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1. Introduction

The preparation of chiral compounds is an important and
challenging area of contemporary synthetic organic chemis-
try.1 In particular, the preparation of new chiral ligands for

Abbreviations: Ac, acetyl; acac, acetylacetone; Ad, adamantyl; Ar, aryl;
BINAP, 2,20-bis(diphenylphosphanyl)-1,10-binaphthyl; BINOL, 1,10-binaph-
thalene-2,20-diol; BITIANP, 2,20-bis(diphenylphosphino)-3,30-bi(benzo-
[b]thiophene); BITIOP, 4,40-bis(diphenylphosphino)-3,30-bithiophene; Bn,
benzyl; Boc, tert-butoxycarbonyl; Bu, butyl; BSA, N,O-bis(trimethyl-
silyl)acetamide; Bz, benzoyl; c, cyclo; cod, cyclooctadiene; Cp, cyclopenta-
dienyl; Dec, decyl; dba, (E,E)-dibenzylideneacetone; de, diastereomeric
excess; EDA, ethyl diazoacetate; ee, enantiomeric excess; Et, ethyl; Fm, fluo-
renylmethyl; Fur, furyl; Hept, heptyl; Hex, hexyl; L, ligand; M, metal; Me,
methyl; Mes, mesyl; Naph, naphthyl; NBD, norbornadiene; Pent, pentyl;
Ph, phenyl; Piv, pivaloyl; Pr, propyl; py, pyridine; siam, bis(sulfinyl)imido-
amidine; SES, 2-(trimethylsilyl)ethanesulfonyl; suc, succinimide;
TADDOL, a,a,a0,a0-tetraphenyl-2,2-dimethyl-1,3-dioxolane-4,5-dimetha-
nol; Tf, trifluoromethanesulfonyl; TMBTP, 4,40-bis(diphenylphosphino)-
2,20,5,50-tetramethyl-3,30-bithiophene; TMS, trimethylsilyl; Tol, toluene;
Tr, triphenylmethyl (trityl); Ts, 4-toluenesulfonyl (tosyl); TsDPEN,
N-tosyl-1,2-diphenylethylenediamine; TsOH, p-toluenesulfonic acid;
VERDI, verbenone dimers.
* Tel.: +33 4 91 28 27 65; e-mail: h.pellissier@univ-cezanne.fr
0040–4020/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2006.09.068
application in asymmetric catalysis has been and continues
to be an important area of synthetic organic research.2

New classes of ligands that might offer new opportunities
for applications or provide insight into fundamental chemi-
cal processes are always of interest. One relatively rare class
of ligands is that in which stereogenicity resides not at car-
bon atoms, but at heteroatomic sites such as sulfur atoms.
Practical asymmetric catalysis using transition-metal com-
plexes was inspired by the work of Kagan3 and Knowles.4

Their important results, based on the use of chiral phos-
phines as ligands for asymmetric hydrogenation, have in-
duced a tremendous amount of work, dealing with the
synthesis and use of new chiral phosphine-containing com-
plexes as catalysts. Numerous catalytic asymmetric reac-
tions have been discovered over the last 30 years, often
with spectacular results in terms of efficiency and selectivity,
allowing access to biologically important molecules. Never-
theless, the contribution of asymmetric catalysis in the over-
all production of chiral chemicals is much lower than
originally expected, which is surprising given the huge
amount of work devoted to this subject. Factors such as
the price of the catalyst precursor and the difficulties
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encountered in the separation and recycling of the catalyst
are responsible for this lack of practical application. Only
a few processes have, however, permitted high turnovers.
Apart from these economic considerations, it is almost im-
possible to recycle, for example, phosphine-containing cata-
lysts, due to their low stability towards oxidation. Indeed, the
chemical and economic characteristics of these catalysts
were partly responsible for problems encountered in the de-
velopment of catalytic asymmetric processes in general. The
field of asymmetric catalysis is witnessing an ever-growing
interest, and several highly efficient catalytic methods are
nowadays known in the literature. Despite the positive re-
sults, knowledge in this field is still limited, and much
work will be needed to make this methodology a comprehen-
sive and well-established technique. The nature of the ancil-
lary ligands used for a given metal-catalysed process is
central, with chiral P- and N-based ligands occupying an in-
contestable leading position. Despite the vast knowledge on
sulfur-metal interactions in coordination chemistry,5 the use
of chiral S-based ligands in catalysis appears, however, to be
still rather underdeveloped.

Over the last three decades, more than 40 different classes of
chiral sulfur compounds have been described in the litera-
ture, and a large number of useful procedures for the synthe-
sis of enantiomerically pure sulfur compounds have been
developed.6 Transition-metal complexes with chiral sulfur
ligands are powerful catalysts in a considerable number of
reactions, although, they have been generally less investi-
gated than complexes with other donor atoms. The goal of
the present review is to cover the recent advances in the
use of chiral sulfur-containing ligands in asymmetric catal-
ysis, focusing on those, which have been published since
the beginning of 1999. In fact, a preceding review has re-
ported the chemistry of transition-metal complexes contain-
ing, more generally, both achiral and chiral sulfur ligands,
covering the literature up to the end of 1998.7 The present
review is divided into seven sections corresponding to the
different types of reactions based on the use of complexes
containing chiral sulfur ligands, such as allylic substitution,
hydrogenation, hydrogen transfer, conjugated additions, ad-
dition of organometallic reagents to aldehydes, Diels–Alder
reactions and miscellaneous reactions.

The coordination chemistry of sulfur ligands has shown
a unique variety of structures with most of the transition
metals in different oxidation states.8,5 The use of chiral sulfur
ligands in reactions catalysed by transition metals is still rel-
atively unexplored, however, compared with other ligands.9

It is important to note that the synthesis and applications of
chiral thioether ligands were reported by Masdeu-Bulto
et al. in 2003.10 Moreover, the use of chiral sulfoxides in
enantioselective metal-catalysed asymmetric synthesis was
reviewed in 2003 by Fernandez and Khiar.11 Indeed, sulfur
donor ligands have been used much less than phosphorus
donor ligands in asymmetric homogeneous catalysis,12 al-
though, in recent decades, the number of studies with chiral
sulfur-containing catalytic systems has increased consider-
ably.7,10 Compared to phosphorus, sulfur has less donor
and acceptor character. In addition to these electronic consid-
erations, the sulfur atom, in thioether ligands, for example,
has only two substituents, which can create a less hindered
environment than trivalent phosphorus. In addition, compared
to phosphorus or nitrogen, sulfur is known to have a tendency
to poison heterogeneous catalysts. The formation of mixtures
of diastereomeric complexes, and the difficulty to control
their interconversion in solution have been regarded as a
problem for asymmetric induction in catalytic reactions.
Nevertheless, in recent years, chiral bidentate S-donor
ligands, in particular, have proved to be as useful as other
classical asymmetric ligands, especially when combined
with other donor atoms.13

2. Allylic substitution

Carbon–carbon bond formation is one of the most important
reactions in synthetic organic chemistry. One useful and pop-
ular method is the palladium-catalysed allylation,14 e.g., the
Tsuji–Trost reaction,15 and asymmetric versions of this reac-
tion have been extensively studied over the last decade.16

Strategies for controlling enantioselectivity in palladium-
catalysed asymmetric reactions have depended on the design
and application of chiral ligands. Many of the efficient
homo- and hetero-donor chiral ligands such as N/N- (e.g.,
bis-oxazolines17), P/P- (e.g., Trost’s P/P ligands18), and
N/P- (phosphinooxazolines19) types have been exploited.
A particular efficient method of C–C bond formation was
opened up by the reaction of carbon nucleophiles with allyl-
palladium complexes, the generation of which is in situ
accomplished, and requires only a catalytic amount of the
transition metal. Considerable efforts have been devoted to
study the reaction between allylic substrates and nucleo-
philes catalysed by chiral palladium complexes. The palla-
dium-catalysed allylic substitution is one of the catalytic
homogeneous processes that has attracted most attention in
recent decades, and for which the catalytic cycle is well
established (Scheme 1).20
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Scheme 1. Mechanism for Pd-catalysed allylic substitution with soft nucleo-
philes.

This is due in part to the relative ease of isolating catalytic
intermediates, especially the palladium allylic species 1
(Scheme 1), although some related Pd(0) species (2) have
also been characterised in solution.21 The enantioselectivity
of the process with soft nucleophiles (derived from conju-
gated acids with pKa<25) is controlled by the external
nucleophilic attack on the more electrophilic terminal allylic
carbon of 1. The chemo-, regio-, diastereo- and enantioselec-
tivities of this process have been widely analysed, and the
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results applied to the synthesis of target molecules.22 Since
the first enantioselective catalytic process, described by
Trost and van Vranken in 1977,15 the enantioselective allylic
alkylation reaction catalysed by Pd has been of great interest
in recent years, involving many chiral auxiliary ligands,
allowing excellent ees.23 The catalysts often consist of a
palladium complex containing a chiral chelate ligand, but
they can also be in situ generated. The mechanism of this pal-
ladium-mediated allylic reaction is reasonably well under-
stood.24 A chiral Pd(0) olefin complex oxidatively adds the
prochiral allylic acetate to afford an isolable h3-allylic cat-
ionic compound, which is next attacked by the nucleophile.
The most widely investigated sulfur ligands have been the
N/S-donor type,25 often derived from a chiral oxazoline
moiety.26 Oxazolines are known to have several advantages
as sources of chirality, the main one being that they are read-
ily accessible from homochiral amino alcohols, and have
proved to be effective catalysts in a variety of reac-
tions.17,26d,e Furthermore, these ligands are easily modifiable
and can incorporate different donor atoms in the side chains
of the heterocyclic ring.27 Other combinations of donor
atoms with sulfur have also been explored such as chiral
P/S-donor ligands,28 chiral S/O-donor ligands29 and chiral
bis-sulfoxide ligands.30 These processes are commonly
catalysed by palladium systems, but other metals such as
rhodium, platinum, molybdenum, tungsten, nickel, or irid-
ium are also efficient.14d,20,31 The fact that a mixture of dia-
stereomers can be obtained upon coordination of the ligand
(thioether, for example) to a metal can cause a decrease of
stereoselectivity if the relative rates of the intermediates
are similar. In spite of this feature, however, excellent ees
have been achieved. To evaluate the selectivity of a new
chiral ligand for allylic substitutions, the reaction usually
performed, called the test reaction in the text, is the
transformation of rac-1,3-diphenylprop-2-enyl acetate with
dimethyl malonate in the presence of N,O-bis(trimethyl-
silyl)acetamide (BSA) and a base (Scheme 2).

Ph Ph

OAc

+ CH2(CO2Me)2
[Pd/L*]

BSA, KOAc
CH2Cl2

Ph Ph

CH(CO2Me)2
*

Scheme 2. Test reaction: Pd-catalysed allylic alkylation of 1,3-diphenylpro-
penyl acetate with dimethyl malonate.

2.1. S/S-ligands

Very few chiral dithioether ligands have been used, even
though the coordinating capability of thioether donors in
transition-metal complexes is known. An inherent character-
istic of thioether ligands is that, upon coordination to the
metal, the sulfur atom becomes stereogenic. While the close
proximity of the chiral sulfur centre to the coordination
sphere of the transition metal may be beneficial,32 the low
inversion barrier of the sulfur–metal bond may account for
the scarce use of dithioethers in asymmetric catalysis.33

Hence, any attempts to incorporate a thioether into a chiral
ligand must firstly address stereocontrol at the sulfur atom.
Such control may be accomplished by steric bias as the
involvement of efficient catalysts based on chiral mixed
S/P-ligands.
Unlike other homo- and hetero-donor chiral ligands, the S/S-
type ligand has hardly been involved, in spite of having
advantages such as lower cost, toxicity and oxidation poten-
tial. In 2001, Gomez et al. reported the first example employ-
ing C2-symmetric S/S-type ligands 3–10 (Scheme 3) in the
test reaction depicted in Scheme 2.34 For unexplained rea-
sons, the major focus in academia has been on this particular
allylic alkylation, although this system does not seem to have
any industrial importance. These workers showed that the
enantioselectivity could be increased to high values with
the appropriate combination of chiral backbone rigidity and
substituent at the sulfur atom (Scheme 3). The modest asym-
metric induction observed (up to 81% ee) was owing to the
donor sites being insufficiently different for discrimination
between both terminal allylic carbons in the intermediate.

