reactive than 47a still allowing for almost perfect stereocontrol.

The steric environment of COP-X 46 and 47a around the catalytic palladium site

mainly differs in a Ph (47a) and an i-Pr group (46) next to the coordinating N-site

and the type and distance of the spectator ligand. While the distance of the two

sandwich ligands differs only slightly between COP and 47a (3.4 Å vs. 3.3 Å),

oxidation of the ferrocene to a ferrocenium species is expected to shorten this

distance further. Overall, the steric hindrance to access the Pd-center is more

distinct for 47a. These steric effects are capable to explain the higher ee obtained

with 47a.

From an electronic point of view, the differences are more pronounced since the

overall charge of the ligand (�1 for COP, 0 for 47a after oxidation to the ferroce-

nium species) changes. As Pd(II) most likely acts as a carbophilic Lewis acid

coordinating to an olefin, the lower electron density in 47a is suitable to explain

the higher reactivity found for this complex.

When comparing COP-X 46 to oxazoline 53-Cl, there are two major differ-

ences: (1) the i-Pr residue on the oxazoline moiety in 53-Cl is pointing toward the

Cp0-spectator ligand, leaving the space above the Pd square plane unhindered,

while in COP, the substituent is pointing away from the sandwich core. (2) 53-Cl

can be oxidized to a ferrocenium species, again providing a less electron-rich

ligand.

The origin of the higher rate of 53-Cl as compared to 47a might be explained by

the better accessibility of the PdII-center in the former, as the exo-face above the

Pd-square plane is open thus resulting in a facilitated olefin coordination via an

associative mechanism. Since the ee-values obtained with 53-Cl are practically

identical to those obtained with 47a, enantioselectivity originates nearly exclu-

sively from the planar chiral pentaphenyl ferrocene backbone.

Geometrically pure substrates are needed to obtain high enantioselectivities due

to the stereospecific reaction outcome. 53, however, is less active for Z-configured
allylic imidates. As Z-olefins are, in general, more readily available in isomerically

pure form, for example by semihydrogenation of triple bonds, this substrate

class would be more interesting for technical applications. To develop a catalyst

highly active for Z-configured substrates, the electron density of the second Cp

ligand was further decreased, yet avoiding a complicated catalyst preparation

for practical reasons. Ferrocene bisimidazoline bispalladacycle 55 fulfills these

requirements. The ligand preparation requires only three steps from ferrocene

taking advantage of the C2 symmetry (Fig. 29). Ligand 54 undergoes a diastereo-

selective biscyclopalladation [74–76].

55 is to date the only highly active enantioselective catalyst for the aza-Claisen
rearrangement of (Z)-configured trifluoroacetimidates (Z)-44 (Fig. 30) [74, 75]. The
rearrangements, which proceed, in general, under almost solvent-free conditions,

were found to be equally effective on mg- and g-scale and tolerant to many

important functional groups. The monomeric structure of the active catalyst species

56, which is in this case not a ferrocenium species, was determined by NMR.
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3.1.2 Bispalladium-Catalyzed Michael-Addition of a-Cyanoacetates

Ferrocen-1,10-diylbismetallacycles are conceptually attractive for the development

of bimetal-catalyzed processes for one particular reason: the distance between the

reactive centers in a coordinated electrophile and a coordinated nucleophile is self-

adjustable for specific tasks, because the activation energy for Cp ligand rotation is

very low. In 2008, Peters and Jautze reported the application of the bis-palladacycle

complex 56a to the enantioselective conjugate addition of a-cyanoacetates to

enones (Fig. 31) [74–76] based on the idea that a soft bimetallic complex capable

of simultaneously activating both Michael donor and acceptor would not only lead

to superior catalytic activity, but also to an enhanced level of stereocontrol due to a

highly organized transition state [77]. An a-cyanoacetate should be activated by

enolization promoted by coordination of the nitrile moiety to one Pd(II)-center,

while the enone should be activated as an electrophile by coordination of the

olefinic double bond to the carbophilic Lewis acid [78].

The loading of the activated monomeric catalyst could be decreased to a level of

0.04 mol% for certain substrates [turn over number: 2,450]. The developed process

does not require the use of inert gas techniques and in most cases chromatographic

purification was not necessary to obtain analytically pure products as no side

products were formed and the catalyst could be separated by filtration.
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Kinetic, spectroscopic, and enantioselectivity data provided strong evidence

for a mechanism involving bimetallic catalysis. The configurational outcome

depends upon the face selectivity of the enol approaching the Michael acceptor in

59 (Fig. 32). To differentiate between the enantiotopic faces, the catalyst has thus
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(a) to control the conformation of 59 with regard to the C–CN s-bond and (b) to

direct the enone. Control of the reactive conformation is achieved by the use of a

bulky ester moiety and an especially large sulfonate counteranion. The direction of

the enone attack is accomplished by the cooperative mechanism as control experi-

ments have shown. Using the corresponding mono-palladacycle, the product was

formed with low and inversed enantioface selection due to preferential attack of

MVK on the Re-face of the enol.
The initial rate of the model reaction follows a first-order dependence for the

activated catalyst, the Michael donor, and the Michael acceptor. The rate determin-

ing step is not the C–C bond formation or protonolysis but the decomplexation of

the bidentate product. This was evidenced by the relationship between the initial

conversion and the reaction time. Extrapolation to t0 ¼ 0 h provides a positive

intercept. In other words, upon addition of the reagents, the C–C bond formation

occurs almost instantaneously. The amount of product at t0 correlates within the

experimental error to the double precatalyst loading since the dimeric precatalyst

forms two active monomeric catalyst species.

3.1.3 Ferrocene Bisimidazoline Platinacycle-Catalyzed Intramolecular

Friedel–Crafts Alkylations

Ligand exchange processes are relatively slow with Pt [79, 80]. Pt-catalysts allow-

ing for a more rapid ligand exchange could therefore lead to enhanced activity.

A mono-platinacycle complex 60 was thus designed in which the Pt-center binds to

two imidazoline units: one connected to the same Cp plane as the metal, the second

one to the Cp0 ligand resulting in severe structural distortion [81]. Cycloplatination

of bisimidazoline 54 (Fig. 33) occurs on treatment with K[(H2C¼CH2)PtCl3]. Both

imidazoline units bind in a trans-mode to the same Pt entity resulting in a unique

geometry in which the C-atom connected to the metal center is strongly pyramida-

lized (angle Cp-Pt: 159�, deviation of Pt from the upper Cp plane: 0.74 Å). The Cp

rings are strongly tilted toward each other resulting in a close contact between Pt

and Fe (3.19 Å). The conformational freedom of ligand 54 with regard to rotation
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Fig. 33 Formation of platinacycle 60 by direct diastereoselective cycloplatination
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along the Fe–Cp axes in combination with the possible deviation from the nonpar-

allel Cp orientation are crucial factors to allow for such catalyst geometry.

To establish proof of principle, the intramolecular Friedel–Crafts alkylation

with unactivated olefins was selected (Fig. 34). Platinacycle 60 is in fact suffi-

ciently active to catalyze this process for the first time with indole systems 61

carrying a disubstituted olefin moiety. The highest reactivity was attained by

activating 60 with AgO2CC3F7 delivering the targeted products 62 in good yield

and with high ee values. The corresponding nondistorted platinacycle with only

one imidazoline unit provided product in poor yield under identical reaction

conditions.

Both electron-withdrawing and -donating substituents Z on the aromatic nucleus

afforded smooth conversion and similar enantioselectivity despite the projected

difference in indole nucleophilicity.

The high enantioselectivity again can be rationalized by enantioface-selective

alkene coordination in 63 (Fig. 35). The olefin moiety is expected to bind trans to
the upper imidazoline moiety [70, 73] thereby releasing the catalyst strain. Coordi-

nation at this position may, in principal, afford four different isomers assuming the

stereoelectronically preferred perpendicular orientation of the alkene and the Pt(II)

square plane. In the coordination mode shown, steric repulsion between both olefin

substituents and the ferrocene moiety is minimized. Outer-sphere attack of the

indole core results in the formation of the product’s stereocenter.
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Fig. 34 Catalytic asymmetric Friedel–Crafts alkylation of indoles catalyzed by 60
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3.2 Planar Chiral Ferrocenes as Lewis- or Brønsted-Base
Catalysts

In 1996, Fu et al. reported the synthesis of the planar chiral heterocycles 64, formally

DMAP fused with a ferrocene core [82]. While the original synthesis provided

racemic 64a in only 2% overall yield requiring a subsequent resolution by prepara-

tive HPLC on a chiral stationary phase, a recently improved synthesis furnished the

racemic complexes 64 in 32–40% yield over seven steps. A subsequent resolution

with di-p-toluoyltartaric or dibenzoyltartaric acid gave access to the enantiomers

with >99% ee (28–44% yield for each isomer in this step) [83].

Fe
N

Me2N

R R

R
R

R

R = Me 64a
R = Ph 64b

Fe
N

Me Me

Me
Me

Me

CH2OR'

R' = TES 65a
R' = TBS 65b

R = Me 64c
R = Ph 64d

Fe
N

N

R R

R
R

R

The [Fe-Cp]-fragment does not only play the role of an additional steric

element introducing planar chirality into the otherwise flat pyridine system.

Substitution at the pyridine 2-position usually cuts the nucleophilicity of the

nitrogen atom thus limiting the possibilities to achieve efficient chirality transfer

using nucleophilic pyridine catalysts [84]. Ferrocene, however, functions as a

strong electron donor (see Sect. 1) and thus restores the nucleophilicity impaired

by substitution.

Extending the same concept of a planar chiral nucleophilic or basic heterocyclic

Fe-sandwich complex, aza-ferrocenes 65 were prepared. The latter have also been

successfully applied as bidentate ligands in transition metal catalysis [85].

Complexes like 64 and 65 can act by two general ways: either as a Brønsted-base

or as a nucleophilic catalyst, depending on the type of reaction and substrate.

However, the exact mechanistic pathway is in a few cases speculative to some

extent as the distinction between the two mechanistic routes is sometimes rather

difficult.

3.2.1 Brønsted-Base Catalysis

64a/c is, mainly due to the electron-donating nature of the pentamethyl ferrocene

core, a comparatively strong base capable of deprotonating acidic compounds RX-H

like phenols [86], hydrazoic acid [87], or 2-cyanopyrrole [88]. The generated

corresponding anionic base RX� can then undergo addition to a disubstituted

ketene 66 (Fig. 36) to form a prochiral enolate 67 which is subsequently protonated

by 64-Hþ in an enantioselective manner.
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To ensure that proton transfer takes place from the protonated catalyst 64-Hþ

and not from the acidic reagent itself, apolar solvents favoring contact rather than

solvent separated ion pairs as well as a slow addition of the acidic substrate RX-H

are required. In addition, it was sometimes found beneficial to lower the basicity of

the catalyst, thus rendering the protonated species [catalyst-H+] more acidic for the

stereo-determining protonation of the enolate. This was accomplished by formally

replacing NR2 by Me (see 64e, Fig. 36).

