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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

142 R. Peters et al.



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
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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

Ferrocene and Half Sandwich Complexes as Catalysts with Iron Participation 149



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
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N
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N O
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N O
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+

Fig. 15 [3 + 2] cycloaddition reactions of diarylnitrones with enals catalyzed by 29a
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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,
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Fig. 20 Asymmetric aza-Claisen rearrangement of benzimidates using oxazoline palladacycle

precatalyst 41
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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
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7.5 mol% 41,
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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
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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,
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R/R' = Me, Et, n-Pr, n-Bu, (CH2)2Ph,(CH2)2CH=CMe2,
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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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N

Ph
Ph

Cl

Ts

N

N Ph

Ts Ph

1. K[(H2C=CH2)PtCl3],
NaOAc, MeOH, benzene,
RT, then Na(acac), RT
2. LiCl, HCl, MeOH

54 60

40% (2 steps)
dr > 50 :1

N

N Ph

Ts Ph

N

N Ph

Ts Ph

Fe
Fe

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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R
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X
Z

6261
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R

Y

X

Z
5 mol% 60,
5 mol% AgO2CC3F7,
F3CCH2OH, 50 °C

R = CO2Me, CO2Bn,
CO2t-Bu, CH2OC(O)tBu
X = Me, Et, n-Pr, i-Bu, Ph
Y = Me, Et, i-Pent, allyl
Z = H, F, Cl, Me, OMe

45-95%
ee = 78-92%

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
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Fig. 36 Catalytic cycle for the Brønsted-base catalyzed addition of phenols, hydrazoic acid, or

2-cyanopyrrol to ketenes
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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

OH
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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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41. Bădoiu A, Brinkmann Y, Viton F, K€undig EP (2008) Asymmetric Lewis acid-catalyzed

1,3-dipolar cycloadditions. Pure Appl Chem 80:1013–1018
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80. Chianese AR, Lee SJ, Gagné MR (2007) Electrophilic activation of alkenes by platinum(II):

so much more than a slow version of palladium(II). Angew Chem Int Ed 46:4042–4059

81. Huang H, Peters R (2009) A highly strained planar chiral platinacycle for catalytic activation

of internal olefins in the Friedel-Crafts alkylation of indoles. Angew Chem Int Ed 48:604–606

82. Ruble JG, Fu GC (1996) Chiral p-complexes of heterocycles with transition metals: a

versatile new family of nucleophilic catalysts. J Org Chem 61:7230–7231

83. Wurz RP, Lee EC, Ruble JC, Fu GC (2007) Synthesis and resolution of planar-chiral

derivatives of 4-(dimethylamino)pyridine. Adv Synth Catal 349:2345–2352

84. Nguyen HV, Butler DCD, Richards CJ (2006) A metallocene-pyrrolidinopyridine nucleo-

philic catalyst for asymmetric synthesis. Org Lett 8:769–772

85. Fu GC (2006) Application of planar-chiral heterocycles as ligands in asymmetric catalysis.

Acc Chem Res 39:853–860

86. Wiskur SL, Fu GC (2005) Catalytic asymmetric synthesis of esters from ketenes. J Am Chem

Soc 127:6176–6177

87. Dai X, Nikkei T, Romero JAC, Fu GC (2007) Enantioselective synthesis of protected amines

by the catalytic asymmetric addition of hydrologic acid to ketenes. Angew Chem Int Ed

46:4367–4369

88. Hodous BL, Fu GC (2002) Enantioselective addition of amines to ketenes catalyzed by a

planar-chiral derivative of PPY: possible intervention of chiral Br€onsted-acid catalysis. J Am
Chem Soc 124:10006–10007

89. Hodous BL, Ruble JC, Fu GC (1999) Enantioselective addition of alcohols to ketenes

catalyzed by a planar-chiral azaferrocene: catalytic asymmetric synthesis of arylpropionic

acids. J Am Chem Soc 121:2637–2638

90. Sch€afer C, Fu GC (2005) Catalytic asymmetric couplings of ketenes with aldehydes to

generate enol esters. Angew Chem Int Ed 44:4606–4608

91. Lee EC, McCauley KM, Fu GC (2007) Catalytic asymmetric synthesis of tertiary alkyl

chlorides. Angew Chem Int Ed 46:977–979

92. Staudinger H (1907) Zur Kenntnis der Ketene. Diphenylketen. Liebigs Ann Chem

356:51–123

93. Page MI (ed) (1997) The chemistry of b-lactams. Chapman and Hall, London

94. Taggi AE, Hafez AM, Wack H, Young B, Ferraris D, Lectka T (2002) The development of

the first catalyzed reaction of ketenes and imines: catalytic, asymmetric synthesis of

b-lactams. J Am Chem Soc 124:6626–6635

95. Zhang YR, He L, Wu X, Shao PL, Ye S (2008) Chiral N-heterocyclic carbene catalyzed

Staudinger reaction of ketenes with imines: highly enantioselective synthesis of N-Boc
b-lactams. Org Lett 10:277–280

96. Hodous BL, Fu GC (2002) Enantioselective Staudinger synthesis of b-lactams catalyzed by a

planar-chiral nucleophile. J Am Chem Soc 124:1578–1579

97. Lee EC, Hodous BL, Bergin E, Shih C, Fu GC (2005) Catalytic asymmetric Staudinger

reactions to form b-lactams: an unanticipated dependence of diastereoselectivity on the

choice of the nitrogen substituent. J Am Chem Soc 127:11586–11587

98. Zajac M, Peters R (2009) Catalytic asymmetric synthesis of b-Sultams as precursors for

taurine derivatives. Chem Eur J 15:8204–8222

99. Zajac M, Peters R (2007) Catalytic asymmetric formation of b-Sultams. Org Lett

9:2007–2010

100. Wilson JE, Fu GC (2004) Asymmetric synthesis of highly substituted b-lactones by nucleo-

phile-catalyzed [2 + 2] cycloadditions of disubstituted ketenes with aldehydes. Angew