O

O
SR
SR

O

O
S
S (CH2)n

BnN
SR

SR

L* = 3: R = Ph
L* = 4: R = i-Pr

L* = 5: n = 2
L* = 6: n = 3

L* = 7: R = Ph
L* = 8: R = i-Pr
L* = 9: R = 2-Naph
L* = 10: R = o-t-BuC6H4

L* = 3: 0% ee = 0%
L* = 4: 74% ee = 27% (R)
L* = 5: 100% ee = 13% (S)
L* = 6: 100% ee = 42% (S)
L* = 7: 100% ee = 81% (S)
L* = 8: 100% ee = 30% (S)
L* = 9: 80% ee = 76% (S)
L* = 10: 56% ee = 76% (S)

Pd = [Pd(C3H5)Cl]2

Scheme 3. Chiral dithioether ligands.

In order to rationalise these results, the same authors have
studied more examples of palladium systems, in which sys-
tematic changes of chelate ring size and electronic and steric
effects of the sulfur substituents were performed.35 In the
course of this systematic study, novel chiral dithioether
ligands were shown to afford high activities and excellent
selectivities in all palladium-catalysed allylic reactions
(Scheme 4). The study of the allylic intermediates, which
were fully characterised both in solution and in the solid
state, has demonstrated that the selectivity in the palla-
dium-catalysed allylic alkylation containing homo-donor di-
thioether ligands could be controlled by the thermodynamics
of the palladium diastereomer formation (high-energy bar-
rier between Pd isomers, as is the case for these new ligands),
or by the kinetics of the nucleophilic attack (low-energy bar-
rier among the palladium species), depending on the nature
of the metallacycle.

In 2003, Nakano et al. planned to synthesise novel chiral
S/S-type ligands having a borneol backbone and without
C2-symmetry.36 These readily prepared chiral sulfideoxa-
thiane ligands 11–14 were shown to give excellent enantio-
selectivity (up to 99% ee) in the palladium-catalysed allylic
alkylation of 1,3-diphenyl-2-propenyl acetate with a range
of alkyl malonate nucleophiles (Scheme 5).
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Ph Ph
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+
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Ph Ph
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L* = 11, R1 = H, R2 = Me:  100% ee = 57% (R)
L* = 12, R1 = H, R2 = Me:  100% ee = 94% (R)
L* = 13, R1 = H, R2 = Me:  100% ee = 49% (S)
L* = 14, R1 = H, R2 = Me:  100% ee = 75% (S)
L* = 12, R1 = H, R2 = Me:  100% ee = 93% (R)
L* = 12, R1 = Me, R2 = Me:  96% ee = 96% (S)
L* = 12, R1 = Me, R2 = Et:  96% ee = 99% (S)

Pd = [Pd(C3H5)Cl]2
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Scheme 5. Chiral sulfideoxathiane ligands in Pd-catalysed allylic alkyl-
ations.

As previously mentioned, an inherent characteristic of the
thioether ligands is that, upon coordination to the metal, the
sulfur atom becomes stereogenic. While the close proximity
of the chirality to the coordination sphere of the transition
metal may be beneficial, the low inversion barrier of the
sulfur–metal bond may be responsible for the poor results
observed. In this context, Khiar et al. have reported the syn-
thesis of C2-symmetric bis-thioglycosides as new ligands for
the test reaction depicted in Scheme 2 (Scheme 6).37 The
sugar residue was intended to provide a well-defined chiral
environment, while the control of the sulfur configuration
was expected, due to stereoelectronic factors acting at the
anomeric centre.

Although the use of chiral sulfoxides as chiral controllers in
asymmetric synthesis is well documented, their utilisation as
ligands in asymmetric catalysis has met with little success.11

In 2005, Khiar et al. reported the synthesis of C2-symmetric

Ph Ph + CH2(CO2Me)2
[Pd/L*]

BSA, KOAc
CH2Cl2

Ph Ph

Pd = [Pd(C3H5)Cl]2

SR SR

R = Ph: 100% ee = 26%
R = i-Pr: 93% ee = 56%
R = t-Bu: 95% ee = 70%

L* =

+ CH2(CO2Me)2
[Pd/L*]

BSA, KOAc

AcO

(CO2Me)2HC

OAc (MeCO2)2HC

R = Ph: 72% ee = 27% 
R = i-Pr: 98% ee = 21%
R = t-Bu: 93% ee = 20%

Pd = [Pd(C3H5)Cl]2

Scheme 4. Chiral dithioether ligands in Pd-catalysed allylic alkylations.
bis-sulfoxides, but, surprisingly, when used as chiral ligands
in the palladium-catalysed asymmetric alkylation of 1,3-di-
phenylpropenyl acetate with dimethyl malonate, they were
completely inactive,38 whereas the corresponding C2-sym-
metric bis-thioethers afforded the (R)-isomer with 42% ee.

2.2. S/P-ligands

The incorporation of C2-symmetry into chiral ligand design
is a well-recognised strategy for restricting the number of
diastereomeric transition states in metal-catalysed enantio-
selective processes.39 Equally powerful stereochemical re-
strictions may also be realised with chiral ligands lacking
C2-symmetry through the use of electronic effects such as
the trans influence.5 Such effects are a natural consequence
of the use of chiral bidentate ligands equipped with strong
and weak donor heteroatom pairs (e.g., PR3/NR3, PR3/
SR2). Such electronic effects have the potential to influence
both the stability and reactivity of the intervening diastereo-
meric reaction intermediates in the catalytic cycle. While
mixed P/N-bidentate ligands have been applied in enantio-
selective palladium-catalysed nucleophilic alkylation, chiral
thioether-containing donor ligands and, more generally, P/S-
ligands have been less well developed. In 1999, Evans et al.
reported a new class of mixed P/S-ligands incorporating
a metal-bound thioether as a chiral control element in asym-
metric catalysis.13c The utility of these thioether-phosphinite
ligands 15–17 was illustrated in the palladium-catalysed al-
lylic alkylation with enol-malonate and amine nucleophiles
(Scheme 7).

After a systematic variation of the ligand substituents at sul-
fur, phosphorus and the ligand backbone, the P/S-ligand 16a
was found to be optimal in the palladium-catalysed allylic
substitution of 1,3-diphenylpropenyl acetate with dimethyl
malonate or benzylamine.40 A similar optimisation of the
mixed P/S-ligand for the palladium-catalysed allylic substi-
tution of cycloalkenyl acetates showed that the ligand 15b
afforded the highest enantioselectivities (91–97% ees). Ap-
plication of this methodology to heterocyclic substrates
was developed as an efficient approach to the enantioselec-
tive synthesis of 3-substituted piperidines and dihydrothio-
pyrans (Scheme 8). The authors could furthermore prove
the contribution of sulfur in the coordination of the palla-
dium atom by X-ray analysis of crystals of these chiral
organometallic complexes.

In order to involve organosulfur functionality as an alterna-
tive enantiocontrollable coordinating element in chiral phos-
phine ligands, Hiroi et al. have reported the synthesis of
(S)-proline-derived phosphines bearing organosulfur groups
18–22, and their successful use as chiral ligands in the test re-
action depicted in Scheme 2 (Scheme 9).41 A nine-membered

R = Bn: ee = 38%
R = Bz: ee = 72%
R = Piv: ee = 90%

Pd = [Pd(C3H5)Cl]2

O S S O

OR

RO
RO

OR RO OR
OR

OR
L* =

Scheme 6. C2-Symmetric bis-thioglycoside ligands.
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chelate was proposed to be formed by coordination of the
organosulfur functionality and the phosphine group to the
palladium catalyst.

The test reaction (Scheme 2) was performed by Yan and
RajanBabu in the presence of monophospholanes bearing
a pendant t-BuS group, demonstrating that chirality of the
C3 and C5 oxygens played a crucial role in the asymmetric
induction (Scheme 10).42

In 2001, Imamoto et al. reported the preparation of novel
chiral P/S-bidentate ligands containing a chirogenic centre
at the phosphorus atom and their stereoinduction capability
in palladium-catalysed asymmetric allylic substitution reac-
tions (Scheme 11).43
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Scheme 7. Chiral mixed P/S-ligands for Pd-catalysed allylic alkylations and
aminations.
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Scheme 8. Chiral mixed P/S-ligands for Pd-catalysed allylic substitution of
cycloalkenyl acetates.
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CH2(CO2R)2

*
P SR2

( )n
R1

R = Me, R1 = t-Bu, R2 = Ph, n = 1: 94% ee = 85% (R)
R = R1 = t-Bu, R2 = Ph, n = 1: 99% ee = 90% (R)
R = Me, R1 = t-Bu, R2 = Ph, n = 2: 85% ee = 71% (S)
R = R1 = t-Bu, R2 = Ph, n = 2: 50% ee = 74% (S)
R = Me, R1 = t-Bu, R2 = Tol, n = 1: 81% ee = 59% (R)
R = Me, R1 = t-Bu, R2 = Bn, n = 1: 90% ee = 48% (R)
R = Me, R1 = Ad, R2 = Ph, n = 1: 99% ee = 65% (R)

L* =

Scheme 11. P-chirogenic P/S-ligands for Pd-catalysed allylations.

The preparation of BINAP reported in 1980 has marked a
landmark in asymmetric catalysis and has illustrated the

Pd = [Pd(C3H5)Cl]2

O

N

SR H
PPh2
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a: R = Me
b: R = Et
c: R = n-Pr
d: R = i-Pr
e: R = Ph
f: R = Bn
g: R = CH2

O

N

S H
PPh2EtO

19

N

SR H
PPh2

20

N

S H
PPh2

21

O

Ts
N

S H
PPh2

22

O Ts

L* = 18a: 65% ee = 62% (S)
L* = 18b: 72% ee = 72% (S)
L* = 18c: 68% ee = 77% (S)
L* = 18d: 54% ee = 31% (S)
L* = 18e: 42% ee = 41% (R)
L* = 18f: 76% ee = 84% (S)
L* = 18g: 59% ee = 88% (S)
L* = 19: 72% ee = 60% (S)
L* = 20a: 76% ee = 82% (R)
L* = 20b: 74% ee = 87% (R)
L* = 21: 69% ee = 59% (R)
L* = 22: 76% ee = 79% (R)

a: R = Me
b: R = Ph

Scheme 9. (S)-Proline-derived sulfur-containing phosphines as chiral
ligands.
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 99% ee = 44% (S)

 98% ee = 60% (R)

 97% ee = 31% (S)

Scheme 10. Chiral monophospholanes with a pendant t-BuS group.
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peculiar stereorecognitive properties inherent with the axi-
ally chiral 1,10-binaphthalene framework. Since then, a great
deal of work has been devoted to the preparation of binaph-
thalene-templated ligands of related design. These efforts
have resulted in the generation of a library of bidentate
binaphthyl ligands, featuring equal (or diverse) substituents
with the same (or different) donors on the 2,20-positions of the
binaphthalene backbone. In this context, Gladiali et al. have
developed an axially chiral P/S-heterodonor ligand based on
a binaphthalene backbone, which was further submitted to
the test palladium-catalysed allylic alkylation (Scheme 2),
providing a 60% ee and a quantitative yield (Scheme 12).44

In 2004, Zhang and Shi extended the scope of this reaction
to various P/S-ligands (BINAPS) with different alkyl groups
on the sulfur atom.45 It was demonstrated that an alkyl group
on the sulfur atom acted as a key factor in forming the reversal
of the enantioselectivity. The steric bulkiness of an (S)-alkyl
group in the BINAPS was sufficient to control the orientation
of the nucleophilic attacks to give the product with a different
absolute configuration (Scheme 12).