Employing this method, enantioenriched phenol esters 68, amides 69, and

carbamates 70 (after Curtius rearrangement of the intermediate acyl azide) were

prepared in yields often greater than 90% with ee-values reaching up to 97%

(generally 80–95%, see Fig. 37).
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Fig. 37 Addition of phenols, 2-cyano-pyrrol, or hydrazoic acid to ketenes

{(H-64)+ (RX)–}

(H-64)+

O
C R1

R2

R1

R2

O

RX

contact ion pair

R1

R2

O

RX
H

RX-H

RX-H:

ArOH
HN3

H
N CN

Fe
N

R'

Me Me

Me

Me

Me

64c (R' = pyrrolidino)
or
64e (R' = Me)

66

67
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3.2.2 Lewis-Base Catalysis via Intermediate Formation of a Chiral

Zwitterionic Enolate

In an alternative mode of catalyst action, a disubstituted ketene 66 initially suffers a

nucleophilic attack of 64, leading to zwitterionic enolate 71 (Fig. 38).

This enolate can then react with a plethora of electrophiles, setting a new

stereocenter by a diastereoface-selective reaction. The simplest electrophile to

trap enolate 71 is Hþ, which can, for example, originate from methanol [89] or

diphenyl acetaldehyde (as a readily enolizable aldehyde) [90] leading to the acy-

lated catalyst species (Fig. 38). The free catalyst is regenerated by acyl-group

transfer to methanol(ate) or the aldehyde-derived enolate, producing methyl or

enolesters 72/73 in good yields and enantioselectivities.

In a related reaction, enolate 71 is undergoing an electrophilic chlorination with

2,2,6,6-tetrachloro-cyclohexanone (74, Fig. 39), eventually leading to a-chlorinated
enol esters 75 [91]. However, a different mechanism cannot be completely ruled

out, where the catalyst is not acylated by the ketene, but chlorinated by the

tetrachloro-ketone to form [64c-Cl]þ as the reactive species.
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Fig. 38 Formation of chiral esters via zwitterionic enolates
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3.2.3 Formal [2 þ 2]-Cycloadditions

The Staudinger reaction [92], a [2 + 2]-cycloaddition of a ketene and a nucleo-

philic imine, usually proceeds by an initial imine attack on the ketene thus

forming a zwitterionic enolate which subsequently cyclizes. This reaction is an

expedient route to b-lactams, the core of numerous antibiotics (e.g., penicillins)

and other biologically active molecules [93]. In contrast, for Lewis-base cata-

lyzed asymmetric reactions, nonnucleophilic imines are required (to suppress a

noncatalyzed background reaction), bearing, for example, an N-Ts [94] or -Boc-
substituent [95].

In the first step, catalyst 64c attacks ketene 66 to form a zwitterionic enolate 71,

followed by Mannich-type reaction with imine 76 (Fig. 40). A subsequent intramo-

lecular acylation expels the catalyst under formation of the four-membered ring.

Utilizing 10 mol% of 64c, N-Ts substituted b-lactams 77 were prepared from

symmetrically as well as unsymmetrically substituted ketenes 66, mainly, but not

exclusively, with nonenolizable imines 76 as reaction partners [96]. Diastereos-

electivities ranged from 8:1 to 15:1, yields from 76 to 97%, and enantioselectivities

from 81 to 94% ee in the case of aliphatic ketenes 66 or 89 to 98% ee for ketenes
bearing an aromatic substituent. Applying complexes 65 or the more bulky and less

electron-rich 64b, ee values below 5% were obtained.

Interestingly, the mechanistic pathway seems to change if the imine is highly

electrophilic (Fig. 41): N-trifluoromethyl sulfonyl imines 78 react quantitatively

with catalyst 64c to form zwitterion 79 which then attacks the ketene nucleophili-

cally similar to a regular Staudinger reaction (a similar mechanism is also likely for

the formation of b-sultams [97–99]). Depending on the imine, diastereoselectivities

ranged from 80:20 to 98:2. Although yields (60–89%) and enantioselectivities
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(ee ¼ 63–98%) were generally lower than for N-Ts imines 76, both methodologies

are complementary as N-Tf imines 78 provide, predominantly, the trans-diaster-
eomers, while the N-Ts-counterparts 76 mainly form the cis-isomers.
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Making use of the same reaction principle, disubstituted ketenes 66 have been

reacted with aldehydes 80 to form b-lactones 81 [100], with diazo-compounds 82 to

form 1,2-diazetidin-3-ones 83 [101] and with nitroso-compounds 84 to form 1,2-

oxazetidin-3-ones 85 as precursors of a-hydroxy carboxylic acids (Fig. 42) [102].

3.2.4 Nucleophilic Catalysis: Acyl-Transfer Reactions

Enantioenriched alcohols and amines are valuable building blocks for the synthesis

of bioactive compounds. While some of them are available from nature’s “chiral

pool”, the large majority is accessible only by asymmetric synthesis or resolution of

a racemic mixture. Similarly to DMAP, 64b is readily acylated by acetic anhydride

to form a positively charged planar chiral acylpyridinium species [64b-Ac]+

(Fig. 43). The latter preferentially reacts with one enantiomer of a racemic alcohol

by acyl-transfer thereby regenerating the free catalyst. For this type of reaction, the

C5Ph5-derivatives 64b/d have been found superior.

With 1–2 mol% of 64b, racemic mixtures of aryl-alkyl carbinols 86 [103],

propargylic [104] and allylic alcohol [105] 88 and 87, respectively, were resolved

(Fig. 43). The best selectivities were attained for aryl-alkyl-carbinols 86, where the

unreacted isomer was obtained with excellent ees after ~55% conversion, while

propargyl alcohols 88 required clearly higher conversions for high ees in the

remaining starting material [106].

Since amines react more readily than alcohols in noncatalyzed reactions with

anhydrides, the reaction is more difficult and initially required stoichiometric cata-

lyst loadings [107], but could be performed in a catalytic sense with an O-acylated

azlactone as acylating agent, which does not react with a benzylic amine at �50�C,
but is capable of acylating the catalyst [108, 109]. Depending on the bulkiness of the

substrate, selectivities ranged from s ¼ 11 to 27 (s ¼ [kenantiomer 1]/[kenantiomer 2]).
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Alternative catalytic asymmetric acylation reactions studied prochiral silyl imi-

noketenes 89 [110] (Fig. 44, top) and silyl ketene acetals 90 [111, 112] (Fig. 44,

middle), leading to the formation of quaternary stereocenters. Furthermore, the
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intramolecular acyl-migration in O-acylated azlactones [113] and O-acylated ben-

zofuranones or oxindoles 91 was reported, leading to oxindoles 92 was reported

(Fig. 44, bottom) [114].

Moreover, it is possible to open racemic azlactones by acyl bond cleavage to

form protected amino acids in a dynamic kinetic resolution process. As azlactones

suffer a fast racemization under the reaction conditions, eventually all starting

material is converted [115].

Other reactions not described here are formal [3 + 2] cycloadditions of a,b-
unsaturated acyl-fluorides with allylsilanes [116], or the desymmetrization of meso
epoxides [117]. For many of the reactions shown above, the planar chiral

Fe-sandwich complexes are the first catalysts allowing for broad substrate scope

in combination with high enantioselectivities and yields. Clearly, these milestones

in asymmetric Lewis-base catalysis are stimulating the still ongoing design of

improved catalysts.
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43. Bădoiu A, Bernardinelli G, Mareda J, K€undig EP, Viton F (2009) Iron- and ruthenium-Lewis

acid catalyzed asymmetric 1,3-dipolar cycloaddition reactions between enals and diaryl

nitrones. Chem Asian J 4:1021–1022

44. Artero V, Fontecave M (2008) Hydrogen evolution catalyzed by {CpFe(CO)2}-based com-

plexes. C R Acad Sci II 11:926–931

45. Itazaki M, Ueda K, Nakazawa H (2009) Iron-catalyzed dehydrogenative coupling of tertiary

silanes. Angew Chem Int Ed 48:3313–3316

46. Sharma HK, Arias-Ugarte R, Metta-Magana AJ, Pannell KH (2009) Dehydrogenative

dimerization of di-tert-butyltin dihydride photochemically and thermally catalyzed by iron

and molybdenum complexes. Angew Chem Int Ed 48:6309–6312

47. Casey CP, Guan H (2009) Cyclopentadienone iron alcohol complexes: synthesis, reactivity,

and implications for the mechanism of iron-catalyzed hydrogenation of aldehydes. J Am

Chem Soc 131:2499–2507
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Catalysis by Means of Complex Ferrates
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Abstract Ferrates represent a class of complex iron-based anions that has a long-

standing tradition in chemistry. A variety of different ferrates are accessible with

their metal centers in oxidation states ranging from +III up to �II. Although they

are structurally well characterized, it was only very recently that their potential as

catalysts in organic reaction was explored. This chapter provides a first insight into

the organometallic basics of this class of compounds, and subsequently highlights

the most interesting applications of different ferrates in catalysis.
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Me Methyl

Mes Mesityl, 2,4,6-trimethylphenyl

min Minute(s)
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MTBE tert-Butylmethylether

NHC N-heterocyclic carbene
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Ph Phenyl
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PTA Phosphatriazaadamantane

rt Room temperature

TBAF Tetrabutylammonium fluoride

THF Tetrahydrofuran

tmeda N,N,N0,N0-tetramethyl-1,2-ethylenediamine
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TsOH Toluenesulfonic acid

Unk Unknown ligand

1 Introduction

The chemistry of iron is closely connected to the chemistry of its corresponding

complex ions, the ferrates. As Lewis acids, iron salts tend to form complex anions, for

example, by the reaction of NaCl and FeCl3 to form the corresponding ferrate salt

NaFeCl4. These complexes are known to act as single-electron acceptors. A variety of

complexes are accessible by simple anion exchange. Depending on the Fe-source

employed the metal center occupies oxidation states of þ3 or þ2. The spin ground

states of the complexes however are strongly dependent on the ligand field (Fig. 1).

Hence, the ligand field energy 10 Dq for different coordination modes correlates with

the specific binding properties of a ligand (expressed through the f-factor) and the

specific perturbation factor of the metal center (expressed through the g-factor).

Hence, ferrates with weak ligand field binders (e.g., halides, pseudohalides)

occupy the spin ground state of 5/2 [for Fe(+3)], 4/2 [for Fe(+2)], 2/2 [for Fe(0)],

and 0/2 [for Fe(�2)] and represent paramagnetic high-spin complexes. The config-

uration of these iron-complexes is – depending on the size of the corresponding

anion – either octahedral or – for sterically more demanding ligands – tetrahedral,

for example, [FeCl4]
� 1 versus [Fe(CN)6]

3�. Changing the nature of the ligand to

stronger ligands, for example, alkyl, aryl, thiolate, and amines, leads to the forma-

tion of diamagnetic low-spin complexes (Fig. 1).