Chem Int Ed 43:6358–6360

101. Berlin JM, Fu GC (2008) Enantioselective nucleophilic catalysis: the synthesis of Aza-

b-lactams through [2 + 2] cycloadditions of ketenes with azo compounds. Angew Chem

Int Ed 120:7156–7158

174 R. Peters et al.



102. Dochnahl M, Fu GC (2009) Catalytic asymmetric cycloaddition of ketenes and nitroso

compounds: enantioselective synthesis of a-hydroxycarboxylic acid derivatives. Angew

Chem Int Ed 48:2391–2393

103. Ruble JC, Tweddell J, Fu GC (1998) Kinetic resolution of arylalkylcarbinols catalyzed by a

planar-chiral derivative of DMAP: a new benchmark for nonenzymatic acylation. J Org

Chem 63:2794–2795

104. Tao B, Ruble JC, Hoic DA, Fu GC (1999) Nonenzymatic kinetic resolution of propargylic

alcohols by a planar-chiral DMAP Derivative: crystallographic characterization of the

acylated catalyst. J Am Chem Soc 121:5091–5092

105. Bellemin-Laponnaz S, Twedel J, Ruble JC, Breitling FM, Fu GC (2000) The kinetic

resolution of allylic alcohols by a non-enzymatic acylation catalyst; application to natural

product synthesis. Chem Commun 1009–1010

106. Birman VB, Li X (2008) Homobenzotetramisole: an effective catalyst for kinetic resolution

of aryl-cycloalkanols. Org Lett 10:1115–1118

107. Ie Y, Fu GC (2000) A new benchmark for the non-enzymatic enantioselective acylation of

amines: use of a planar-chiral drivative of 4-pyrrolidinopyridine as the acylating agent.

Chem Commun 119–120

108. Arai S, Bellemin-Laponaz S, Fu GC (2001) Kinetic resolution of amines by a nonenzymatic

acylation catalyst. Angew Chem Int Ed 40:234–236

109. Arp FO, Fu GC (2006) Kinetic resolutions of indolines by a nonenzymatic acylation catalyst.

J Am Chem Soc 128:14264–14265

110. Mermerian AH, Fu GC (2005) Nucleophile-catalyzed asymmetric acylations of silyl ketene

imines: application to the enantioselective synthesis of verapamil. Angew Chem Int Ed

44:949–952

111. Mermerian AH, Fu GC (2005) Catalytic enantioselective construction of all-carbon quater-

nary stereocenters: synthesis and mechanistic studies of the C-acylation of silyl ketene

acetals. J Am Chem Soc 127:5604–5607

112. Mermerian AH, Fu GC (2003) Catalytic enantioselective synthesis of quaternary stereocen-

ters via intermolecular C-acylation of silyl ketene acetals: dual activation of the electrophile

and the nucleophile. J Am Chem Soc 125:4050–4051

113. Ruble JC, Fu GC (1998) Enantioselective construction of quaternary stereocenters: rearran-

gements of O-acylated azlactones catalyzed by a planar-chiral derivative of 4-(pyrrolidino)

pyridine. J Am Chem Soc 120:11532–11533

114. Hills ID, Fu GC (2003) Catalytic enantioselective synthesis of oxindoles and benzofuranones

that bear a quaternary stereocenter. Angew Chem Int Ed 42:3921–3924

115. Liang J, Ruble JC, Fu GC (1998) Dynamic kinetic resolutions catalyzed by a planar-chiral

derivative of DMAP: enantioselective synthesis of protected a-amino acids from racemic

azlactones. J Org Chem 63:3154–3155

116. Bappert E, Mueller P, Fu GC (2006) Asymmetric [3 + 2] annulations catalyzed by a planar-

chiral derivative of DMAP. Chem Commun 2604–2606

117. Tao B, LoMMC, Fu GC (2001) Planar-chiral pyridine N-oxides, a new family of asymmetric

catalysts: exploiting an Z5-C5Ar5 ligand to achieve high enantioselectivity. J Am Chem Soc

123:353–354

Ferrocene and Half Sandwich Complexes as Catalysts with Iron Participation 175


	Ferrocene and Half Sandwich Complexes as Catalysts with Iron Participation
	1 Introduction
	2 Catalysis by Iron in Half Sandwich Complexes
	2.1 Fe(0)- and Fe(I)-Catalysts
	2.2 Fe(II)-Catalysts

	3 Chiral Catalysts Electronically Influenced by a Ferrocene Core
	3.1 Planar Chiral Ferrocenyl Metallacycle Catalysts
	3.1.1 The Aza-Claisen Rearrangement
	3.1.2 Bispalladium-Catalyzed Michael-Addition of α-Cyanoacetates
	3.1.3 Ferrocene Bisimidazoline Platinacycle-Catalyzed Intramolecular Friedel-Crafts Alkylations

	3.2 Planar Chiral Ferrocenes as Lewis- or Brønsted-Base Catalysts
	3.2.1 Brønsted-Base Catalysis
	3.2.2 Lewis-Base Catalysis via Intermediate Formation of a Chiral Zwitterionic Enolate
	3.2.3 Formal [2+2]-Cycloadditions
	3.2.4 Nucleophilic Catalysis: Acyl-Transfer Reactions


	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