Pd = [Pd(C3H5)Cl]2

Si-Pr
PPh2

(R)

100% ee = 60% (R)

PPh2

PPh2

(S)

S

62% ee = 80% (S)
ee of unreacted
substrate (R) > 98%

SR
PPh2

(S)

R = Me: 96% ee = 96% (S)
R = Bn: 90% ee = 77% (S)
R = CHPh2: 68% ee = 33% (R)

L* =

L* =

L* =

in presence of LiOAc:

R = i-Pr: 95% ee = 72% (R)

in presence of KOAc:

Scheme 12. P/S-heterodonor ligands (BINAPS).

In addition, another BINAP-derived P/S-ligand was devel-
oped by Faller et al., demonstrating that this palladium-
catalysed allylic alkylation could also be used to achieve
effective kinetic resolution of acyclic allylic acetates, since
the unreacted allylic acetate was recovered in >98% ee
(Scheme 12).46

Since carbohydrates constitute an inexpensive and highly
modular chiral source for preparing ligands, Claver et al.
have reported the use of a series of thioether-phosphite47

and thioether-phosphinite furanoside ligands48 in the test
palladium-catalysed allylic substitution reaction (Scheme
2). In the first type of ligand, a systematic variation of the
donor group attached to the carbon atom C5 indicated that
the presence of a bulky phosphite functionality had a positive
effect on the enantioselectivity. Indeed, the enantioselectivity
was controlled mainly by the phosphite moiety. This was
confirmed by the use of a ligand containing the smaller un-
substituted biphenol moiety, which resulted in a drop in the
ee value from 58 to 3% (Scheme 13). Interestingly, the thio-
ether-phosphinite ligands showed a much higher degree of
enantioselectivity and higher reaction rates than their thio-
ether-phosphite analogues (Scheme 13). In this case, the ees
were strongly dependent on the steric proprieties of the sub-
stituent in the thioether moiety of the carbohydrate backbone.

O
RS

OO

O
P

O

O

R1
R2

R2

R1

R = Ph, R1 = R2 = t-Bu: 58% ee = 58% (S)
R = i-Pr, R1 = R2 = t-Bu: 23% ee = 54% (S)
R = Ph, R1 = R2 = H: 100% ee = 3% (S)

L* =

O
RS

OO

O
P

Ph

Ph
L* =

R = i-Pr: 100% ee = 93% (S)
R = Me: 91% ee = 61% (S)
R = Ph: 90% ee = 47% (S)

Scheme 13. Furanoside thioether-phosphite or -phosphinite ligands.

On the other hand, a novel chiral xylofuranose-based phos-
phinooxathiane ligand was found by Nakano et al. to provide
high levels of enantioselectivity (up to 94% ee) in palladium-
catalysed asymmetric allylic alkylations and aminations
(Scheme 14).49 These authors have previously reported the
synthesis of other phosphinooxathiane ligands such as
norbornane- and pulegone-based phosphinooxathianes, and
their successful application to the test reaction.50 In 2005,
these results were further extended to the synthesis of related
polymer-supported chiral phosphinooxathiane ligands,
which were found to provide high levels of enantioselectiv-
ity (up to 99% ee) in palladium-catalysed asymmetric allylic
alkylations and aminations.51

Ph Ph

OAc
+

[Pd/L*]
BSA, KOAc

CH2Cl2
Ph Ph

Nu

Pd = [Pd(C3H5)Cl]2

Nu *

PPh2

O

S O

O

O
L* =

Nu = CH2(CO2Me)2: 93% ee = 90% (S)
Nu = BnNH2: 60% ee = 85% (R)
Nu = potassium phthalimide: 90% ee = 90% (R)

Scheme 14. Xylofuranose-based phosphinooxathiane ligands for Pd-
catalysed allylations and aminations.

In 2005, Khiar et al. reported the preparation and use of other
novel phosphinite thioglycosides, showing that bulky alkyl
thioglycosides such as the tert-butyl thioglycoside, depicted
in Scheme 15 allowed the syntheses of the expected alky-
lated and aminated products in, respectively, 92 and 94%
ees in the palladium-catalysed allylic substitutions.52

Although a large variety of structurally diverse ligands have
already been tested in asymmetric catalysis, the cyclopropane
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skeletons have received relatively little attention to date. In
this context, Molander et al. have developed the synthesis
of a series of new chiral cyclopropane-based P/S-ligands
and have evaluated them in the test palladium-catalysed
allylic alkylation reaction.53 Variations of the ligand substit-
uents at phosphorus, sulfur and the carbon backbone
revealed the ligands depicted in Scheme 16 to have the
optimal configuration for the test reaction.

PPh2

SR

R = 2,6-(Me)2Ph: > 95% ee = 74% (R)
R = Et: > 95% ee = 91% (R)
R = Me: > 95% ee = 93% (R)

L* =

Scheme 16. Cyclopropane-based P/S-ligands.

Recent studies have reported good results by using metals
other than palladium. As an example, Pregosin et al. have per-
formed rhodium- and iridium-catalysed asymmetric allylic
alkylations in the presence of chiral phosphito-thioether li-
gands.54 More recently, Takemoto et al. have developed an
elegant synthesis of b-substituted a-amino acids on the basis
of the first iridium-catalysed asymmetric allylic substitutions
of diphenylimino glycinates with allylic phosphates by using
a chiral bidentate phosphite bearing a 2-ethylthioethyl group
as the chiral ligand (Scheme 17).55

O

O
P O(CH2)2SEt

N

Ph

Ph CO2t-Bu
Ph

OX
+

[Ir(cod)Cl]2
KOH

CO2t-Bu

Ph

NPh

Ph

major

CO2t-BuNPh

Ph
Ph

minor

+

X = Bz: 11% (73:27) ee (major) = 93% ee (minor) = 25%
X = P(O)(OEt)2: 82% (82:18) ee (major) = 97%
ee (minor) = 66%

L* =

L*

Scheme 17. Synthesis of b-substituted a-amino acids through Ir-catalysed
asymmetric allylic substitutions.

Ph Ph

OAc
+

[Pd/L*]

BSA, KOAc
CH2Cl2

Ph Ph

Pd = [Pd(C3H5)Cl]2

Nu *

L* =

Nu = CH2(CO2Me)2: 100% ee = 92% (S)
Nu = BnNH2: 100% ee = 94% (R)

O
OAcO

O St-Bu
O

Ph2P

Nu

Scheme 15. Phosphinite thioglycoside ligands for Pd-catalysed allylation
and amination.
2.3. S/N-ligands

Chiral oxazoline ligands derived from readily available
amino acids have found widespread use in metal-catalysed
asymmetric reactions, although only a few oxazoline ligands
bearing sulfur-functional groups have been reported for
these reactions. In 1999, Ikeda et al. reported a new type
of sulfur-oxazoline ligands with an axis-fixed or -unfixed bi-
phenyl backbone.56 These ligands, depicted in Scheme 18,
were evaluated for the test palladium-catalysed asymmetric
allylic alkylation reaction (Scheme 2). It was found that axial
chirality of the biphenyl backbone in the ligands exerted
a considerable influence on the catalytic activity, and the
alkylthio group similarly influenced the enantioselectivity.
Those ligands, which have a free-rotation biphenyl axis af-
fording only one of two possible diastereomeric complexes
with palladium showed the highest catalytic activity and
enantioselectivity.

R'S

O

N
R

R = i-Pr, R' = Me: 93% ee = 82% (S)
R = t-Bu, R' = Me: 91% ee = 73% (S)

L* =

Scheme 18. Axial sulfur-oxazoline ligands with a biphenyl backbone.

In the same context, novel chiral binaphthalene-core ligands,
in which an oxazoline pendant was flanked by a sulfur group
such as that depicted in Scheme 19, have been prepared and
successfully involved in the test reaction (Scheme 2).57

N

O

SMe
L* =

70% ee = 66% (S)

Scheme 19. Binaphthalene-templated N/S-ligand with an achiral oxazoline
pendant.

In contrast to the large number of chiral pyridine derivatives
used as ligands for metal complexes in asymmetric catalysis,
only a few examples of chiral sulfur-containing pyridine li-
gands have so far been reported such as pyridine thioethers
derived from (+)-camphor, which are depicted in Scheme
20, and which were assessed in the test reaction, providing
enantioselectivities of up to 76%.58 The related 2,20-bipyri-
dine thioethers were also prepared, but, showed a lower ste-
reodifferentiating capability in the test reaction (Scheme 2).

L* =

76% ee = 39% (R)

N Ph

SPh

Scheme 20. (+)-Camphor-derived pyridine thioether.

The test reaction was also investigated by Anderson et al.
employing chiral imine-sulfide ligands derived from amino
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acids.59 The ligand of choice, depicted in Scheme 20, (S)-N-
20-chlorobenzylidene-2-amino-3-methyl-1-thiophenylbutane,
readily prepared from (S)-valinol, led to a 94% ee. The
authors were able to isolate and characterise a Pd-allyl inter-
mediate by X-ray diffraction. The corresponding amidine
ligands were studied by Morimoto et al., giving excellent
results for the palladium-catalysed allylic alkylation of
1,3-diphenylpropenyl pivalate with dimethyl malonate
(Scheme 21).60

L* =
i-Pr

SPhN
R

R = Ph: 86% ee = 89% (R)
R = p-O2NC6H4: 77% ee = 82% (R)
R = p-MeOC6H4: 85% ee = 88% (R)
R = p-ClC6H4: 78% ee = 89% (R)
R = Me: 88% ee = 84% (R)
R = 1,2,6-Me3NC6H2: 90% ee = 84% (R)
R = o-ClC6H4: 87% ee = 94% (R)

L* =
i-Pr

SArN
Me2N

with 1,3-diphenylpropenyl pivalate:

Ar = Ph: 75% ee = 86% (R)
Ar = p-FC6H4: 45% ee = 91% (R)
Ar = p-MeOC6H4: 93% ee = 84% (R)

with 1,3-diphenylpropenyl acetate:

Scheme 21. Imine-sulfide ligands for Pd-catalysed allylic alkylation of 1,3-
diphenylpropenyl alkanoates with dimethyl malonate.

The first successful use of simple 1,2-aminothioethers as
hybrid ligands in the test reaction was reported by Bulman
Page et al.61 In this work, the involvement of 2-[2-thio-
ethyl]tetrahydroisoquinoline derivatives, readily available
from the norephedrine-derived iminium salt, as ligands
resulted in quantitative yields and ees of up to 72%. Other
heterobidentate sulfide-tertiary amine ligands, incorporating
1,2-aminothioethers derived from ephedrine and pseudo-
ephedrine, have been prepared and used successfully in
the test reaction, giving ees of up to 89% (Scheme 22).62

The enantioselectivities observed did not seem to be greatly
dependent upon the nature of the group at the nitrogen atom.

N St-Bu
R

Ph

R = Me: 7% ee = 87% (S)
R = Bn: 35% ee = 78% (S)
R = t-Bu: 98% ee = 89% (S)
R = C(Me)2Ph: 10% ee = 77% (S)
R = CH(Ph)2: 20% ee = 82% (S)

L* =

Scheme 22. Sulfide-tertiary amine ligands incorporating 1,2-amino-
thioethers.

On the other hand, good enantioselectivities (up to 74% ee),
and almost quantitative yields in all cases, were obtained for
the test reaction using a new class of N/S-ligands developed
by Bonini et al. in 2004 (Scheme 23).63 These latter ligands
included rigid cyclopenta[b]thiophene and oxazoline moie-
ties as sources of chirality, the sulfur atom being part of a
strong p-donor structure. In 2005, the same group reported
new chiral oxazoline-1,3-dithianes (Scheme 23) as new effi-
cient N/S-donating ligands for the test reaction, providing al-
most quantitative yields and up to 90% enantioselectivity.64
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R = αi-Pr: 95% ee = 66% (S)
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R = Me, R' = i-Pr: 96% ee = 62% (S)
R = Me, R' = t-Bu: 96% ee = 90% (S)
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R = Me: 98% ee = 48% (S)
R = Ph: 98% ee = 74% (R)

S S

S S
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Scheme 23. Cyclopenta[b]thiophene-alkyloxazoline ligands.