While Fe(þ3)- and Fe(þ2)-ate complexes are formed by the coordination of

four anionic ligands, more electron-rich metal centers tend to bind neutral or even

Catalysis by Means of Complex Ferrates 179



cationic ligands that are able to decrease the electron density of the iron due to a

strong back bonding (e.g., NO and CO). A variety of different mono nuclear ferrates

are referred to in the literature (Table 1). However, this chapter focuses only on

Cl

Fe

Cl
Cl
Cl+3 +3

– –
ligand f-factor
I–

Br–

S2–

SCN–

Cl–

N3
–

F–

urea, OH–

oxalate,O2–

H2O
NCS–

pyridine, NH3
ethylenediamine
bipyridine, phenantroline

NO2
–

alkyl, aryl
CN–

NC-R, NO+

CO

phosphine

0.72

1.00

~1.8

RS

Fe

RS
SR
SR

RR

FeFe

RR
R
R+3

–
ligand strength

high spin low spin

examples:

1 2 3

ligand field energy: 10 Dq = f   g

Fig. 1 Influence of the ligand field on the spin ground state of Fe(þ3)-ate complexes (R ¼ alkyl,

aryl) [1]

Table 1 Complex tetrahedral ferrates used in catalysis

Complex typea Fe oxidation stateb, c

þ3 þ2 0 �2

FeA4 þ þ þ þ
FeA3N � þ þ þ
FeA3C � � þ þ
FeA2N2 � � þ þ
FeA2N1C1 � � þ þ
FeA2C2 � � � �
FeA1N3 � � þ þ
FeA1N2C1 � � � þ
FeA1N1C2 � � � þ
FeA1C3 � � � �
FeN4 � � � þ
FeN3C1 � � � þ
FeN2C2 � � � �
FeN1C3 � � � �
FeC4 � � � �
aLigand A: anionic (e.g., halides, pseudohalides, alkyl, aryl, thiolate, alkoxide); ligand N: neutral

(e.g., amines, imines, phosphines, carbenes, nitriles, isonitriles, NO, CO); ligand C: cationic (e.g.,

NOþ)
bFerrates that have been used in catalysis are highlighted in grey
cFerrates that have not been used in catalysis so far are highlighted in black
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catalytic applications involving mononuclear complex anions of the general com-

position listed in Table 1. Furthermore, electron-rich, low-valent but neutral

Fe-complexes, for example, (Ph3P)2Fe(NO)2 or (RS)2Fe(NO)2, are beyond the

scope of this chapter. Despite the recent interest in these complexes as NO-delivery

compounds for pharmaceutical application, no catalytic transformation of these

complexes has been published so far, to the best of our knowledge.

As already pointed out above, the interaction of ligand field and electronic

properties of the ligand are key issues for the overall chemical reactivity of the

resulting ferrates. In certain cases, the strong metal–ligand bond allows for an

efficient electron transfer from the ligand to the metal and vice versa. The use of

noninnocent ligands allows for an intermediate stabilization of the metal center in a

formally unusual oxidation state which complicates the use of the simplified

oxidation state models for the explanation of the chemical properties of the metal

complexes. Non-innocent redox-active ligands are found in nature, for example, in

[FeFe]-hydrogenases 4 of the general structure shown in Scheme 1. Although the

exact mechanism of electron transfer and spin ground state are still under debate,

there is strong evidence that in these complexes the Fe-center proximal to the

cysteine residue acts as an electron acceptor (eq. 1 in Scheme 1). After reduction

of the Fe(+2) to Fe(0) the m-sulfur ligands act as electron shuffles to give the

reactive species in which the distal Fe-center is reduced to Fe(0). All further

chemical transformations are performed at this metal center. The concept of using

noninnocent ligands in order to improve the catalytic activity by stabilization of the

reactive metal center was successfully applied by the group of Chirik. M€ossbauer
spectroscopic investigations indicated the active species to be an Fe(+2)-diradical

complex 5b rather than the isoelectronic Fe(0)-diimine species 5a. Hence, the redox
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Scheme 1 Non-innocent ligands in Fe-complexes
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chemistry of the complexes does not necessarily happen at the metal center;

moreover, the metal center acts only as the point of electron transfer between ligand

and substrate (eq. 2 in Scheme 1). The group of non-innocent ligands (thiolates as

anionic ligand, imines as neutral ligands) is complemented by the cationic nitrosyl

ligand. Depending on the character of this ligand a cationic, linear bound species 6a

as well as a neutral, bend 6b or an anionic bend 6c conformation was observed.

Hence, this ligand can accept or donate up to two electrons (eq. 3 in Scheme 1).

As already pointed out above, the following chapter will concentrate on the most

recent advances in catalysis using complex ferrates. It is divided by the type of

ferrate employed in order to demonstrate common reaction profiles.

2 Catalysis with Fe(+3)-Ate Complexes

2.1 Potassium Hexacyanoferrate

Until now examples for catalytic reactions involving ferrates with iron in the

oxidation state of +3 are very rare. One example is the hexacyanoferrate 8-catalyzed

oxidation of trimethoxybenzenes 7 to dimethoxy-p-benzoquinones 9/10 bymeans of

hydrogen peroxide which was published by Matsumoto and Kobayashi in 1985 [2].

Using hexacyanoferrate 8 product 9was favored while other catalysts like Fe(acac)3
or Fe2(SO4)3 favored product 10 (Scheme 2). The oxidation is supposed to proceed

via the corresponding phenols which are formed by the attack of OH radicals

generated in the Fe/H2O2 system.

2.2 Butylmethylimidazolium Tetrachloroferrate

Another example for a ferrate catalyst incorporating Fe(þ3) is the ionic liquid

butylmethylimidazolium tetrachloroferrate 13 (bmim-[FeCl4]) which was devel-

oped by Gaertner and Bica [3]. This ferrate is prepared by mixing commercially

available bmim-Cl and FeCl3 � 6H2O with subsequent removal of water. The ionic

liquid was shown to be capable of catalyzing the cross-coupling of aryl Grignard

OCH3

OCH3

OCH3

H2O2
K3Fe(CN)6 8 (cat.)

CH3COOH, rt

O

O

OCH3

OCH3

O

O

OCH3H3CO

+

7 9 10

Scheme 2 Oxidation of trimethoxybenzene 7 by means of hexacyanoferrate 8 [2]
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reagents 12 with alkyl halides 11 while applications as catalyst for Friedel–Crafts

acylation were known before [4]. Various primary and secondary alkyl halides 11

bearing b-hydrogens were coupled with aryl magnesium reagents 12 in good yields

(Scheme 3). The catalyst itself proved to be air and moisture stable and could be

recycled several times. The reaction showed a preference for electron-poor aro-

matic Grignard reagents, while attempts to run the reaction with tertiary alkyl

halides or phenyllithium either failed or led to drastically reduced yields. Consid-

ering the oxidation state of iron in the ionic liquid, it should be noted that the ionic

liquid presumably serves only as a precatalyst, while the catalytically active species

have to be generated through in situ reduction, leading to a low-valent iron species.

2.3 Alkylferrates

Although the formation of tetraalkylferrates, for example, in the first step of a cross-

coupling reaction starting from Fe(+3)-salts and alkyl Grignard reagents, seems

possible, until now there is no analytical or spectroscopic proof for such a species.

In fact, it was shown that Fe(+3) is reduced by MeLi or MeMgBr to Fe(+2) under

release of ethane [5, 6].

3 Catalysis with Fe(+2)-Ate Complexes

In contrast to Fe(þ3)-ate complexes a variety of examples for catalytic reactions

using Fe(þ2)-ate complexes are known in literature.

R1 R2

Br MgBr

R

NN

FeCl4
5 mol%

Et2O, 0 °C, 10 min
R2

R1

F

n-C12H25

n-C6H13

+

R

1st run
4th run

86 %
76 %

84 % 89 %

11 12

13

14

15 16 17

Scheme 3 Cross-coupling with Gaertner’s ionic liquid ferrate catalyst 13 [3]
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3.1 Alkylferrates

One of the most prominent characteristics of Fe(þ2) is its ability to undergo

oxidation leading to Fe(þ3). This was used by Uchiyama et al. when they reported

on Fe(þ2)-ate complexes as potent electron transfer catalysts [7, 8]. These ferrates

are accessible from FeCl2 and 3 equiv. of MeLi. The Fe(þ2/þ3) oxidation potential

of [Me3Fe(þ2)]Li 19 in THF is �2.50 V, thus being in between those of SmI2
(�2.33 V) andMg (�3.05 V). With these alkyliron-ate complexes it was possible to

realize a reductive desulfonylation of various N-sulfonylated amines 20 with

different basicity. By using Mg metal to restore the active Fe(þ2) species 19 a

catalytic reductive desulfonylation process was achieved (Scheme 4).

This iron-ate complex 19 is also able to catalyze the reduction of 4-nitroanisole

to 4-methoxyaniline or Ullmann-type biaryl couplings of bis(2-bromophenyl)

methylamines 31 at room temperature. In contrast, the corresponding bis(2-chlor-

ophenyl)methylamines proved to be unreactive under these conditions. A shift to

the dianion-type electron transfer(ET)-reagent [Me4Fe]Li2 afforded the biaryl as

well with the dichloro substrates at room temperature, while the dibromo substrates

proved to be reactive even at �78�C under these reaction conditions. This effect is

attributed to the more negative oxidation potential of dianion-type [Me4Fe]Li2.

Another possibility of fine-tuning the oxidation/reduction potential of the cata-

lysts is the variation of ligands. The authors showed that the pinacol coupling of

benzaldehyde using [Me3Fe]Li 19 was not possible due to side reactions like

overreduction or ligand transfer, which is attributed to the too high (�2.50 V)

oxidation potential compared to the reduction potential of benzaldehyde (�1.73 V).

Thus, the pinacol coupling of various carbonyl compounds 25 could be achieved by

lowering the electron-releasing ability of the complex, for example, by using

[(t-BuO)3Fe]K 26 as catalyst (�1.86 V) (Scheme 5).

As shown above, iron salts are able to catalyze cross-coupling reactions. While

most of the known procedures nowadays start with commercially available iron
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salts like FeCl3 or Fe(acac)3, little has been known about the catalytically active

species. While studying the mechanism of cross-coupling reactions, F€urstner et al.
managed to isolate the tetraalkylferrate complex [(Me4Fe)(MeLi)][Li(OEt2)]2 28

from the reaction of FeCl3 with excess MeLi at low temperatures (Scheme 6)

[9, 10]. Thus, MeLi is able to reduce Fe(þ3) to only Fe(+2), but no further reduction

is possible because the methyl group is devoid of any b-hydrogen, which could

otherwise be eliminated. This complex 28 is an exceptionally sensitive red solid,

which vigorously ignites in air and rapidly decomposes above 0�C. Despite this

sensitivity, an X-ray structure of this complex was obtained. While 28 is not able to

induce methylation of chlorobenzoate or iodobenzoate to any appreciable extent, it

reacts with more activated substrates such as acid chlorides 29 or enol triflates in good

yields (eq. 1 in Scheme 6). Besides its nucleophilic properties, complex 28 can also

act as a single-electron-transfer reagent, which was shown by the Ullmann-type

coupling of aryl-bromides 31 (cf. reaction of [Me4Fe]Li2 by Uchiyama et al., eq. 2

R

O

X

XHO

X OH
R

R

R = H, F, OMe, Me
X = H, Me

1. (t-BuO)3FeK 26 (0.05 equiv.), Mg
TMSCl (1.5 eq.), THF, rt, 12h

2. TBAF

71 - 100%

25 27

Scheme 5 Catalytic pinacol coupling reaction using [(t-BuO)3Fe]K 26 [7]
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in Scheme 6), and exhibits basic properties as well, thus being able to induce the

deconjugation of a,b-unsaturated enones 33 also known as Kharash deconjugation
(eq. 3 in Scheme 6) [11]. While experiments concerned with cross-coupling and

homocoupling of aryl-bromides 31 were run only stoichiometrically, thus suggesting

that alkyl-ferrate complexes may be the catalytically active species in these reactions,

the Kharash deconjugation was run with catalytical amounts of complex 28.