In 2002, Gomez et al. reported the synthesis of chiral bis-
oxazoline ligands with a biphenyl backbone.65 When
thioether groups were present on the oxazoline moieties,
N/S-bidentate bimetallic complexes were involved in order
to explain the good enantioselectivity (up to 89% ee)
observed for the test reaction.

Simpler chiral pyrrolidine thioethers, reported in 2004 by
Skarzewski et al., proved to be effective ligands in the test
reaction (Scheme 2).66 The sense of the stereoinduction
was in agreement with the nucleophilic attack directed at
the allylic carbon located trans to the sulfur atom in the
intermediate complex (Scheme 24).

NBn
RS

SR = αSPh: 75% ee = 90% (S)
SR = βSPh: 73% ee = 90% (R)
SR = βS(2-Naph): 78% ee = 90% (R)
SR = αS(2-Naph): 78% ee = 87% (S)

NBn

SPh
NBn

PhS

PhS
O

78% ee = 79% (R)71% ee = 88% (R)

L* =

L* = L* =

Scheme 24. Pyrrolidine thioether ligands.

In order to study the role of the [2.2]paracyclophane-type
planar chirality in asymmetric induction, Hou et al. have de-
veloped the synthesis of novel N/S-chiral [2.2]paracyclo-
phane ligands with planar and central chirality based on
the [2.2]paracyclophane backbone.67 These ligands, bearing
the two coordinating atoms at the benzylic and benzene
ring positions, have shown excellent enantioselectivity (up
to 94% ee) and reactivity in Pd-allylic alkylation reactions.
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In addition, a large number of chiral bidentate ligands with
a chiral sulfoxide and another heteroatom were synthesised
and evaluated by Hiroi’s group.41e,f

In a different context, B€ackvall et al. have reported another
kind of substitution, the arenethiolatocopper(I)-catalysed
substitution reaction of Grignard reagents with allylic sub-
strates, providing the corresponding g-products in ees of
up to 50% (Scheme 25).68

OAc RMgX+

R
*

R = n-Bu, X = I: 100% ee = 42%
R = n-Bu, X = Br: 92% ee = 30%
R = i-Pr, X = I: 100% ee = 29%
R = i-Bu, X = Br: 56% ee = 40%

L* =

SCu NMe2

L*

Scheme 25. Arenethiolatocopper(I)-catalysed substitution reaction of
RMgX with allylic substrates.

2.4. Sulfur-containing P/N-, P/O-, and N/N-ligands

In 2003, a novel class of P/N-sulfinyl-imine ligands, incorpo-
rating chirality at sulfur, was evaluated for the test reaction
(Scheme 2).69 The first crystal structure of a Pd-bound sulfi-
nyl-imine provided insight into the binding mode and origins
of the stereoselectivity. This structure confirmed that the
ligand bound to palladium through phosphorus and nitrogen
to form a six-membered ring chelate (Scheme 26).

P(o-Tol)2

N S
O

t-Bu

95% ee = 94% (R)

P

N S
O

t-Bu

o-Tol o-Tol
Pd

+ PF6
-

L* =

Scheme 26. A P/N-sulfinyl-imine ligand.

New asymmetric sulfur-containing oxazoline ligands have
been described by Schulz et al.70 Their structure included
a dibenzothiophene or benzothiophene ring as backbone,
in which the sulfur atom was enclosed in a strong p-donor
structure. These ligands have been successfully tested
in asymmetric palladium-catalysed allylic substitutions,
leading to the expected products with ees of up to 77%
(Scheme 27).

S

N OO N

R R
* *

R = (R)-i-Pr: 100% ee = 77% (R)
R = (S)-Ph: 39% ee = 28% (S)
R = (R)-t-Bu: 50% ee = 51% (R)

L* =

Scheme 27. Dibenzothiophene-bis-oxazoline ligands.
In the same way, Masson et al. have studied new chiral thi-
azoline-containing ligands, analogues of known oxazolines,
and showed their capability to act as chiral catalysts in the
test reaction depicted in Scheme 2 (Scheme 28).71 Similarly,
a new chiral bis-benzothiazine ligand was reported by Har-
mata and Ghosh and successfully applied to the test reaction
(Scheme 28).72

R = Et, R' = Me: 90% ee = 87% (S)

L* =

R' R'
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N N
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+

+

(R,R)-L*: 90% ee = 82% (S)
(S,S)-L*: 90% ee = 80% (R)

L* =

Scheme 28. Bis-thiazoline or bis-benzothiazine ligands.

Sulfoximines bearing a chiral sulfur atom have emerged re-
cently as valuable ligands for metal-catalysed asymmetric
synthesis.73 In particular, C2-symmetric bis-sulfoximines
such as those depicted in Scheme 29 were applied to the
test palladium-catalysed asymmetric alkylation reaction
(Scheme 2), achieving enantioselectivities of up to 93%.74

N N SS
O

R2
R1

O

R1R2

R1 = Me, R2 = Ph: 70% ee = 76% (S)
R1 = i-Pr, R2 = Ph: 78% ee = 76% (S)
R1 = c-Pent, R2 = Ph: 75% ee = 93% (S)

L* =

Scheme 29. C2-Symmetric bis-sulfoximine ligands.

In 2005, Reetz et al. prepared BINOL-derived N-phosphino
sulfoximines for the first time, and evaluated them as ligands
for the test reaction, resulting in �66% ees.75 It was not
clear, in this case, whether the ligand was monodentate at
phosphorus, or whether it underwent a P/O-chelation.

2.5. Sulfur-containing ferrocenyl ligands

Chiral ferrocene ligands have been widely used in asymmet-
ric catalysis. In particular, numerous reports are available on
the chemistry of allylic alkylations using ferrocenyl li-
gands.76 The advantages of using ferrocene as a scaffold
for chiral ligands are its planar chirality, rigid bulkiness,
stability, inherent special electronic and stereochemical
properties and ease of derivatisation. In recent years, various
sulfur-containing chiral ferrocene derivatives have been suc-
cessfully implicated in the test reaction (Scheme 2) such as
chiral 1-oxazolinyl-10-(phenylthio)ferrocenes,77 which gave
modest results, whereas high enantioselectivity was ob-
tained by using thioether derivatives of ferrocenyloxazolines
with central and planar chiralities13b (Scheme 30).

Several groups have reported the synthesis of various chiral
P/S-ferrocenyl ligands (Scheme 31) and have investigated
them in the test reaction. As an example, Enders et al. have
employed novel bidentate planar ferrocenyl ligands, bearing
a stereogenic centre at the b-position to the metallocene
backbone, which led to quantitative yields and ees of up to
97%.78 Similar results were observed by Dai et al. using other
planar chiral P/S-bidentate ferrocenyl ligands, prepared from
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the commercially available starting material, N,N-dimethyl-
(S)-a-ferrocenylethylamine.79 In addition, readily available
1-phosphino-2-sulfenylferrocenes, possessing planar chiral-
ity as the only source of chirality, were reported by Carretero
et al., providing very high enantioselectivities in the test
reaction.80 Very recently, Manoury et al. have reported vari-
ous new chiral ferrocenyl-phosphine thioethers and -thio-
phosphine thioethers having only a planar chirality, which
proved to be successful in the test reaction (Scheme 2).81

FeL* =

E1 = SMe, E2 = PPh2, R = Et: 99% ee = 97% (R)
E1 = SMe, E2 = PPh2, R = Me: 98% ee = 91% (R)
E1 = Si-Pr, E2 = PPh2, R = Me: 99% ee = 80% (R)
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R = Et: 97% ee = 90% (S)
R = c-Hex: 90% ee = 87% (S)
R = Bn: 88% ee = 91% (S)
R = Ph: 93% ee = 88% (S)

SR

Scheme 31. P/S-ferrocenyl ligands.

Moreover, a few chiral ferrocenylsulfur-imine ligands were
investigated in the palladium-catalysed asymmetric allylic
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R1 = t-Bu, R2 = Ph: 98% ee = 98% (S)
R1 = i-Pr, R2 = Me: 98% ee = 82% (S)
R1 = i-Pr, R2 = p-Tol: 98% ee = 90% (S)
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R = t-Bu: 98% ee = 90% (S)

Scheme 30. Sulfur-containing ferrocenyloxazoline ligands.
alkylation of 1,3-diphenylpropenyl acetate, and cyclohex-
enyl acetate, with dimethyl malonate (Scheme 32).79,82,83

FeL* = SPh
N

NO2

32% ee = 82% (R)

reaction of cyclohexenyl acetate 
with dimethyl malonate:

FeL* = Sp-Tol

NR

H
R = p-Me2NC6H4: ee = 72% (R)
R = p-MeOC6H4: ee = 70% (R)
R = Bn: ee = 60% (R)
R = (R)-CH(Me)Ph: ee = 60% (R)

FeL* =
N Ph

PhS

90% ee = 86% (R)

reaction of 1,3-diphenylpropenyl acetate 
with dimethyl malonate:

FeL* =

S
N

R

CHPh

R = Ph: 90% ee = 78% (R)
R = t-Bu: 85% ee = 99% (R)
R = i-Pr: 90% ee = 92% (R)

Scheme 32. Ferrocene-based sulfur-imine ligands for Pd-catalysed allylic
alkylations.

The first monosubstituted ferrocene derivatives containing
chiral amino-sulfide backbones in the side chain were re-
ported by Bonini et al.83 These ligands were compared for
their efficiency in the test reaction to the known families of
ligands, providing asymmetric induction of up to 99% ee
(Scheme 33).

FeL* =

S
NMeR

Ph

R = H: 87% ee = 43% (S)
R = Me: 88% ee = 99% (S)

FeL* =

S
NMe2

R2

R1R3

R4

R1 = Ph, R2 = Me, R3 = R4 = H: 88% ee = 99% (S)
R1 = R2 = Ph, R3 = R4 = H: 99% ee = 79% (S)
R1 = R2 = H, R3 = R4 = Ph: 96% ee = 77% (R)
R1 = R 3 = R4 = H, R2 = Ph: 96% ee = 99% (S)

Scheme 33. b-Aminoalkyl ferrocenyl sulfide ligands.

Although, many excellent results have been observed using
planar chiral ferrocenyl ligands, Toru et al. reported in 2004
the first chiral ferrocenyl ligand bearing a chiral sulfinyl
group as the sole chirality.84 These new chiral 1-phosphinyl-
10-sulfinylferrocene ligands were evaluated in the standard
reaction (Scheme 34).

In addition, B€ackvall et al. reported in 2001 the application of
ferrocenylthiolates as ligands in copper-catalysed substitution
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reactions of allylic acetates with Grignard reagents, provid-
ing a good enantioselectivity (Scheme 35).85 Neutral
thioether ligands were not suitable for this other type of
reaction, showing the importance of anionic coordination
to copper.

FeL* = SLi

NMe2

(R,Sp)

c-Hex OAc + RMgX
L*

c-Hex

R

R = n-Bu, X = I: 88% ee = 64%
R = Et, X = I: 55% ee = 62%
R = n-Pr, X = I: 77% ee = 54%
R = i-Pr, X = Br: 51% ee = 52%
R = Me, X = I: 42% ee = 44%

Scheme 35. Cu-catalysed substitution of allylic acetates by RMgX with
ferrocenylthiolate ligands.

3. Hydrogenation

The asymmetric hydrogenation of prochiral compounds
catalysed by chiral transition-metal complexes has been in
widespread use in stereoselective organic synthesis, and
some processes have found industrial applications.86 Over
the years, the scope of this reaction has been gradually ex-
tended in terms of both the reactant structure and the catalyst
efficiency. Although phosphorus ligands such as diphos-
phines and diphosphinites are among the most widely used
chiral ligands in this process,87 mixed donor ligands have
only recently demonstrated their potential utility. In particu-
lar, the hydrogenation of unsaturated substrates using
complexes with chiral sulfur donor ligands has recently
been reported in the literature. In 1999, Hauptman et al. re-
ported the rhodium-catalysed asymmetric hydrogenation of
a-enamide esters in the presence of P/S-ligands, in which the
sulfur group was a sulfide, providing only low to moderate
ees (ranging from 5 to 51%).88 In general, of the few mixed
phosphorus-thioether ligands, which have been used in this
process, the thioether–phosphinite ligands have shown the
best results in asymmetric hydrogenation. Hence, a new
class of thioether-phosphinite ligands, developed by Evans
et al., has recently proved to be very efficient for the rho-
dium-catalysed asymmetric hydrogenation of a variety of
a-acylaminoacrylates (Scheme 36).89

In order to extend the success encountered with the thio-
ether-phosphinite ligands, Di�eguez et al. have recently

FeL* =

S
O

Ar

PPh2

Ar = Ts: 82% ee = 58% (R)
Ar = p-MeOC6H4: 99% ee = 56% (R)
Ar = p-ClC6H4: 45% ee = 25% (R)
Ar = 1-Naph: 96% ee = 68% (R)

Scheme 34. 1-Phosphinyl-10-sulfinylferrocene ligands.

H. Pellissier / Tetrahedr
developed the synthesis of carbohydrate-based thioether-
phosphinite ligands, since carbohydrate ligands are known
to be highly effective ligands for asymmetric hydrogena-
tion.90 Hence, thioether-phosphinite ligands, containing a fu-
ranoside as a simple, but effective, backbone, were tested in
the rhodium- and iridium-catalysed asymmetric hydrogena-
tion of a-acylaminoacrylates and itaconic acid derivatives,
providing high enantioselectivities (Scheme 37). In 2000,
the same group investigated the corresponding thioether-
phosphite ligands for the asymmetric iridium-catalysed
hydrogenation of itaconic acid, giving good conversions
and enantioselectivities of up to 51%.91
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Scheme 37. Hydrogenation of prochiral olefins with furanoside thioether-
phosphinite ligands.

Other S/P-ligands derived from carbohydrates, and depicted
in Scheme 38, were found to be efficient catalysts for the
rhodium-catalysed methyl acetamidocinnamate hydrogena-
tion, leading to protected (S)-phenylalanine in quantitative
yield and in 92% ee.52 The use of 2-phosphinite tert-butyl-
thioarabinoside as ligand afforded the (R)-isomer in 92% ee.

R
CO2Me

NHAc R
CO2Me

NHAc[(L*)Rh(cod)]SbF6

H2,THF, 20 °C

i-Pr

Ph2PO

SR'

Ph2PO

St-Bu

L* =

L* =

R = Ph: ee = 97% (S)
R = p-MeOC6H4: ee = 96% (S)
R = m-BrC6H4: ee = 94% (S)
R = p-F,m-NO2MeOC6H3: ee = 92% (S)
R = Me: ee = 97% (S)
R = Et: ee = 94% (S)
R = i-Pr: ee = 89% (S)

R = Ph: ee = 97% (R)
R = p-MeOC6H4: ee = 98% (R)
R = m-BrC6H4: ee = 95% (R)
R = p-F,m-NO2MeOC6H3: ee = 94% (R)
R = Me: ee = 98% (R)
R = Et: ee = 94% (R)
R = i-Pr: ee = 36% (R)

100%

R' = 3,5-(Me)2C6H3

Scheme 36. Hydrogenation of substituted a-acylaminoacrylates with thio-
ether-phosphinite ligands.
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Scheme 38. Hydrogenation of methyl acetamidocinnamate with P/S-ligands
from carbohydrates.

In 1999, Ruiz et al. reported the synthesis of the first family
of sugar-derivative dithioethers containing sulfur as a uni-
que donor atom.92 These chiral C1-symmetric dithioether
ligands were tested in the iridium-catalysed asymmetric hy-
drogenation of various acrylic acid derivatives, providing
modest enantioselectivities (Scheme 39).

R1 R3

R2

[Ir(cod)]BF4/L*

H2

R1 R3

R2

*

O

OO

R4S

L* =

R4S

R1 = H, R2 = CO2H, R3 = CH2CO2H, R4 = Me: 35% ee = 14% (R)
R1 = H, R2 = CO2H, R3 = CH2CO2H, R4 = i-Pr: 100% ee = 62% (R)
R1 = Ph, R2 = CO2H, R3 = NHAc, R4 = i-Pr: 45% ee = 37% (S)
R1 = H, R2 = CO2H, R3 = CH2CO2H, R4 = Ph: 100% ee = 17% (R)

Scheme 39. Hydrogenation of acrylic acid derivatives with sugar dithioether
ligands.

Moderate enantioselectivities were obtained in the rhodium-
catalysed asymmetric hydrogenation of an a-aryl enamide
performed in the presence of a chiral C2-symmetric di-
thioether ligand with a 1,4-dioxane backbone derived from
tartrates (Scheme 40).93 A series of cationic iridium com-
plexes containing chiral dithioether ligands have recently
been prepared by Martin et al., in order to study the influence
of the sulfur substituents and the metallacycle size on the
acetamidoacrylate hydrogenation reaction, but, again, low
enantioselectivities were observed.94

Ph NHAc [Rh(cod)]BF4/L*
H2

Ph NHAc

H

OO

H

L* =

OMe

OMe

H
RS

RS

R = Ph: 95% ee = 21% 
R = t-Bu: 37% ee = 18%

Scheme 40. Hydrogenation of an a-aryl enamide with 1,4-dioxane di-
thioether ligands.

Asymmetric enamide hydrogenations were also carried out
in the presence of N/S-ligands and rhodium or ruthenium
catalysts by Lemaire et al., giving enantioselectivities of
up to 70%.95 Two new types of stable and readily available
chiral ligands, mono- and dithioureas, have been tested,
but only the dithioureas provided a significant enantioselec-
tion. This suggested that, for enamide hydrogenation, the
C2-symmetry of the dithiourea ligands was a key factor in
the degree of control observed (Scheme 41). The use of these
ligands was extended to the rhodium- and iridium-catalysed
hydrogenation of phenylglyoxylate methyl ester, giving
a good enantioselectivity with ee values of up to 72%.96
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R = H, M = Rh: 67% ee = 30%
R = H, M = Ru: 92% ee = 61%
R = Ph, M = Rh: 86% ee = 39%
R = Ph, M = Ru: 100% ee = 70%

Scheme 41. Hydrogenation of enamides with dithiourea ligands.

In 2000, Benincori et al. reported the synthesis of a new
C2-symmetry chelating ligand, 2,20,5,50-tetramethyl-4,40-bis-
(diphenylphosphino)-3,30-bithiophene (tetraMe-BITIOP).97

The complexes of this electron-rich diphosphine with
Ru(II) and Rh(I) were used as catalysts in the homogeneous
hydrogenation reaction of prostereogenic double bonds of
substituted acrylic acids, and N-acetylenamino acids. The
ees were found to be excellent, in general, and comparable
with the best results reported in the literature for the same
reactions. Hence, this ligand constituted one of the most
efficient diphosphine chiral ligands available today for asym-
metric hydrogenation. An important advantage offered by
this ligand over its competitors was its very good synthetic
accessibility (Scheme 42). The success of this ligand was
extended to the asymmetric hydrogenation of a- and b-keto-
esters, providing ees of up to 99%.

In addition, Bolm et al. have reported, very recently, the use
of BINOL-derived N-phosphino sulfoximines as ligands in
the rhodium-catalysed hydrogenation of dimethyl itaconate
and a-acetamidoacrylates, achieving high enantioselectiv-
ities (Scheme 43).75 The question of whether these ligands
behave in a monodentate manner, or whether a P/O-biden-
tate chelation was involved needed to be addressed.

4. Hydrogen transfer

Hydride-transfer reactions use sources of hydrogen other
than molecular hydrogen such as cyclohexene, cyclohexa-
diene, alcohols, acids, cyclic ethers and other molecules
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that are fairly readily dehydrogenated. This method avoids
all the risks inherent to molecular hydrogen, and the chemo-
selectivities can be modulated by the proper choice of hy-
dride donor. Different substrates can be hydrogenated with
the appropriate catalysts and hydrogen donors.98 Consider-
able efforts have been devoted to the study of the asymmetric
version of these processes,99 the most widely studied of
which is, perhaps, the asymmetric hydrogenation of ketones
with alcohols, normally i-PrOH, as the source of hydrogen.
In 2001, Lemaire et al. reported the rhodium-catalysed hy-
dride-transfer reduction of ketones using dithiourea ligands
bearing an aromatic ring on their terminal nitrogen atoms.
The most satisfactory results are summarised in Scheme
44.100 In this work, the effects of structural modifications
of both the ligand and the substrate on the ee and conversion
have been studied, demonstrating that the coordination of
the dithioureas took place through the S atom. As a conse-
quence of this coordination, thiourea should be considered
as an S ligand rather than an N ligand.
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Scheme 42. Hydrogenation of olefins with tetraMe-BITIOP ligand.
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Scheme 43. Hydrogenation of olefins with BINOL-derived N-phosphino
sulfoximine ligands.
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Scheme 44. Rh-catalysed hydride-transfer reduction of ketones with di-
thiourea ligands.

A new class of efficient ligands, chiral aminosulf(ox)ides,
was developed by van Leeuwen et al. for the iridium-cata-
lysed asymmetric transfer hydrogenation of acetophenone
in the presence of formic acid as hydrogen donor.101 Both
the sulfoxide-containing b-amino alcohols and the amino
sulfides derived from 1,2-disubstituted amino alcohols gave
rise to high reaction rates and moderate to excellent enantio-
selectivities in the reduction of acetophenone, as shown in
Scheme 45. In 2001, a screening study for the enantioselec-
tive reduction of various aryl alkyl ketones was developed
with amino sulfide (1R,2S)-2-amino-1,2-diphenyl-1-benzyl-
thioethane ligands.102 The choice of substrate did not
markedly affect the outcome of the reactions. In most cases,
the use of ruthenium gave rise to a higher selectivity than the
use of iridium.

L* =

Ph

O

Ph

OH
*

[IrCl(cod)]2
HCO2H/NEt3

L*

NH2S

OH
Bn

O
NH2S

OH
Bn

O
56% ee = 27% (R) 99% ee = 65% (S)

L* =

L* =
R1S NHR3

Ph R2

R1 = i-Pr, R2 = Me, R3 = H: > 99% ee = 41% (S)
R1 = Bn, R2 = Me, R3 = H: > 99% ee = 65% (S)
R1 = Bn, R2 = R3 = Me: 91% ee = 42% (S)

Scheme 45. Ir-catalysed hydride-transfer reduction of acetophenone with
aminosulf(ox)ide ligands.

In 2003, two new classes of nitrogen- and sulfur-containing
ligands, 2-azanorbornyl amino sulfides and the correspond-
ing sulfoxides, have been synthesised and evaluated in the
asymmetric transfer hydrogenation of acetophenone.103 Us-
ing iridium as the metal, the most satisfactory result, 80% ee,
was obtained using a bicyclic sulfoxide ligand (Scheme 46).