3.2 Arylferrates

Similar to the tetramethylferrate 28, F€urstner et al. were successful in isolating a

tetraphenylferrate(+2), which was synthesized from FeCl2 and 4 equiv. of PhLi and

analyzed as [Ph4Fe][Li(Et2O)2][Li(1,4-dioxane)] 35 [9]. This ferrate is a mustard-

colored, highly pyrophoric solid, which decomposes with the formation of biphe-

nyl. Biphenyl can also be generated by treating 35 with an oxidant such as iodine,

1,2-dichloroethane, or dry air. This observation, which is also a known problem in

the cross-coupling chemistry of PhMgX with less activated substrates, and the fact

that ferrate 35 catalyzes the cross-coupling of PhMgBr with cyclohexyl bromide

appear to hint that such a ferrate 35 may be passed through in cross-coupling

chemistry.

4 Catalysis with Fe(0)-Ate Complexes

4.1 Arylferrates

The zero valent ferrate [Ph4Fe][Li(OEt2)]4 36 has been structurally characterized by

X-ray crystallography [12]. It can be obtained upon treatment of FeCl3 in Et2O with

a large excess of PhLi at low temperature as a brownish-purple, pyrophoric and

thermally highly unstable compound. Its iron center is not tetrahedrally surrounded

but contains planar rectangular coordination geometry. Same as complex 35 it

decomposes with formation of biphenyl and is also capable of catalyzing the

cross-coupling of PhMgBr with cyclohexyl bromide.

4.2 Cp-Containing Ferrates

A family of cyclopentadiene(Cp)-containing iron–olefin complexes has been pio-

neered by Jonas [13–15]. The complexes 38–40 (Scheme 7) can be obtained in a

large scale from ferrocene 37 under reducing conditions in the presence of suitable

coordinating olefins. Complex 38 is a highly air-sensitive, crystalline material,

whereas complexes 39 and 40 are more robust due to their cyclooctadiene (cod)
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ligand. Nevertheless, the electron-rich iron centers are stabilized through substantial

back-bonding from the metal into the p* orbital of the alkenes, which can be seen

fromX-ray structures in a considerable elongation of the double bonds of the alkenes.

F€urstner et al. showed that complex 38 can be used as an effective catalyst in

cross-coupling reactions, even in the more challenging coupling of cyclohexyl

bromide with PhMgBr [9]. 38 exhibits a nucleophilic character, as it was shown

to insert into allylic halides, coordinating the new allyl ligand in a p-coordinating
fashion. Furthermore, it is even capable of undergoing oxidative addition of

chlorobenzene, which Pd(0)-catalysts can only achieve by the use of special ligands

with high donor capacity and steric demand. In spite of these interesting character-

istics of complex 38, which indicate that Fe(0)-ate complexes may be intermediates

in cross-coupling reactions, it should be noted that these reactions proceed remark-

ably slower than those catalyzed by Fe(�2)-ate complexes (cf. Sect. 1).

Complex 38 also turned out to be an efficient catalyst for cycloisomerization

reactions of enynes 41 (Scheme 8) [16, 17]. This seems reasonable if one considers

the fact that Fe(0) is isoelectronic to Rh(+1), which is also a catalyst for Alder-ene

cycloisomerizations [18, 19].

The reaction in the presence of bis-ethylene complex 38 proceeds in 6 h, while

complexes 39 and 40 need a somewhat longer reaction time (Scheme 9). This may

be explained by the more facile and irreversible substitution of the volatile ethylene

38, 39 or 40
Fe Li L

[Fe]

product
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42 43

Scheme 8 Catalytic role of iron in cycloisomerization reactions [17]
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ligands compared to the chelating cod ligand. The reaction was shown to be broadly

applicable, tolerating various substituents on the alkyne. Even terminal alkynes

were tolerated although one might assume the Fe(0)-ate complexes to be basic and

thus deprotonating the alkyne which is not the case. Tertiary amines do not interfere

in the reaction, thus indicating that the iron center only exhibits a moderate Lewis

acidity, if any. The fact that even aryl halides remain untouched in this reaction

proves that the rate of the oxidative cyclization must be remarkably higher than

that of the oxidative insertion into C–X bonds. The products formed almost

always exhibit an exocyclic double bond in (E)-configuration, while the newly

formed endocyclic double bond is (Z)-configurated in 5- to 8-membered rings and

(E)-configurated in �10-membered rings.

With regard to the mechanism of the cycloisomerization, F€urstner et al. found
strong evidence of a metallacyclic intermediate. By labeling the allylic position of

enynes 46 and 48, they showed that reactions yielding trans-annulated rings 47

transferred the deuterium atom to the exocyclic double bond (eq. 1 in Scheme 10),

whereas cis-annulated rings 49 formed with complete preservation of the position

of the deuterium atom (eq. 2 in Scheme 10). This corresponds well to a metallacyclic

E E E
E

catalyst (5 mol%)

toluene, 80 - 90 °C

catalyst
[CpFe(C2H4)2][Li(tmeda)] 38
[CpFe(cod)][Li(dme)] 40
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yield (%)
83
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Scheme 9 Enyne cycloisomerization catalyzed by different Fe(0)-ate complexes 38–40;

E ¼ COOEt [17]
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intermediate pathway, whereas a mechanism based on C–H-activation involving an

iron–allyl intermediate should proceed with some degree of scrambling of the

deuterium in the product.

Ferrate 38 also turned out to catalyze [5 + 2]-cycloadditions. In this context,

various vinylcyclopropane derivatives 52 were converted into the corresponding

cycloheptadiene derivatives 53. The products were obtained in good to excellent

diastereoselectivites favoring the 1,2-trans-disubstituted isomer 53a.

Equally to ferrate 38 ferrates 39 and 40 also catalyze Alder-ene cycloisomeriza-

tions [17]. Compared to 38, they require somewhat longer reaction times, possibly

due to the chelating cod-ligand, which is more difficult to substitute by the enyne.

The presence of cod in the reaction turns out to be of advantage with more

demanding substrates like acyclic enynes with a terminal alkene moiety where

ferrate 38 is not reactive. Cod is assumed to stabilize the catalyst in its resting state

as ancillary ligand.

Treating diene-yne derivatives 50 with ferrate 40 does not lead to the expected

ene-allenes, instead the [4 + 2]-cycloaddition products 51 are obtained in moderate

yields (eq. 1 in Scheme 11). As metal-catalyzed Diels–Alder-reactions of unacti-

vated alkynes and dienophiles are assumed to proceed via metallacyclic intermedi-

ates, this supports the mechanism for the Alder-ene-reaction discussed before.

Similar to this cycloaddition, ferrate 40 also proved to be catalytically active in

[5 + 2]-cycloadditions, as discussed for ferrate 38 (eq. 2 in Scheme 11). As for the

cycloisomerization reactions, ferrate 40 also turned out to be reactive toward
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Scheme 11 Iron(0)-ate catalyzed cycloadditions; X ¼ CE2, NTs; E ¼ COOEt [17]
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conformationally less biased substrates (R2 ¼ H, eq. 2 in Scheme 11), whereas

ferrate 38 was not catalytically active.

As complex 40 proved to be active in cycloaddition reactions and is isoelectronic

to Rh(+1), which is a potent catalyst for [2 + 2 + 2] cycloadditions [20, 21], it was

expected that 40 might also be active in those reactions, which is indeed the case.

Triyne 54 could be converted to the [2 + 2 + 2]-cycloaddition product 55 in good

yield (eq. 3 in Scheme 11). Mechanistically, this reaction is also assumed to proceed

via a metallacyclic intermediate.

4.3 Fe-Hydrogenases and Model Complexes Thereof

In nature three different types of hydrogenases have been discovered. Besides

binuclear hydrogenases such as [NiFe] and [FeFe]-hydrogenases 4, a mononuclear

hydrogenase, which was recently shown to contain also an iron center, is known

under the name Hmd (H2-forming methylenetetrahydromethanopterin dehydroge-

nase) or [Fe]-hydrogenase 56 [22]. All of those three enzymes were discovered to

contain iron carbonyl sites, while [NiFe] and [FeFe]-hydrogenases 4 also contain

CN ligands [23–25]. The crystal structure of [FeFe]-hydrogenase 4 has been solved

in 1998 [26, 27]. Within the active site, two different Fe–S clusters, connected via a

cysteine ligand, were identified (Fig. 2). The cysteine-ligated Fe-part of the binuc-

lear species is coordinatively saturated and is believed to be the redoxactive part of

the complex (Fe(+2)/Fe(0)). The distal Fe-center however activates the hydrogen

but is generally believed to be redoxinactive in the oxidation state þ2 [28].

Among several applications, Fe-based hydrogenases play a central role in the

stepwise reduction of CO2 to methane. This process is accomplished through

various types of Fe-hydrogenases; however, in most of these enzymes, the active

center is either a binuclear Fe–Fe- or an Ni–Fe-complex. Although the exact
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190 M. Jegelka and B. Plietker



mechanism for H2-activation by [FeFe]-hydrogenases 4 still remains unclear, some

evidence points in the direction of an inner-electron transfer from the cysteine-

ligated Fe-center in the binuclear complex. Because only the [FeFe]-hydrogenase 4

is able to directly activate H2, a cooperative effect of the [Fe4S4]-cluster appears to

be likely; however, the exact mechanism of H2-activation is still a matter of debate.

At the current stage of research, a two-electron transfer between two Fe-centers

appears to proceed via a fast double single-electron transfer event with participation

of the m-S-bridge, rather than via a concerted two-electron shift. The non-innocence
of ligands in Fe-chemistry seems to be one of the main prerequisites for catalytic

reactions in which the Fe-atom undergoes electron transfers (cf. Sect. 1).

A different mechanism for reduction processes by [Fe]-hydrogenase 56 is

assumed. The hydride generated by splitting dihydrogen is directly transferred to

an electrophilic organic center in methenyltetrahydrocyanopterin. As no electrons

need to be transferred this reaction requires only one metal center. Due to its

structure the center of [Fe]-hydrogenase 56 does not count to the class of ferrates.

Concerning [FeFe]- 4 and [NiFe]-hydrogenases, several complexes mimicking

the active sites have been synthesized and examined. Rauchfuss et al. showed that

complexes of the type [Fe(CN)2(CO)3]
2� have an electron-rich character, can easily

be oxidized, but remain stable upon protonation in contrast to its monocyanide

analogues [29, 30]. This complex exhibits trigonal bipyramidal geometry with the

CN� ligands in axial position. The observed Fe–CO and Fe–CN bond lengths

indicate strong p-back-bonding in the Fe–CO-bond and predominantly s-bond
character in the Fe–CN-bond. This complex could be protonated by p-TsOH or

NH4PF6 to yield [Et4N][Fe(CN)2(CO)3H] 57a, which has an octahedral geometry

with CO predominantly trans to the strong donor CN�. It exhibits a pKa value of

17.53 (in MeCN) and undergoes rapid H/D exchange in D2O. Analytical data point

out that the protonation occurs at the Fe-site and not at a CN� ligand. Compared to

its deprotonated form, it shows increased electrophilicity, thus reacting with phos-

phines or phosphites under decarbonylation to the corresponding ligand-exchanged

complexes 59b (Scheme 12).