In order to improve the performance of Noyori’s catalytic
system, Ru(II)-TsDPEN (N-tosyl-1,2-diphenylethylenedi-
amine), which is very efficient, but suffers from a long
reaction time and a generally low activity, Mohar et al.
have modified the diamine ligand by introducing
electron-withdrawing fluorosulfonyl groups.104 Hence,
(h6-arene)-N-perfluorosulfonyl-1,2-diamines and N-(N,N-
dialkylamino)sulfamoyl-1,2-diamines were successfully used
as ligands in the ruthenium-catalysed hydride-transfer
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reduction of various aromatic ketones, a-keto esters, and
a,a,a-trifluoromethyl ketones in high yields and excellent se-
lectivities. Similarly, water-soluble analogues of Noyori’s
TsDPEN ligand containing an additional sulfonic acid group
were examined in the ruthenium-catalysed reduction of
aromatic ketones, achieving a high enantioselectivity and
a moderate activity.105

5. Conjugated additions

Enantioselective metal-catalysed 1,4-conjugate addition of
organometallic reagents to linear or cyclic enones is an im-
portant procedure for making C–C bonds.106 Despite recent
successes in the area of asymmetric copper-catalysed 1,4-
organometallic additions to Michael acceptors, there is an
ongoing quest for improved systems showing very high
enantioselectivities. One problematic substrate class for
this reaction is linear aliphatic enones. The high conforma-
tional mobility of these species, together with the presence
of only subtle substrate–catalyst steric interactions, makes
the design of effective enantioselective systems a real chal-
lenge. The accepted mechanism for this reaction involves the
activation of the enone with the metal reagent through the
carbonyl.107 Since conformational exchange can take place
between the syn/anti s-cis and s-trans forms of the activated
enone (Scheme 47), linear enones usually provide lower ees
than cyclic enones.
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Scheme 47. Syn/anti s-cis and s-trans forms of activated enones.

A prominent position in this rapidly expanding field is occu-
pied by the copper-catalysed and chiral ligand-accelerated
conjugate addition of organozinc reagents. This latter pro-
cess has attracted considerable attention, because of the
mild reaction conditions and the high functional-group
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Scheme 46. Ir-catalysed hydride-transfer reduction of acetophenone with
2-azanorbornyl amino-sulfide or -sulfoxide ligands.
tolerance that the zinc reagents offer.108 The enantioselec-
tive version of the 1,4-addition of Grignard reagents to
a,b-unsaturated carbonyl compounds has been less studied
in recent years, but extensively developed in the past, using
different mono- and bidentate chiral ligands such as mono-
dentate thiosugars,109 heterobidentate S,N-ligands,110 oxazo-
line arenethiolates,111 S,O-ligands112 and S,P-ligands.113

Other chiral N,S-donor ligands, derived from L-proline and
(S)-phenylglycine, have been used in the copper-catalysed
conjugate addition of MeLi to enones.114 Trialkylaluminium
reagents were also involved in only a few reactions, but these
represent an interesting alternative.

In 1999, Woodward et al. developed copper-catalysed asym-
metric conjugate additions of various organometallic re-
agents (ZnR2 and AlR3) to linear enones in the presence of
sulfur-containing 1,10-binaphthyl-based ligands.115 Thio-
urethane and thioether 1,10-binaphthyl-based ligands were
effective for the copper-catalysed 1,4-addition of ZnEt2
and AlMe3 to trans-alkyl-3-en-2-ones, yielding the products
with enantioselectivities of up to 77% (Scheme 48). In com-
parison, the 1,4-addition of ZnEt2 to 2-cyclohexenone pro-
ceeded in up to 77% ee with the same ligand family.
Ligand optimisation studies have indicated that 3,30-di-
methylthio-1,10-binaphthalene-2,20-diol was the most effec-
tive with respect to enantioselectivity.116 In addition,
variation of the enone structure has revealed that the catalyst
derived from the (S)-binaphthalene-derived ligand caused
linear enones to adopt an s-cis conformation with a zinc-de-
rived Lewis acid bound to the carbonyl lone pair anti to the
ene function (Scheme 48). A probable transition state is given
in Scheme 48, taking into account that the nature of the steric
block was the apparent cause of the enantioselectivity.
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Scheme 48. Cu-catalysed 1,4-addition of ZnR2 or AlR3 to linear aliphatic
enones with 1,10-binaphthalene-derived ligands.

Better results were reported by Shi et al. in 2004, dealing
with the enantioselective conjugate addition of ZnEt2 to
enones catalysed by Cu(I) and axially chiral binaphthylthio-
phosphoramides as ligands, which are readily available,
quite stable, recoverable and reusable (Scheme 49). Their
system allowed an efficient and highly enantioselective
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functionalisation of not only six- and seven-membered
cyclic enones (97% ee), but also cyclopentenone (98% ee)
and acyclic enones (up to 97% ee).117 The mechanism of
the reaction was investigated, confirming that this series of
chiral phosphoramides was a novel type of S,N-bidentate li-
gands through 31P and 13C NMR spectroscopic experiments.
The mechanism was postulated to be a bimetallic catalytic
process, in which the acidic proton of thiophosphoramide in
the ligands played a significant role in the formation of the
active species (Scheme 49). The linear effect of the product
ee and the ligand ee further revealed that the active species
was a monomeric Cu(I) complex bearing a single ligand.
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Scheme 49. Cu-catalysed 1,4-addition of ZnEt2 to enones with binaph-
thylthiophosphoramide ligands.

At the same time, Gennari et al. discovered a new family of
chiral Schiff-base ligands, which were tested in the copper-
catalysed conjugate addition of diethylzinc to cyclic enones
(Scheme 50) and, less efficiently, to acyclic enones such as
benzalacetone (50% ee) or chalcone (34% ee).118 These
easily available ligands contained a set of different metal-
binding sites such as a phenol, an imine and a secondary
sulfonamide moiety.

The copper-catalysed conjugate addition of ZnEt2 to cyclo-
hexenone was also performed by Pamies et al. in the pres-
ence of thioether-alcohol ligands bearing a xylofuranose
backbone.119 These ligands, readily prepared from the inex-
pensive (D)-xylose, provided the Michael adducts in �62%
ees (Scheme 51). The condensation of AlMe3 onto (E)-
non-3-en-2-one was, however, less efficient, since the enan-
tioselectivity was only 34% ee.
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Scheme 51. Cu-catalysed 1,4-addition of ZnEt2 to cyclohexenone with
thioether-alcohol ligands bearing a xylofuranose backbone.

In 2005, the same group extended this methodology to the
corresponding thioether-phosphinite and -diphosphinite
ligands derived from D-xylose for the copper-catalysed
1,4-addition of ZnEt2 and AlEt3 to cyclohexenone, obtaining
good enantioselectivities (�72% ees).120 Systematically
varying the functional groups at the C5 position (thioether
and phosphinite), and different substituents in the thioether
moieties had a strong effect on the rate and enantioselectiv-
ities (Scheme 52). The highest enantioselectivity was
achieved with the catalyst precursor containing the thio-
ether-phosphinite ligand, which had an isopropyl substituent
in the thioether moiety. The activity was, however, generally
best with the diphosphinite ligands.

A new application of bis(oxazoline) ligands was reported by
Reiser et al., who obtained some excellent results such as
that depicted in Scheme 53 for the 1,4-addition of ZnEt2 to
cyclohexenone.121 The authors involved a bimetallic com-
plex such as that depicted in Scheme 49, in which the sub-
strate is locked in a two-point binding mode via a zinc and
a copper atom.

Whereas the mono- and the S,S-di-thioether moiety has been
used to date, the 1,3-dithianyl motif was used for the first
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Scheme 50. Cu-catalysed 1,4-addition of ZnEt2 to cyclic enones with chiral
Schiff-base ligands.
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time by Ricci et al. as a new hybrid ligand in asymmetric ca-
talysis. Hence, a series of new chiral oxazoline-1,3-dithianes
has been successfully applied to the copper-catalysed di-
ethylzinc addition to enones (Scheme 54).64 The expected
products were obtained in almost quantitative yields and
up to 90% enantioselectivity. The asymmetric induction
appeared to be closely related to the steric hindrance exerted
by the group adjacent to the oxazoline nitrogen. The confor-
mation of the ligand has been explored using a combination
of X-ray and NMR measurements, indicating the presence
of a remarkable anomeric effect, which accounted for the
preference of the oxazoline ring for the axial location.

In order to prepare a new range of ligands incorporating both
sulfoximide and phosphine moieties, Kinahan and Tye re-
ported, in 2001, the synthesis of a novel chiral sulfoximide,
which was tested as a ligand in the copper-catalysed 1,4-
addition of ZnEt2 to enones.122 Whilst the reaction of acyclic
enones gave racemic 1,4-products, the best result was
obtained upon reaction of cycloheptenone (44% ee),
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R = Ph, MR = AlEt3, [Cu(MeCN)4]BF4: 100% ee = 48% (S)
R = Ph, MR = AlEt3, Cu(OTf)2: 95% ee = 27% (R)
R = Ph, MR = AlEt3, [Cu(MeCN)4]BF4: 100% ee = 33% (S)

MR = ZnEt2, [Cu(MeCN)4]BF4: 69% ee = 25% (S)

MR = ZnEt2, [Cu(MeCN)4]BF4: 68% ee = 29% (S)

Scheme 52. Cu-catalysed 1,4-addition of ZnEt2 or AlEt3 to cyclohexenone
with thioether-phosphinite or -diphosphinite ligands bearing a xylofuranose
backbone.
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Scheme 53. Cu-catalysed 1,4-addition of ZnEt2 to cyclohexenone with a
thioether-bis(oxazoline) ligand.
demonstrating that the ligand performed best with unhin-
dered cyclic substrates (Scheme 55). The absolute configura-
tion of the major product was not specified.
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Scheme 55. Cu-catalysed 1,4-addition of ZnEt2 to cyclic enones with a
chiral sulfoximide ligand.

Chiral sulfoximines and, in particular, chiral bidentate b-
hydroxysulfoximines, are one of the most successful chiral
sulfur-based ligands used in asymmetric catalysis. The X-
ray analysis of complexes of ethylzinc123 and vanadium124

coordinated to b-hydroxysulfoximines has shown that the
metal was coordinated to the hydroxy oxygen and the sulfox-
imine nitrogen atom. In this context, Bolm et al. have devel-
oped the synthesis of a number of new C2-symmetric
geminal bis(sulfoximine)s, which were further investigated
for the copper-catalysed 1,4-addition of ZnEt2 to cyclohex-
enone.125 All of the ligand–copper complexes were found to
be highly active catalysts, but the enantioselectivities were
rather disappointing, with 36% ee being the best value
(Scheme 56). Based on the observed results, it was difficult
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Scheme 54. Cu-catalysed 1,4-addition of ZnEt2 to enones with chiral oxazo-
line-1,3-dithiane ligands.
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Scheme 56. Cu-catalysed 1,4-addition of ZnEt2 to cyclohexenone with
C2-symmetric geminal bis(sulfoximine) ligands.
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to analyse the potential role of the ligand oxygen atoms as
a possible coordination site for zinc.

The first asymmetric conjugate addition of ZnEt2 to aryl-
and alkylidene malonates by using catalytic copper in the
presence of chiral phosphorus ligands was reported by Alex-
akis and Benhaim.126 Among these ligands, a chiral phenyl-
phosphorus ferrocenyl ligand bearing a benzothioether gave
a better enantioselectivity than the corresponding phenyl-
phosphorus ferrocenyl ligand without the sulfur group
(53% ee) (Scheme 57).
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Scheme 57. Cu-catalysed 1,4-addition of ZnEt2 to ethyl pentylidene malo-
nate with a sulfur-containing phenylphosphorus ferrocenyl ligand.