When [Fe(CN)2(CO)3H]
� 57a is treated with excess p-TsOH the complex is

completely consumed and evolution of H2 and an equimolar amount of CO
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Scheme 12 Mechanism for decarbonylative ligand exchange [30]
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detected. Equally, the protonation of the phosphine-containing analogue

[Fe(CN)2(CO)H(dppv)]
� (dppv ¼ cis-Ph2PCH¼CHPPh2) resulted in the release

of H2. The authors hypothesize that protonation generates a labile H2 ligand, which

is displaced by FeCN on another molecule of the complex to give a polymer which

depolymerizes in MeCN to give [Fe(CN)2(CO)(NCMe)(dppv)]. The fact that the

charge-neutral dihydrogen complexes were not isolable corresponds well to the

high efficiency of the negatively charged active site of [NiFe]-hydrogenase, while

most stable H2 complexes are cations [31]. When [Fe(CN)2(CO)3]
2� was treated

with methylating reagents, a methylation at Fe was observed, which was proved by

IR-spectroscopy. When treated with dppv, this complex underwent CO-migration

to form an Fe-acyl species, also analyzed by IR-spectroscopy. In contrast, reaction

with acid chlorides forms N-acyl isocyanate complexes without acylation at Fe.

Thus, the function of a hydrogenase could be mimicked, which implicates a

Fe–CN–CO–H2 intermediate.

Darensbourg et al. could show that binuclear Fe(+1)Fe(+1) model complexes

60–62 of the [FeFe]-hydrogenase 4 are capable of electrocatalytical generation

of hydrogen in the presence of acetic acid as a proton source [32, 33]. For the all-

CO-complex 60 electrochemical measurements pointed to an EECC mechanism

(electrochemical–electrochemical–chemical–chemical), where protonation occurs

only at the stage of a Fe(0)Fe(0)-complex (mechanism a in Scheme 13). In the

complexes containing PMe3 or PTA ligands, 61/62 protonation occurs even at the level
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Scheme 13 Model complexes for [FeFe]-hydrogenase 4 (right) and proposed mechanisms for

electrocatalytic hydrogen generation (left) (a) EECC mechanism, (b) ECCE mechanism; PTA ¼
phosphatriazaadamantane [33]
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of a Fe(0)Fe(+1) complex, that is, after one-electron reduction. This mechanism is

called the ECCE mechanism (electrochemical–chemical–chemical–electrochemical

mechanism b in Scheme 13) and seems to be favored in the presence of strong

donor ligands like PMe3 or PTA, which mimic the role of CN� ligands in the [FeFe]-

hydrogenase 4. Although these model complexes 60–62 are neutral nonferrate

complexes, they mimic the activity of a naturally occurring complex, which can

be seen as a ferrate, containing as it does CN� instead of the phosphorous ligands of

the model complexes, thus resulting in a negatively charged iron complex.

5 Catalysis with Fe(�1)-Ate Complexes

5.1 Dinitrosyl-Ferrates

Ferrates that exhibit the rare oxidation state of �1 have been shown to catalyze

oxygen activation and transfer to electrophilic substrates like phosphines or

alkenes. When Postel et al. treated dinitrosyliron complexes (DNIC) of the type

[Fe(NO)2Cl]2 with oxygen in the presence of mono- or bidentate [34, 35] phos-

phines or phosphites [36, 37], the nitrosyl ligands were oxidized to nitrato ligands,

while iron was oxidized from the oxidation state of�1 toþ3 to yield the complexes

Fe(NO3)2ClL2 (L ¼ O2dppe [34], OPPh3, HMPA [38] . . .), in which the phosphine
ligands were also oxidized. Under anaerobic conditions, these complexes proved to

be reluctant toward olefin oxidation, while the nitrato complexes reacted with

phosphines to yield the corresponding phosphine oxides. Nitrosyl complexes

were only detected as reaction products in the case of monodentate phosphine

ligands. Nevertheless, under aerobic conditions, these nitrato complexes were

capable of transferring oxygen catalytically to olefins, thus generating 2-cyclohex-

ene-1-one 65 and 2-cyclohexene-1-ol 64 from cyclohexene 63, forming

Fe-N O Fe
O

O
N O

O2

O OH

+

636465

Scheme 14 Oxygen

activation and transfer by

dinitrosyliron complexes [35]
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cyclohexene oxide only in trace amounts (Scheme 14). As the reaction products are

the products of allylic oxidation which is a main characteristic for autoxidation

processes, the authors assume the reaction mechanism to be a radical pathway with

formation of a hydroperoxide and subsequent decomposition of the latter by the

metal center.

6 Catalysis with Fe(�2)-Ate Complexes

6.1 Ferrates with Olefin Ligands

The Fe(�2)-ate complex [Fe(cod)2]·[Li(dme)]2 66 described by Jonas [13–15] is

available similar to the Cp-containing Fe(0)-ate complexes 38–40 from ferrocene

37 under reductive conditions in the presence of the coordinating olefin ligands.

It exhibits activity in the cross-coupling of aryl chlorides with Grignard reagents as

well as in the coupling of cyclohexyl bromide with ArMgX reagents [9].

Tetraethyleneferrate(�2) 67, also described by Jonas [39, 40], can be obtained

from ferrocene 37 as well through reduction with lithium under an ethylene

atmosphere (5–8 bar) and subsequent addition of tmeda (Fig. 3). The X-ray

structure of 67 shows a remarkably short Li–Fe distance and elongated ethylene

C¼C bonds compared to free ethylene (1.43 Å and 1.45 Å vs. 1.34 Å), which

shows a strong back-donation of electrons from the iron into the p* orbitals of the
olefins. These occurrences of intermetallic bonds, the low formal oxidation state

with d10 configuration, and the free coordination sites created upon release of the

labile ethylene ligands suggest that this complex is a model complex for the clusters

[Fe(MgX2)n], proposed by Bogdanovic [41] to be intermediates in cross-coupling

chemistry.

This becomes clearer, as ferrate 67 was shown to exhibit high activity in cross-

coupling reactions [9, 42], being somewhat more reactive than complexes 66 and

38 (cf. Sect. 4.2), which may partly be attributed to the higher lability of ethylene

ligands compared to cod. The cross-coupling of alkyl halides with aryl Grignard

reagents catalyzed by ferrate 67 is broadly applicable and exhibits an excellent

chemoselectivity, tolerating functional groups that are normally attacked by

Grignard reagents. The reaction is also compatible with lots of functional groups,

even tertiary amines, indicating that complex 67 is not or only weakly Lewis

Fe

Li
NN

Li
NN

–II

67

O
OFe

O
O

Li Li

66
Fig. 3 Jonas’ Fe(-2)-olefin

complexes [9]
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acidic. Furthermore, allylic, benzylic, and propargylic halides could be converted

in cross-coupling reactions, the latter being converted without the formation of

allenic by-products. Mechanistically, it is not clear whether the cross-coupling

reactions of ferrate complexes proceed via an oxidative addition-transmetalla-

tion-reductive elimination pathway or via radical pathways. Some evidence was

found that single-electron transfer may intervene in such reactions as optically

pure (R)-2-bromooctane 68 (98% ee) was racemized when reacted with PhMgBr

in the presence of catalytic amounts of complex 67 (eq. 1 in Scheme 15). Further-

more, some olefinic iodoacetals 70 underwent 5-exo-trig(dig)-cyclizations with-
out cross-coupling (eq. 2 in Scheme 15). Despite these hints at a radical

mechanism, substrate 72 leads to the corresponding cross-coupling product 73

instead of the cyclization product, which shows that both routes may be involved

(eq. 3 in Scheme 15).

As complex 67 outperforms the Fe(0)-ate complexes in rate and yield, shown in

the reaction of cyclooctenyl bromide with PhMgBr (full conversion: complex 67

<20 min, 81% yield, 38 18 h, 39% yield), it was shown that both Fe(0)-ate and Fe

(�2)-ate complexes should be intermediates in cross-coupling reactions, but the

major contribution should be made by the route emanating from Fe(�2)-com-

plexes. The superiority of Fe(�2)-ate complexes was also shown in the stoichio-

metric insertion of 67 into allylic halides, which proceeded much faster (<5 min)

than with any higher valent iron complex (hours or days).

However, in contrast to Fe(0)-ate complexes 38–40 (cf. Sect. 4.2), complex 67

failed to catalyze Alder-ene cycloisomerizations, which may be attributed to the

thermal lability of this complex [17].

O O

I

O O

H

H

Br Ph

77 % (dr = 1.8 :1)

89%

Br Ph

93 %, racemic98 % ee

a), –20 °C

a), 0 °C

a), 0 °C

(1)

(2)

(3)

68 69

70 71

72 73

Scheme 15 Cross-coupling experiments to obtain mechanistical evidence; (a) complex 67 (5 mol%),

PhMgBr, THF [9]
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6.2 Nitrosylferrates

The low-valent ferrate [Fe(CO)3(NO)]
� 76 or Hieber anion was discovered some

50 years ago by Hieber and Beutner [43, 44] in order to extend the Hieber base
reaction [45, 46], in which iron pentacarbonyl 78 reacts with alkaline bases to form
the [Fe(CO)4]

2� anion [47, 48]. Compared to its homoleptic analogue, the Hieber

anion is more stable because the electron-withdrawing character of the nitrosyl

ligand stabilizes the negative charge at the iron atom.

With the iron atom in its most negative oxidation state of �2 this complex

possesses nucleophilic properties and thus can be used in nucleophilic substitution

reactions. As the iron atom in this complex formally has ten valence electrons, it is

isoelectronic with Pd(0), which is a well-known catalyst in allylic substitution

reactions [49].

Although there are some reactions that use complex 76 stoichiometrically

[50–58], it was not until 1979 that Roustan et al. developed the first catalytic

application of complex 76-Na (Scheme 16) [59, 60]. In his publication, he could

show that catalytic amounts of complex 76-Na react with an allylic chloride or

acetate to form an allyl–iron-complex, which, in a second step, is substituted with a

malonate to yield 77. Most importantly, they observed a preference for the ipso-
substitution-product 77a, that is, the new C–Nu-bond was formed preferentially at

the carbon atom that was substituted with the leaving group before.

With Roustan et al. using the sodium salt of the Hieber anion 76-Na, the

procedure was improved by Xu and Zhou in 1987 when they introduced the

corresponding shelf-stable tetrabutylammonium salt 76-[Bu4N] which is available

from Fe(CO)5 78, NaNO2 and Bu4NBr (Scheme 17) [61, 62]. As well as discovered

by Roustan they obtained the substitution products with an ipso-preference
(Scheme 16) albeit in a significantly lower yield. In order to maintain the catalytic

activity of the product, the reactions were performed under CO-gas atmosphere.

After these encouraging results, it is surprising that no further investigations

have been performed on this reaction, which might be attributed to problems

regarding catalyst stability, reproducibility, or the use of a problematic CO gas

atmosphere. The comeback of the Hieber anion dates back to 2006 when our group

OLG

CO2MeMeO2C

[Bu4N][Fe(CO)3(NO)] 76-[Bu4N], CO(g), THF, reflux

MeO2C CO2Me MeO2C CO2Mecatalyst (25 mol%)

Roustan (1979):

Xu (1987):

80 : 20

yield

85 %

35 %

+

Na[Fe(CO)3(NO)] 76-Na, THF, reflux

74

75

77a 77b

Scheme 16 Fe-catalyzed allylic substitution
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envisioned the use of a monodentate s�donor-ligand like PPh3 for the stabilization

of the intermediate allyl-Fe complex as a CO-surrogate. The replacement of one

CO-ligand by the phosphine was thought to prevent the formation of a catalytically

inactive p-allyl-Fe-complex (Scheme 18) [63].

Indeed, the use of PPh3 led to an increased stability of the complex, additionally

using DMF as a coordinating solvent increased its nucleophilicity [63]. Thus,

various allylic carbonates could be transferred to the substitution products in

good to excellent yields and high regioselectivities in favor of the ipso substitution

products (Scheme 19). When using a carbonate as both leaving group and in situ

base, no preformation of the nucleophile was necessary.

Subsequently, the scope of the reaction was extended to N-nucleophiles 82.

Because the inherent basicity of the substitution products 83 imposed some problems

concerning catalyst decomposition, the addition of catalytic amounts of piperidine

hydrochloride (pip·HCl) proved to be necessary. Under optimized reaction conditions

different aromatic amines 82were allylated with almost exclusive regioselectivites in

favor of the ipso substitution products 83 (eq. 1 in Scheme 20) [64].
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Scheme 17 Synthesis of [Bu4N][Fe(CO)3NO] 76-[Bu4N] from Fe(CO)5 78
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Recently, the scope of the allylic substitution has been extended to sulfinate salts

84 to obtain allylic sulfones 85. Due to solubility problems of both nucleophile 84 and

carbonate leaving group, a polar solvent mixture of DMF and 2-methoxyethanol had

to be employed, which limits the reaction to the use of a phosphine ligand. Thus,

various aryl sulfinates 84 and functionalized carbonates 81 could be converted to the

corresponding allylic sulfones 85 with good to excellent yields and regioselectivites

and complete retention of stereochemistry (eq. 2 in Scheme 20) [65].

The protocol of the allylic alkylation, which proceeds most likely via a s-allyl-
Fe-intermediate, could be further improved by replacing the phosphine ligand with

an N-heterocyclic carbene (NHC) (Scheme 21) [66]. The addition of a tert-butyl-
substituted NHC ligand 86 allowed for full conversion in the exact stoichiometric

reaction between allyl carbonate and pronucleophile. Various C-nucleophiles were

allylated in good to excellent regioselectivities conserving the p bond geometry of

enantiomerically enriched (E)- and (Z)-carbonates 87. Even chirality and prochir-

ality transfer was observed (Scheme 21) [67].

However, by changing the ligand’s topology, a significant change in the regio-

selective course of the reaction is observed. Whereas the tert-butyl-substituted
ligand 86 allows for a regio- and stereoselective allylic substitution, an aryl-sub-

stituted ligand 92 forces the reaction to follow a p-allyl mechanism (eq. 1 in

Scheme 22). This ligand-dependent mechanistic dichotomy resembles a promising

starting point for the development of an asymmetric Fe-catalyzed allylic substitu-

tion. Later on it was shown that even isolated p-allyl Fe-complexes, which were
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Scheme 20 Fe-catalyzed allylic amination and sulfonation reagents and conditions: (a) 5 mol%

[Bu4N][Fe(CO)3(NO)] 76-[Bu4N], 5 mol%PPh3, 30mol% pip·HCl, DMF, 80�C; (b) 5mol% [Bu4N]

[Fe(CO)3(NO)] 76-[Bu4N], 6 mol% P(C6H5OMe)3, DMF/2-methoxyethanol 3:1, 80�C [64, 65]
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previously reported to be catalytically inactive, are potent precatalysts in the

presence of ligand 92 (eq. 2 in Scheme 22) [68].

The most recent application of catalyst 76-[Bu4N] was reported by Trivedi and

Tunge [69]. Various aromatic allylic carbonates were converted in a decarboxyla-

tive allylic etherification into their corresponding allylic ethers (Scheme 23). The

allylated products were obtained in high yields independently of the substitution

pattern of the phenol or the electronic properties of the substituent. Regioselectivity

is strongly dependent on the starting allyl ester, as cinnamyl carbonates 93 favor the

more stable linear products 94 while crotyl carbonate 95 favors the branched
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Scheme 21 Fe-catalyzed regio- and stereoselective allylic substitution in the presence of NHC-

ligand 86 {reagent and conditions: (1) [Bu4N][Fe(CO)3(NO)] 76-[Bu4N] (cat.), MTBE, 80�C} [67]
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Catalysis by Means of Complex Ferrates 199



product 96. Thus, the observed regioselectivity is a kinetic selectivity which the

authors attribute to the intermediacy of a p-allyl iron complex.

Besides allylic substitution reactions it was also shown that [Fe(CO)3(NO)]
� 76

is catalytically active in transesterification reactions under neutral conditions

(Scheme 24) [70]. Various activated acyl donors 97 can be used to give rise to

the corresponding carboxylic esters 100 in good to excellent yields. This reaction

proceeds in the absence of additional ligands in nonpolar solvents, for example,

hexane. Mechanistically, the reaction is assumed to proceed via a Fe–acyl-complex

98 (Scheme 24).
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Scheme 23 Decarboxylative allylic etherification (l ¼ linear product, b ¼ branched product) [69]
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7 Miscellaneous

Apart from catalysis with well-defined iron complexes a variety of efficient catalytic

transformations using cheap and easily available Fe(+2) or Fe(+3) salts or Fe(0)-

carbonyls as precatalysts have been published. These reactions may on first sight not

be catalyzed by ferrate complexes (cf. Sect. 1), but as they are performed under

reducing conditions ferrate intermediates as catalytically active species cannot be

excluded. Although the exact nature of the low-valent catalytic species remains

unclear, some of these interesting transformations are discussed in this section.

7.1 Cross-coupling Chemistry

The origins of Fe-catalyzed cross-coupling reactions date back to the 1970s when

Kochi studied reactions of alkenyl halides with Grignard reagents in the presence of

catalytic amounts of FeCl3 [71, 72] or even to the 1940s when Kharasch and Fields

studied the influence of transition metal salts on the reactivity of Grignard reagents

[73]. First mechanistic proposals assumed the generation of a low-valent iron

catalyst by reduction of iron salts with Grignard reagents [74, 75]. Various iron

salts such as FeCl3, also in the presence of a ligand [76], Fe(acac)3, Fe(dbm)3, FeF3
in the presence of an NHC ligand [77], Fe(salen)Cl-complexes [76, 78], or even Fe

powder [79] proved to be applicable in cross-coupling reactions. Besides the

commonly used Grignard reagents, organometallic reagents derived from manga-

nese [80], copper [81], or zinc [82] were also shown to be potent transmetallation

reagents. Even a Grignard reagent on solid phase was used for cross-coupling [83].

With regard to the mechanism, some studies point to the involvement of a single-

electron transfer or radical intermediate, as postulated by Bedford et al. [84–86]

(Scheme 25), while F€urstner et al. provided evidence that these reactions may

proceed via two different nonradical pathways (Scheme 26) [9]. Species unable

to undergo b-hydride elimination, such as MeLi or PhMgBr, are thought to react via

iron-ate complexes (cf. Sect. 3), while species with b-hydrogens, such as EtMgX,

are assumed to form the so-called inorganic Grignard reagents [Fe(MgX)2]n 101,

which were postulated earlier by Bogdanovic and Schwickardi [41]. These dark

brown bimetallic clusters could not be isolated, but were used to transfer inactive

organo chlorides into their corresponding Grignard reagents. The cluster is formed

through reduction by small amounts of an easily accessible Grignard reagent

(alkylation, then b-hydride elimination, and reductive elimination), subsequently

forming an iron species 101 with a d10-configuration and a formal oxidation state

of �2. The aryl iron intermediate is then formed from the cluster and an aryl

chloride. Subsequent Fe/Mg transmetallation releases the Grignard compound and

regenerates the catalyst 101 (Scheme 27).

As catalytic shuttling between lots of oxidation states such as Fe(�2)/Fe(0)

[87], Fe(0)/Fe(+2) [88], and Fe(+1)/Fe(+3) [89] were predicted to be involved in
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cross-coupling reactions, it was indeed demonstrated by F€urstner et al. that all these
oxidation states ranging from�2 toþ3 may be traversed in these reactions, and the

pair Fe(�2)/Fe(0) was shown to be the dominating one [9].

A novel strategy avoiding hazardous Grignard reagents was reported by Jacobi

von Wangelin et al. [90]. Based upon the seminal contributions of Bogdanovic and

Schwickardi [41], they developed a domino-iron-catalysis in which both the

Grignard reagent and the active iron-species are formed in situ upon reaction

between an alkyl halide, an Fe-salt, and magnesium (Scheme 28). Due to the fast
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cross-coupling, the concentration of free Grignard reagents remained at a quasi-

stationary level, thus avoiding problems encountered with larger amounts of active

Grignard reagents (homo coupling, elimination, addition, etc.).

Various aryl 103 and alkyl halides 102 were cross-coupled to yield the

corresponding alkyl benzenes 14 by using a slight excess of the alkyl halide 102.

FeCl3 possesses a similar activity as FeCl2 which gives further evidence for the

reduction of Fe(+3)-salts by Grignard reagents. A reduction of the aryl halide 103 to

toluene could be suppressed by the addition of tmeda, which is thought to stabilize

both complexes of iron and magnesium (Scheme 28). Significant in this reaction is

the high selectivity in favor of the cross-coupling product 14 leaving the amount of

biaryl products in all cases below <9%. Various alkyl 102 and aryl halides 103

[ArFe(MgX)] + MgX2
[Fe(MgX)2] 101

MgArMgX

ArX

FeX2 + 4 n-C7H15MgX

2 MgX2 +

C5H11 C5H11
+

X = Cl, Br

Scheme 27 Mechanism for the iron-catalyzed preparation of Grignard compounds [41]
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Scheme 28 Domino iron catalysis for cross-coupling of alkyl and aryl halides [90]
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could be coupled at 0�C in good yields, but substrates bearing ester and cyano

moieties proved only weakly reactive due to surface deactivation of Mg. With

excess of Mg moderate yields could be obtained, while aryl and alkyl chlorides

needed a somewhat higher temperature for coupling (20�C) [90].
As the vast area of cross-coupling reactions exceeds the coverage of this

overview, more information can be found in a review by Jacobi von Wangelin

covering the development in this field of chemistry up to 2008 [91].

7.2 Other Reactions

In 2009, Ritter and coworkers published a 1,4-addition reaction of a-olefins 110 to

dienes 108 (Scheme 29) [92]. In these reactions, a precatalyst 107 consisting of

FeCl2 and an iminopyridine ligand is reduced in situ with activated magnesium

metal to an unknown low-valent iron species 109. With this catalyst, the addition of

electron-poor and electron-rich styrenes bearing different functional groups, such

as esters, ethers, or halides to different 1,3-dienes, could be achieved. Upon

addition to unsymmetrical 1,3-dienes, the formation of two regioisomers occurred.