On the other hand, the enantioselective 1,4-addition of carb-
anions such as enolates to linear enones is an interesting
challenge, since relatively few efficient methods exist for
these transformations. The Michael reaction of b-dicarbonyl
compounds and a,b-unsaturated ketones can be catalysed by
a number of transition-metal compounds. The asymmetric
version of this reaction has been performed using chiral
diol, diamine and diphosphine ligands. In the past few years,
bidentate and polydentate thioethers have begun to be con-
sidered as chiral ligands for this reaction. As an example,
Christoffers and R€obler have developed the synthesis of sev-
eral S/O-bidentate and S/O/S-tridentate thioether ligands de-
rived from chiral a-hydroxy acids.127 These latter ligands
were tested in the asymmetric catalysis version of the Mi-
chael reactions, giving, unfortunately, an enantioselectivity
lower than 11% ee. As an extension of this work, the same
authors have prepared N,S,N-tridentate diamino thioethers
and the corresponding diimino thioethers with C2-symmetry
from chiral a-amino acids.128 These ligands were further
submitted to the Michael reaction of b-oxo esters with
methyl vinyl ketone, resulting in an optimal ee of only
17%. In addition, various tridentate oxazoline ligands bear-
ing adjacent thioether and heteroaryl donor groups were syn-
thesised from L-cysteine and L-methionine by the same
group.129 All ligands have been screened with 13 metal salts
with regard to the asymmetric catalysis version of the Mi-
chael reaction of a b-ketoester with methyl vinyl ketone to
give an optimal result of 19% ee (Scheme 58). The absolute
configuration of the major product was not specified.

In addition, Woodward et al. have described the asymmetric
chemo- and regiospecific copper-catalysed addition of orga-
nozinc reagents to Baylis–Hillman-derived allylic elec-
trophiles using sulfur-containing 1,10-binaphthyl-based
ligands, as depicted in Scheme 48.130 Although this reaction,
giving up to 64% ee, was actually an SN20 reaction of the
organometallic reagent, it was decided, however, to include
it in this section.
6. Addition of organometallic reagents to aldehydes

The enantioselective addition of diethylzinc to aldehydes
mediated by chiral ligands is one of the most studied exam-
ples of ligand-accelerated catalysis.131 Such asymmetric
reactions allow the synthesis of chiral alcohols that are
ubiquitous in the structures of natural products and drug
compounds. Over the past few decades, a large number of
chiral catalysts including amino alcohols, diamines and diols
have been developed and high enantioselectivities have been
achieved for all different types of aldehydes. Several charac-
teristics of these reactions such as the very important non-
linear effects,132 the autocatalysis phenomena and the
derived amplification of the ee, making them attractive
from both an intellectual and industrial perspective, have
ensured that sufficiently active catalytic ligands have been
developed. In order to extend the diversity of the ligand struc-
tures even further, sulfur-containing chiral ligands such as
amino thiols, amino sulfides, disulfides, disulfonamides,
arylthiophosphoramides and sulfinylferrocenes have recently
been synthesised and subsequently applied to the catalytic
asymmetric dialkylzinc addition to aldehydes, allowing
this process to become a mature method. In 1999, Shi and Sui
showed that a diphenylthiophosphoramide derived from
(1R,2R)-1,2-diaminocyclohexane could be used as a ligand
in the catalytic asymmetric addition of ZnEt2 to aldehydes
in the presence of Ti(Oi-Pr)4, providing the corresponding
alcohols in 40–50% ees (Scheme 59).133 Another class of new
ligands such as the phenylthiophosphoramide of (R)-1,10-
binaphthyl-2,20-diamine was developed by the same group,
and further tested as a ligand in the same conditions
(Scheme 59).134
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Scheme 59. (Di)phenylthiophosphoramides for Ti-promoted addition of
ZnEt2 to aldehydes.
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Several chiral disulfonamides have been successfully in-
volved in the same conditions. As an example, the use
of the chiral C2-symmetric trifluoromethanesulfonamide
derived from (R)-1,10-binaphthyl-2,20-diamine led to the for-
mation of the expected alcohols with 43–54% ees.134 Better
enantioselectivities were observed by Paquette and Zhou,
resulting from the use of chiral C2-symmetric VERDI (ver-
benone dimers) disulfonamides derived from the dimerisa-
tion of (+)-verbenone. Stereoselectivity levels ranging
from 72 to 98% ees were observed, depending on the struc-
tural characteristics of the aldehyde (Scheme 60).135 In
2000, Yus et al. described other disulfonamide ligands,
which could be easily prepared from chiral camphorsulfonyl
chloride, and could be successfully used in the enantioselec-
tive addition of various dialkylzinc reagents, e.g., ZnEt2 to
aldehydes in �96% ees (Scheme 60).136 It is worthy of
note that the enantioselectivity was higher for aliphatic alde-
hydes than for aromatic aldehydes, this behaviour being un-
usual for this type of reaction. In addition, Walsh et al. have
studied in the same conditions the use of disulfonamide li-
gands derived from 1,2-diaminocyclohexane, 1,2-diamino-
ethane, 1,3-diaminopropane and 2,20-diaminobiphenyl.137

Among these disulfonamide ligands, only meso-1,2-diamino-
cyclohexane was shown to give both good yield and enantio-
selectivity (up to 84% ee) for the Ti-promoted addition
of ZnEt2 to p-tolualdehyde. In particular, the use of bis-
(R,R)-trifluoromethanesulfonamide cyclohexane as a ligand
in the Ti-promoted enantioselective addition of Zn(n-Pent)2

to 5-hexenal provided the corresponding (S)-alcohol in
excellent enantiomeric purity (ee>99%).138 In order to
synthesise the pyrrolidine alkaloid, (+)-197B, the corre-
sponding (S,S)-ligand was employed in the enantioselective
addition of Zn(n-Bu)2 to an allene-aldehyde, affording the
corresponding (R)-alcohol in 70% yield and 94% ee.139 In
addition, the bis-(R,R)-trifluoromethanesulfonamide ligand
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Scheme 60. VERDI disulfonamide and camphordisulfonamide ligands for
Ti-promoted addition of ZnEt2 to aldehydes.
derived from meso-1,2-diaminocyclohexane was also ap-
plied to the Ti-catalysed enantioselective reaction of ZnMe2

with a dialdehyde-Fe(CO)3 complex, giving rise to the corre-
sponding monomethylated complex with 96% ee.140

Moreover, Cho and Chun have demonstrated that the zinc
complexes chirally modified by b-N-sulfonamidoalcohols,
used in the absence of Ti(Oi-Pr)4, were effective as chiral
catalysts for the addition of ZnEt2 to aldehydes affording
the corresponding secondary alcohols with a moderate enan-
tioselectivity.141

In 2000, Yang et al. discovered a series of (1R,2S,3R)-3-
mercaptocamphan-2-ol derivatives,142 which proved to be
efficient ligands in the conjugate addition of ZnEt2 to chal-
cones upon catalysis with Ni(acac)2 (Scheme 61).
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Scheme 61. (1R,2S,3R)-3-Mercaptocamphan-2-ol-derived ligand for Ni-
promoted addition of ZnEt2 to chalcone.

The observation that amino sulfur catalysts offer improve-
ments in enantioselectivity over their amino alcohol counter-
parts is known for a number of transition-metal-mediated
C–C bond-forming processes. This has led to the develop-
ment of a wide range of chiral S/N-ligands for the enantio-
selective 1,2-addition of dialkylzinc reagents to aldehydes.
In this context, Gibson has prepared an L-proline-based
b-amino tertiary thiol (Scheme 62), which provided
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Scheme 62. b-Amino thiol derivatives as ligands for addition of ZnEt2 to
aldehydes.
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(R)-secondary alcohols in ees of up to 64%.143 Martens et al.
have reported the synthesis of other N/S-ligands with a rigid
2-azabicyclo[3.3.0]octane framework, which were tested for
their general effectiveness as chiral catalysts in the reaction
of benzaldehyde with ZnEt2 (Scheme 62).144 In addition,
a high enantioselectivity (up to 99% ee) was obtained in
the same conditions by Pericas et al., using a new family
of amino thiols, the norephedrine thiols (Scheme 62).145

The enantioselectivity exerted by a series of new chiral
sulfur-containing catalysts containing N,O-heterocycles,
derived from natural chiral amino acids, has been checked
in the addition of ZnEt2 to benzaldehyde (Scheme 63).146

Molecular mechanics calculations suggested that the pro-
duction of the (R)-alcohol might be explained by a mecha-
nism similar to that described by Noyori, in which ZnEt2
interacts solely with the N–C–C–OH fragment, whereas
the formation of the (S)-enantiomer needed the direct partic-
ipation of the lateral chain of the parent amino acid and the
N,O-heterocycle. In the same context, Reiser et al. have
successfully used bis(oxazoline) ligands bearing a thioether
group for the addition of ZnEt2 to benzaldehyde.121
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Scheme 63. Sulfur-containing N,O-heterocycle ligands for addition of
ZnEt2 to benzaldehyde.

In 2001, Braga et al. reported the synthesis of new chiral
C2-symmetric oxazoline disulfide ligands from (R)-cysteine
and successfully applied them as catalysts in the asymmetric
addition of ZnEt2 to various aldehydes (Scheme 64).147
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Scheme 64. Oxazoline disulfide ligands for addition of ZnEt2 to aldehydes.

There are relatively few studies in the literature dealing with
the use of sulfoxides as chiral ligands in this type of reaction.
In this context, Carretero et al. demonstrated, in 2001, the
utility of a new family of chiral ligands, 2-amino-substituted
tert-butylsulfinylferrocenes, for the asymmetric addition of
ZnEt2 to aromatic aldehydes (Scheme 65).148 In addition,
Bonini et al. have shown that planar chiral sulfur-containing
ferrocenyloxazoline carbinol ligands could also be used to
catalyse the addition of ZnEt2 to benzaldehyde with 46%
ee.149
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Ar = Ts, R = 2-Naph: 73% ee = 82%
Ar = Ts, R = m-FC6H4: 76% ee = 80%
Ar = p-MeOC6H4, R = Ts: 72% ee = 66%
Ar = p-MeOC6H4, R = p-MeO2CC6H4: 78% ee = 96%
Ar = p-MeOC6H4, R = 2-Naph: 79% ee = 92%
Ar = p-MeOC6H4, R = m-FC6H4: 74% ee = 72%

Fe NHSO2R

S O
t-Bu

Scheme 65. 2-Amino-substituted tert-butylsulfinylferrocene ligands for
addition of ZnEt2 to aromatic aldehydes.

A second class of organometallic derivatives, alkyllithium
reagents, has been condensed onto aldehydes in the presence
of chiral sulfur-containing ligands. Hence, six chiral amino
sulfides have been synthesised by Hilmersson et al. from
the amino acids, phenylalanine, phenylglycine and valine.
These amino sulfides were used as chiral ligands in the
asymmetric addition of n-butyllithium and methyllithium
to various aldehydes. The highest stereoselectivities were
obtained with benzaldehyde, giving rise to 1-phenyl-1-pen-
tanol and 1-phenyl-1-ethanol in >98 and 95% ee, respec-
tively (Scheme 66).150

RCHO + R
OH

R'
R'Li *

i-Pr N
H

S

R1

R2*L* =

(R)-L*, R = R1 = R2 = Ph, R' = n-Bu: 82% ee > 98% (S)
(S)-L*, R = R1 = Ph, R2 = Et, R' = n-Bu: 84% ee = 94% (R)
(S)-L*, R = R2 = Ph, R1 = R' = n-Bu: 87% ee = 68% (R)
(S)-L*, R = Ph, R1 = R' = n-Bu, R2 = Et: 92% ee = 81% (R)
(S)-L*, R = R2 = Ph, R1 = i-Pr, R' = n-Bu, R2 = Et: 80% ee = 97% (R)
(R)-L*, R = R1 = R2 = Ph, R' = Me: 67% ee = 95% (S)
(S)-L*, R = R1 = R2 = Ph, R' = n-Bu: 79% ee = 90% (R)
(S)-L*, R = Ts, R1 = n-Bn, R2 = Ph, R' = Me: 69% ee = 91% (R)

Scheme 66. Chiral amino sulfide ligands for addition of alkyllithium
reagents to aldehydes.

An extension of the asymmetric condensation of organo-
metallics onto aldehydes is the enantioselective Ag-pro-
moted allylation reaction of aldehydes with allyltributyltin,
which has recently been performed by Shi et al. in the pres-
ence of chiral diphenylthiophosphoramide ligands and more
efficiently, with binaphthylthiophosphoramide ligands.151

According to the nature of the ligand substituents, the corre-
sponding allylation products were obtained in up to 98% ee,
as depicted in Scheme 67.