The regioselectivity turned out to be ligand dependent; larger substituents on the

1,3-diene also improved the regioselectivity up to >20:1 in favor of the linear 1,4-

diene product. In contrast to aromatic a-olefins, aliphatic a-olefins yielded product

mixtures that contained branched 1,4-dienes as well as dienes resulting from double

bond isomerization.
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As a mechanistic hypothesis, the authors assumed a reduction of the Fe(+2) by

magnesium and subsequent coordination of the substrates, followed by oxidative

coupling to form alkyl allyl complex 112a. A p�s rearrangement, followed by a

syn b-hydride elimination and reductive elimination, yields the linear product 114

with the 1,2-disubstituted (E)-double bond (Scheme 29). This hypothesis has been

supported by deuterium labeling experiments, whereas the influence of the ligand

on the regioselectivity still remains unclear.

Similar to the latter reaction Ritter also reported on an iron-catalyzed 1,4-

hydroboration of 1,3-dienes (Scheme 30) [93] which is carried out under similar

conditions with FeCl2 and iminopyridine ligands as precatalysts. FeCl2 is reduced

in situ with magnesium and hydroboration proceeds at room temperature. By

varying the substituent on the imine nitrogen of the ligand, regioselectivity could

be controlled. Furthermore, the regioselectivity of 2-substituted 1,3-dienes

increased with the size of the 2-substituent. The reaction tolerates electrophilic

functionalities such as esters, exhibits a high chemoselectivity of diene versus olefin

hydroboration, which the authors attribute to the affinity of 1,3-dienes to low-valent

iron, and yields the products with solely (E)-configured double bond geometry. The

authors assume a mechanistic scenario starting from the reduction of FeCl2 with

magnesium to a low-valent iron species, which is coordinated by the 1,3-diene.

Oxidative addition of the borane is followed by migratory insertion of the diene into

either the Fe–B or Fe–H bond. Reductive elimination finally yields the allylboranes.

This proposed mechanism was supported by deuterium-labeling experiments,

whereas the reason for the ligand-dependent regioselectivity has not been able to

be explained until now (Scheme 30).

An iron-catalyzed carbonylation reaction of alkynes 120 forming succinimides

121 by the aid of Fe(CO)5 78 or [Fe3(CO)12] 119 has been reported by Beller et al.

(Scheme 31) [94]. This reaction seems interesting as iron–carbonyl complexes are

kinetically relatively inert. As a model system 3-hexyne was reacted with excess

ammonia under 20 bar CO pressure. Employing a higher pressure leads to

PinB

N N

Fe
Cl2

Ar

Ar

Ar = 3,5-dimethylphenyl

PinB
N N

Fe
Cl2

Pr

4 mol% L1 FeCl2 116
10 mol% Mg

1.2 equiv. HBPin
Et2O, 23 °C, 3h

5 mol% L2 FeCl2 117
10 mol% Mg

1.2 equiv. HBPin
Et2O, 23 °C, 3h

80 %

78 %

L1 FeCl2 116

L2 FeCl2 117

115

115

118a

118b

i

Pri

Scheme 30 Ligand-dependent iron-catalyzed 1,4-hydroboration of myrcene 115 [93]
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decreased yields, probably because the iron center becomes inaccessible for the

substrate. Whereas the iron concentration of [Fe3(CO)12] 119 could be decreased

to 0.5 mol%, a temperature of 120�C seems to be necessary. With regard to the

substrate scope terminal alkynes showed lower reactivity compared to internal

alkynes. Symmetrical as well as unsymmetrical aliphatic-substituted, cyclic aliphatic,

and aromatic-substituted succinimides 121 were successfully synthesized. An inter-

esting aspect is that besides ammonia also various amines are applicable in the

carbonylation reactions. The mechanism of this reaction is still under debate. Beller

et al. suggest that the reaction proceeds in a similar way to the stoichiometric studies

by Periasamy et al. on the carbonylation of alkynes 120 (Scheme 31) [95, 96].

Apart from this mechanistic hypothesis, another scenario, with a ferrate complex

as intermediate, may be possible. In 1928, Hieber discovered that Fe(CO)5 78

underwent a disproportionation in the presence of ethylenediamine 122 [97–101].

Depending on the reaction temperature, different ferrate complexes were formed

that incorporated a [Fe(en)3]
2+ cation (en ¼ ethylenediamine) and mono-, di- or

trinuclear ferrate anions (Scheme 32) [102–107]. As the reaction discussed above is

also performed with amines at high temperatures, these ferrates may well be

involved in the catalytic cycle of the carbonylation discussed above.

[Fe3(CO)12] + NH3 + RC CR'

CO

Fe(CO)3

O

O
Fe(CO)4

R

R'

Fe(CO)3

OH

OH

R

R' Fe(CO)3

or

Fe(CO)3

O

O
Fe(CO)4

R

R'

N
HH
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O

O
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O

R

R'
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Scheme 31 Catalytic cycle for the iron-catalyzed carbonylation proposed by Beller et al. [94]
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Another catalytic application emanating from the Hieber base reaction was

developed by Reppe and Vetter [108]. They showed that 1-propanol 126 could be

generated by treatment of ethylene 125 with catalytic amounts of Fe(CO)5 78 under

CO-pressure and basic reaction conditions (Scheme 33). Thereby, trimethylamine

and N-alkylated amino acid derivatives turned out to be optimal bases for this

reaction. Like ethylene 125, propylene could be transferred mainly to 1-butanol;

diolefins like butadiene only reacted to monoalcohols. By employing these reaction

conditions to olefins in the presence of ammonia, primary or secondary amines,

mono-, di-, and trialkylamines were obtained whose alkyl chains were elongated

with one carbon atom, compared to the olefins.

Years earlier, Nicholas and Ladoulis had found another example of reactions

catalyzed by Fe2(CO)9 127. They had shown that Fe2(CO)9 127 can be used as a

catalyst for allylic alkylation of allylic acetates 129 by various malonate nucleo-

philes [109]. Although the regioselectivites were only moderately temperature-,

solvent-, and substrate-dependent, further investigations concerned with the reac-

tion mechanism and the catalytic species were undertaken [110]. Comparing

stoichiometric reactions of cationic (Z3-allyl)Fe(CO)4
+ and neutral (Z2-crotyl ace-

tate)Fe(CO)4 with different types of sodium malonates and the results of the

Fe2(CO)9 127-catalyzed allylation they could show that these complexes are likely

no reaction intermediates, because regioselectivites between stoichiometric and

catalytic reactions differed. Examining the interaction of sodium dimethylmalonate

75 and Fe2(CO)9 127 they found some evidence for the involvement of a coordi-

nated malonate species in the catalytic reactions. With an excess of malonate they

2 Fe(CO)5 + 3 en Fe

NH2

N
H2

H2
N

H2N

H2N

NH2

2

Fe

CO

OC CO

CO

2

145 °C

- 6 CO78 122

123

Scheme 32 Disproportionation of Fe(CO)5 78 reported by Hieber

2 Fe(CO)5
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2 H2O

2 CO2
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Scheme 33 Iron-catalyzed

reductive carbonylation

reported by Reppe [108]
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proposed the formation of a complex of the type NaFe(CO)4(DMM) 128

(DMM ¼ dimethylmalonate). By isolating the product of the reaction of

Fe2(CO)9 127 and DMM 75 and examining its activity toward allylic acetates

129, it turned out that this species only forms the substitution products in the

presence of DMM 75. This led to the proposed mechanism displayed in Scheme 34.

Dimethylmalonate 75 coordinates to a Fe(CO)4 species, yielding a ferrate

species 128. This coordinates the allylic substrate under decarbonylation and by

nucleophilic attack at the double bond an allyliron-species 131 is generated which

undergoes substitution of the ferrate 132 by a dimethylmalonte molecule 75.

Although there is some evidence of this catalytically active ferrate 128, until now

it could not be fully analytically characterized and therefore the structure presented

above still remains a hypothesis.

7.3 Dinitrosyliron Complexes

In vivo, nitric oxide can be stored and stabilized in the form of dinitrosyliron complexes

(DNICs) and is probably released from cells in the form of low-molecular-weight

DNICs (LMW-DNICs) [111–113]. The coordination of NO by [Fe–S] clusters is

thought to result in impairment of metabolic functions, while the interplay between

NO and [Fe–S] clusters at catalytical sites is thought to be crucial for the response to

environmental signals within cells [114]. Thus, NO was discovered to strongly

inhibit mammalian ferrochelatase by the degradation of the [2Fe–2S]-cluster to

form monomeric cysteinyl-coordinated dinitrosyl complexes [115]. Furthermore,

SoxR, a redox-sensitive transcription activator in E. coli, is suggested to be acti-

vated by nitrosylation of [2Fe–2S]-clusters to form protein-bound dinitrosyl

adducts [116], while DNIC can be directly transformed back to ferredoxin

[2Fe–2S]-cluster by the enzyme cysteine desulfurase [117, 118].
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Scheme 34 Proposed mechanism for Fe2(CO)9 127-catalyzed allylic alkylation [110]
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In recent years, several model complexes have been synthesized and studied to

understand the properties of these complexes, for example, the influence of S- or

N-ligands or NO-releasing abilities [119]. It is not always easy to determine the

electronic character of the NO-ligands in nitrosyliron complexes; thus, forms of

NO� [120], neutral NO, or NOþ [121] have been postulated depending on each

complex. Similarly, it is difficult to determine the oxidation state of Fe; therefore,

these complexes are categorized in the Enemark–Feltham notation [122], where the

number of d-electrons of Fe is indicated. In studies on the nitrosylation pathway of

thiolate complexes, Liaw et al. could show that the nitrosylation of complexes

[Fe(SR)4]
2�/1� (R ¼ Ph, Et) led to the formation of air- and light-sensitive mono-

nitrosyl complexes [Fe(NO)(SR)3]
� in which tetrathiolate iron(+3) complexes

were reduced to Fe(+2) under formation of (SR)2. Further nitrosylation by NO

yields the dinitrosyl complexes [(SR)2Fe(NO)2]
�, while nitrosylation by NOþ

forms the neutral complex [Fe(NO)2(SR)2] and subsequently Roussin’s red ester

[Fe2(m-SR)2(NO)4] under reductive elimination forming (SR)2. Thus, nitrosylation

of biomimetic oxidized- and reduced-form rubredoxin was mimicked [121]. Lip-

pard et al. showed that dinuclear Fe-clusters are susceptible to disassembly in the

presence of NO [123].

Liaw et al. reported that conversions between the neutral sparteine {Fe(NO)2}
10-

complex 133 and the anionic {Fe(NO)2}
9 [Fe(NO)2(S2C3H6)]

� 137 proceed via the

cationic sparteine {Fe(NO)2}
9-complex 135 through oxidation by NOþ and transfer

of the [Fe(NO)2]
þ-unit to the chelating ligand �S–(CH2)3–S

� 136 (Scheme 35).

The resulting anionic complex 137 is stable in contrast to the cationic complex 135.

The cationic complex 135 also acts as a [Fe(NO)2]
+ donor in the presence of the

DNIC [(PhS)2Fe(NO)2]
� 138 to yield Roussin’s red ester 139. The bidentate thiol

ligand �S–(CH2)3–S
� 136 promotes the stability of the anionic DNIC {Fe(NO)2}

9
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S
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Scheme 35 Transformation between anionic, neutral, and cationic DNICs [124]

Catalysis by Means of Complex Ferrates 209



137 which is shown by the fact that the cationic sparteine complex 135 reacts with

2 equiv. of EtS� to form the corresponding Roussin’s red ester [Fe2(m-SEt)2(NO)4].
This study implicates that the chelating effect of thiobiomolecules may play a role

in stabilizing protein-bound DNICs, because the ligand �S–(CH2)3–S
� 136 is

mimicking Cys–(X)n–Cys binding motifs in proteins [124].

Catalysis has not been established with these DNICs until now; nevertheless,

these complexes are interesting low-valent iron complexes that fit into the class of

ferrates from which one can learn a lot about reactivity, stability, and electronic

properties.
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Azlactones, 168

B

Benzaldehyde, hydrogenation, 36

Benzene oxidation, 101

Benzimidates, 153

Benzylazadithiolate, 73

N-Benzylideneaniline, hydrogenation, 38
Biaryl coupling, 184

Biomimetics, 90, 95

Bipyrrolidine, 92

Bis(1-alkylimidazol-2-yl)propionates, 92

Bis(diphenylphosphino)ethane (dppe), 47

Bis(diphenylphosphino)methane (dppm), 47

Bis(imino)pyridine iron, 30, 31, 35, 45, 49

Bis(silyl)amine, 59

Bis(silyl)hydride, 62

Biscyclopalladation, 158

Bispalladacycle, 158, 159

2-Borylallylsilanes, 51

BPMEN, 85, 90, 95

Bromamine-T, 113, 133

Brønsted-base catalysis, 162

1-n-Butyl-3-methylimidazolium chloride, 5
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Butyldimethylsilyl ethers, 61

Butylmethylimidazolium tetrachloroferrate, 182

C

C-C bond formation, 4

C-H functionalization, 22

C-H insertion, 7, 24

Carbene, 111, 113

N-heterocyclic, 198
transfer reaction, 111

Carbonyl compounds, reductive

etherification, 61

Carbonyl groups, hydrosilylation, 45

Carbonylation reaction, 205

Carboxamides, 60

1-Carboxymethyl-4,7-dimethyl-1,4,

7-triazacyclononane, 98

Carvone, 33

Casey’s hydrogenation, catalytic cycle, 38

Catalysis, bimetallic, 160

Catechol dioxygenases, 92

Chalcone, 33

Chirality, planar, 139

Chloramine-T, 113, 133

Chlorination, 5, 165, 166

Chloromethyl acetophenone, 42

3-Chromanols, 7

aza-Claisen rearrangement, 153

Coupling reaction, three-component, 14,15

Cp-containing ferrates, 186

Crabtree’s catalyst, 32

Cross-coupling, 182

a-Cyanoacetates, 159
2-Cyanoethanol, 102

Cyanopyrrole, 163

Cycloadditions, 1,3-dipolar, 150

[2þ2], 166

[2þ2þ2], 148, 190

[3þ2], 151

[4þ2], 148, 189

[5þ2], 148, 189

Cyclohexanol, 94

Cyclohexanone, 94

Cycloisomerization, 148

Cyclooctene, 90

Cyclopalladation, 153, 158

Cycloplatination, 161

Cyclopropanation, 124

Cyclopropyl acetophenone, 42

Cytochrome P450, 84, 93, 94, 101

D

Desulfonylation, reductive, 184

Deuterium-labeling experiment, 188

3,6-Dichlorobenzene-1,2-dithiolate, 73

Dienes, catecholborane, 50

Difluorophenyl-1,1-bis[(1H-1,2,4-triazolyl)
methyl]ethanol, 104

1,5-Dihalo-1,4-dienes, 9

Dihydro-1,2-naphthalenediol, 90

Dihydropyrans, 15–18

Dihydroxylation, 85, 90

Dimethylacetophenone, 49

2,2-Dimethylpropiophenone, 39

Dinitrosyliron complexes (DNICs), 193,

208–210

Diphenylethylenediamines, 87

(Di-(2-pyridyl)methyl)benzamide ligands, 92

Direct reductive amination (DRA), 59

Diruthenium hydride, 36

Disilanes, 151

Dithiolate diiron, 66

Diynes, cyclization, 57

Domino-iron-catalysis, 202

E

Electrocatalysis, 192

Electrochemical reduction, 27

Electron transfer catalyst, 184

Enals, 149

Enolization, 159

Enynes, 57, 146, 187

cyclization, 56

Enzymes, 84, 94, 190, 208

Epoxidation, 84, 92

2-Ethoxycarbonyl-1-oxo-cyclopentane, 94

Ethylbenzene, Ce(IV), 97

Ethylene, 31, 90, 145, 187, 194, 207

oligomerization, 58

F

Face selectivity, 160

FeIII(TPP)Cl, 84

[Fe(BPMCN)(CF3SO3)2], 87

[Fe]-hydrogenase, 190

[FeFe]-hydrogenases, 65, 73, 181, 190

Fenton reaction/chemistry, 94, 98, 100

Ferrocene bisimidazoline

bispalladacycle, 158

Ferrocenes, 139, 163, 186, 194

aromatic character, 142

carbocations, 143

sandwich structure, 141

Ferrocenium, 142, 145, 152, 157

Fluorene, photocatalytic hydroxylation, 98

Friedel-Crafts catalysts, 5

Friedel-Crafts reactions, 3–7, 23, 161, 183

alkylation, 23, 24
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G

Grignard reagents, inorganic, 201

H

H2-activation, 14

Halide exchange, 19

Hemerythrins, 84

Heptene, 87, 93

Hexene, 31

hydrogenation, 32

trans-2-, 44
Hexyl(phenyl)silane, 44

Hieber anion, 196, 206

Hieber base reaction, 207

2-His-1-carboxylate triad, 92

HPPn (N,N-bis(o-hydroxyacetophenone)
propylene diamine), 89

HSAB theory, 3

Hydrazoic acid, 163

Hydrides, NMR, 28

Hydroboration, 27, 50, 205

Hydrogen generation, 65

Hydrogen peroxide, 84, 87, 90

Hydrogenases, 65, 151, 177, 190

Hydrogenation, 27, 30, 123, 152

Hydrometalation, 44

Hydrosilane, 44

Hydrosilylation, 27, 29, 44

Hydroxy ketones, 16

Hydroxylation, 90, 94–101

I

Imidazoline, 155, 157

Imination, sulfur compounds, 134

Imines, 59, 166

Iminopyridine, 53

Immobilization, 89

Indenyl acetate, 7

Indoles, 5, 162

Iridium, 35, 59

Iron, catalyst, 1

Iron carbenes, 124

Iron hydrides, complexes, 27

Iron nitrene/imido complexes, 129, 136

Iron phthalocyanine, 101

Iron porphyrins, 40, 124, 129

Iron trichloride hexahydrate, 87

Iron(IV) trihydride phosphine, 30

Iron–oxo complexes, 84

Isoxazolidines, 150

K

Ketene, 163

Ketimine iron, 58

Ketones, reduction, 35

unsaturated, 9, 16, 30, 33

Kharash deconjugation, 186

L

b-Lactams, 24, 166

b-Lactones, 166
Lewis acids, carbophilic, 155

Fe-based, 1, 2

Lewis-base catalysis, 164

Ligand field, 179

Ligand-metal bifunctional catalysts, 36

M

Menadione (vitamin K3), 101

Metalla-cyclopentene, 147

Metallocarbenes, 113

Metalloporphyrins, 101

Methane monooxygenase, 84

Methyl ketones, 9

M€ossbauer spectroscopy, 30, 121, 181

N

N-H insertion, 127

[NiFe]-hydrogenases, 65

Nitrene, 111, 113, 129

transfer reaction, 111

Nitrido-bridged iron phthalocyanine, 99

Nitriles, decyanation, 61

Nitrones, 150

Nitrosyl complex, 182, 193

Non-innocent ligands, 182

Nucleophilic substitution reaction, 196

O

Olefination, 127

Olefins, epoxidation, 84

hydrogenation, Fe–H, 31

polymerization, 59

Organic carbonyl compounds, reductive

amination, 59

Organosilicon compounds, 43

Oxazolines, 150, 154, 157

Oxygen activation, 193

1,3-Oxygen transposition, 17

Oxygenase, 90, 92

P

PAHs, 101

Palladacycles, 153, 158

Palladium, 30, 59, 153

Peracetic acid, 87, 90

Peroxo complexes, 84

Phenols, 101, 163
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1-Phenylethane-1,2-diol, 92

Phenylsilane, 44

Photochemical reduction, 27, 72

Photosensitizer (PS), 72

Phthalocyanine iron, 104

Pinacol coupling, 184

Pinacolborane, 51

Piperidine ring, 18, 20, 197

Platinacycles, 161

Polymethylhydrosiloxane (PMHS), 45, 47

Polyoxometalates (POMs), 99

Polytungstates, 99

Porphyrin, 40

Potassium hexacyanoferrate, 182

Prins cyclization, 15–21

aza-, 18–21

Prolinol, 85

Propyl 3,3,-bis(1-methylimidazol-2-yl)

propionate, 92

Proton reduction, 151

Proton transfer, 163

Protonation, 66

Pyrans, 16

Pyrazinecarboxylic acid (Hpca), 94

Pyrene, 102

Pyrene-tetrone, 101

Pyrene-dione, 101

Pyridine, planar chiral, 163

Pyridine bis(oxazoline) iron, 49

Pyridine-2,6-dicarboxylic acid, 87

Pyrrole, alkylation, 5

Pyrrolidines, 56, 87

Q

Quaternary stereocenters, 168

R

Radical pathway, 95, 98, 102, 194

Radicals, 22, 56

Rhodium, 35, 59, 128

Rieske dioxygenases, 92

Roussin’s red ester, 209

Ruthenium, 59

S

Sacrificial reagent (SR), 72

SBA-15, 90, 99

Si–O–Si bond formation, 63

Sigmatropic rearrangement, 17, 135

Sodium thiophene-2-carboxylate (STC), 45

Spin ground state, 179

Stacks phenantroline ligand, 89

Succinimides, 56

Sulfimides, 134

Sulfoximides, 134

Sulfur compounds, imination, 134

T

TAML 84, 95, 98, 102

TBHP (t-butyl hydroperoxide), 94
Terpyridines, 86, 132

Tetraalkylferrates, 53, 183

Tetraarylporphyrinato iron(III)chloride, 101

Tetraaza macrocyclic ligands, 90

Tetrachloroferrate, 182

Tetrahydrofuran, 16, 56

Tetrahydroisoquinolines, 7

Tetrahydropyrans, 16, 20

Tetrahydropyridines, 18

Tetrakis(2,6-dichloro-3-sulfonatophenyl)

porphyrin, 103

Tetraphenylferrate, 186

TPA, 85, 90, 96

Transesterification, 200

Transfer hydrogenation, 36

Triazacyclononane (TACN), methylpyridine-

derivatized, 90, 95

Triethylsilane, 61

Trifluoroacetamides, 154

Trifluoroacetimidates, 154, 155

Trimethoxybenzene, oxidation, 182

Trimethylacetophenone, 49

2,3,6-Trimethylquinone, 101

Trimethylsilylacetylene, 34

Tris(diisopropylphosphino)borate, 30

Tris(d,d-dicampholylmethanato)iron(III), 87

V

Veratryl alcohol (3,4-dimethoxybenzyl

alcohol), 103

Vinyl cations, 12, 18, 19

Vinylsilanes, 44

Vitamin K3, 101

W

Water reduction catalyst, 72

Z

Zinc-porphyrins, 73

Zwitterionic enolate, 165
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