The immobilisation of organic compounds on highly porous
SiO2 instead of organic polymers for solid-phase synthesis
and catalysis has several advantages such as rigidity of the
structure, the fact that it does not swell in solvents, and the
stability at low and high temperature and pressure. In
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2000, Heckel and Seebach succeeded in grafting a TADDOL
sulfur-containing derivative onto a commercially available
controlled-pore glass, and then loaded the TADDOL moie-
ties with titanates. The resulting material was tested in the
enantioselective addition of ZnEt2 to benzaldehyde, giving
a quantitative yield and 98% ee.152

7. Diels–Alder reactions

The Diels–Alder reaction is one of the rare C–C bond-form-
ing reactions that permit the rapid development of molecular
complexity.153 It allows the stereoselective formation of as
many as four stereogenic centres, and as many as three car-
bocyclic rings in the intramolecular and transannular varia-
tions. For this reason, the recent development of highly
enantioselective catalytic Diels–Alder reactions154 repre-
sents a great advance in synthetic chemistry. A large number
of metals, ligands and dienophiles have been studied. Al-
though chiral auxiliary-based reactions retain a position of
central importance, catalytic variants are developing rapidly.
Until recently, most of the successful catalysts contained
chelating oxygen ligands, but more recent success was
obtained using diphosphine ligands such as BINAP, chiral
N-containing ligands such as oxazoline ligands,155 and chi-
ral S-containing ligands. The most active chiral catalysts
used till date employing a chiral sulfur atom as a unique
source of chirality were reported very recently by Ellman’s
group.156 Hence, a novel bis(sulfinyl)imidoamidine (siam)
ligand, readily available, was proved to catalyse, in the
presence of Cu(SbF6)2, the Diels–Alder reaction of a variety
of dienophiles with exceptional levels of enantio- and dia-
stereoselectivity (Scheme 68). Furthermore, the Cu(II)–
siam complex was shown by X-ray analysis to exhibit
a unique mode of binding, self assembling to form a rarely
observed M2L4 quadruple-stranded helicate. Additionally,
while the siam ligand could coordinate to the metal through
the N-, S- and O-atoms, it was shown that, both in the
crystalline state and in CH2Cl2 solution, the ligand was
O-coordinated to the Cu. In 2003, the scope of this reaction
was extended to the use of relatively unreactive acyclic
dienes such as 2-methylbutadiene or 2,3-dimethylbutadiene,
which gave 93 and 92% ees, respectively, by reaction with
N-acryloyloxazolidinone.157 The selectivity of the catalyst
system was, however, sensitive to the size of the substituents
on the 2-position of the diene. As an example, while the re-
activity (87% yield) was maintained for 2-phenylbutadiene,
the selectivity was poor (45% ee).

ArCHO + Ar
OH

NHEt

NHPPh2

S

AgOTf
SnBu3

Ar = Ts: 75% ee = 98%
Ar = p-ClC6H4: 74% ee = 96%
Ar =p-MeOC6H4: 56% ee = 80%
Ar = (E)-PhCH=CH: 80% ee = 68%
Ar = Ph: 84% ee = 94%

Scheme 67. Ag-promoted allylation of aldehydes with a binaphthylthio-
phosphoramide ligand.
( )n
R

O

N O

O Cu(SbF6)2
( )n

R

O N O

O+ L*

L* = N
R'

NN S
O

S
O

t-Bu t-Bu

R = H, R' = Me, n = 1: 96% de > 98% ee > 98%
R = Me, R' = Me, n = 1: 76% de = 96% ee = 97%
R = Ph, R' = Me, n = 1: 58% de = 90% ee = 94%
R = CO2Et, R' = Me, n = 1: 85% de = 94% ee = 96% 
R = H, R' = Me, n = 2: 50% de = 96% ee = 90%
R = H, R' = i-Bu, n = 1: de = 98% ee = 97%
R = H, R' = Ph, n = 1: de = 98% ee = 96%
R = H, R' = CH2CF3, n = 1: de = 98% ee = 98%

(for siam, R' = Me)

Scheme 68. Cu-catalysed Diels–Alder reaction with siam ligand.

Relatively few chiral sulfoxide ligands have been useful for
catalytic asymmetric Diels–Alder reactions. As an example,
Hiroi et al. have developed new ligands bearing a chiral sul-
finyl function and a 1,3-oxazoline ring with an asymmetric
carbon centre, in which the chiral sulfinyl group has been re-
vealed to play a crucial role in achieving a high enantioselec-
tivity in asymmetric Diels–Alder reactions (Scheme 69).158

The best results were obtained using MgI2 as the Lewis acid
catalyst. A study of the mechanistic pathway showed that,
for the first time, seven-membered chelates of sulfoxide-
magnesium complexes (normally six-membered chelates
were formed in previous oxazoline ligands) were involved,
indicating particularly, the potential advantage of the chiral-
ity of the sulfoxide functionality for achieving a high enan-
tioselectivity. The scope of the reaction was extended to the
use of other similar ligands such as chiral 2-(arylsulfinyl-
methyl)-1,3-oxazoline derivatives, giving, in the same con-
ditions, a relatively low enantioselectivity (�32% ees).
Nevertheless, when copper complexes were used to catalyse
the reaction, a better, but still moderate, enantioselectivity
was observed (�66% ees).159 Moreover, the introduction
of a counterion (triflate or hexafluoroantimonate) into the
copper catalysts represented a higher degree of asymmetric
induction (�75% ees).160

O

N O

O

O N O

O+ L*

L* =

MgI2

major
N

O
R1

S
O

R2

R1 = Ph, R2 = OMe: 83% de = 88% ee = 50% (S)
R1 = t-Bu, R2 = OMe: 90% de = 94% ee = 81% (S)
R1 = C(Me)2OMe, R2 = OMe: 90% de = 88% ee = 92% (S)

Scheme 69. Mg-catalysed Diels–Alder reaction with sulfoxide-oxazoline
ligands.

The enantioselective (hetero) Diels–Alder reaction has been
extensively studied recently by Bolm et al. using chiral
mono- or bis-sulfoximine ligands.161,74b Bis-sulfoximine li-
gands have proved to be highly efficient in Cu(II)-catalysed
Diels–Alder and hetero-Diels–Alder reactions, where prod-
ucts with up to 99% ees were obtained (Scheme 70).162
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S

O
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(S,S)

R = H, Ar = Ph: 98% de = 98% ee = 98%
R = CO2Et, Ar = Ph: 92% de = 98% ee = 98%

N O

O O

+ L*
CuX2

O N O

O

X = OTf, R = Me, Ar = Ph: 98% de = 70% ee = 92%
X = OTf, R = Me, Ar = o-MeOC6H4: 98% de = 82% ee = 79%
X = ClO4, R = Me, Ar = o-MeOC6H4: 98% de = 78% ee = 93%

major

Scheme 70. Cu-catalysed (hetero) Diels–Alder reactions with C2-symmet-
ric bis-sulfoximine ligands.

In order to ascertain whether the C2-symmetry of the effi-
cient bis-sulfoximine ligands was really essential, or if
C1-symmetric monosulfoximine derivatives could also be
applied in asymmetric hetero-Diels–Alder reactions and
lead to high enantioselectivities, the same group has devel-
oped the synthesis of various sulfoximines, in which the sec-
ond donor atom was a quinolyl nitrogen.163 The use of these
novel ligands in the copper-catalysed hetero-Diels–Alder
reaction between 1,3-cyclohexadiene and ethyl glyoxylate or
diethyl ketomalonate led to the corresponding cycloadducts
in good yield and with up to 96% ee (Scheme 71).

+ L*
Cu(OTf)2

major

R

O

O

OEt
O

R

CO2Et

N
R3

NS
O

R1

R2

L* =

(R)-L*, R1 = Me, R2 = Ph, R = R3 = H: 97% de = 94% ee = 75%
(R)-L*, R = CO2Et, R1 = Me, R2 = Ph, R3 = H: 80% de = 96% ee = 91%
(R)-L*, R1 = Me, R2 = o-MeOC6H4, R = R3 = H: 98% de = 96% ee = 91%
(R)-L*, R = CO2Et, R1 = Me, R2 = o-MeOC6H4, R3 = H: 86% ee = 89%
(R)-L*, R1 = n-Pent, R2 = o-MeOC6H4, R = R3 = H: 93% de = 94% ee = 86%
(S)-L*, R1 = Me, R2 = o-MeOC6H4, R = R3 = H: 88% de = 96% ee = 91%

Scheme 71. Cu-catalysed hetero-Diels–Alder reaction with C1-symmetric
monosulfoximine ligands.

In 2005, another class of chiral ligands, bis-thiazoline deriv-
atives, were prepared by Nishio et al. from chiral bis-(N-
acylamino alcohols) with Lawesson’s reagent.164 These
new compounds have proved to be useful chiral ligands for
the Zn-catalysed Diels–Alder reaction of 3-acryloyloxazol-
idine-2-one with cyclopentadiene, giving the corresponding
cycloadducts as a 94:6 diastereomeric mixture, where the
major diastereomer was formed with 92% ee (Scheme 72).

On the other hand, chiral cationic palladium-phosphinooxa-
thiane complexes have been found to be efficient catalysts
for the enantioselective Diels–Alder reaction of cyclopenta-
diene with acryloyl- and fumaroyl-1,3-oxazolidin-2-ones,
giving the corresponding cycloadducts in good yield and
high enantioselectivity of up to 93% ee (Scheme 73).165

This result was the first example using an S/P-type phosphi-
nooxathiane ligand for the enantioselective Diels–Alder
reaction.

N O

O O

+ L* O N O

O

major

L* =

PdCl2
R

O
S

PAr2

Ar = 1-C10H7

R = H: 92% de = 82% ee = 93% (R)
R = CO2Et: 61% de = 50% ee = 86% (S)

R

Scheme 73. Pd-catalysed Diels–Alder reaction with phosphinooxathiane
ligands.

In 2005, Carretero et al. reported a second example of chi-
ral catalysts based on P/S-coordination employed in the ca-
talysis of the enantioselective Diels–Alder reaction, namely
palladium complexes of chiral planar 1-phosphino-2-sulfe-
nylferrocenes (Fesulfos).166 This new family of chiral
ligands afforded, in the presence of PdCl2, high enantio-
selectivities of up to 95% ee, in the asymmetric Diels–Alder
reaction of cyclopentadiene with N-acryloyl-1,3-oxazoli-
din-2-one (Scheme 74). The P/S-bidentate character of
the Fesulfos ligands has been proved by X-ray diffraction
analysis of several metal complexes. In addition, the same
group has used copper complexes of these ligands as effi-
cient catalysts for enantioselective aza-Diels–Alder reac-
tions of N-sulfonyl imines with Danishefsky’s dienes,
providing, in some cases, enantiopure products (>99%
ees).167

N O

O O

+

L*
O N O

O

major

PdCl2
AgBF4

Fe

St-Bu

PR2L* =

R = Ph: 69% de = 90% ee = 67%
R = p-FC6H4: 83% de = 86% ee = 74%
R = 1-Naph: 35% de = 92% ee = 80%
R = Ts: 90% de = 90% ee = 90%

Scheme 74. Pd-catalysed Diels–Alder reaction with Fesulfos ligands.

N O
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Zn(OTf)2

O N O

O

major
S

N N
S

Ph Ph

L* = de = 88% ee = 92%

Scheme 72. Zn-catalysed Diels–Alder reaction with a bis-thiazoline
ligand.
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8. Miscellaneous

Hydroformylation is one of the most studied reactions in
homogeneous catalysis.168 The regio- and enantioselective
syntheses of optically pure branched aldehydes, in the case
of functionalised olefins, are important challenges for this
reaction. Cobalt was the first metal used in asymmetric
hydroformylation, and rhodium was rapidly studied after-
wards in the presence of chiral phosphines. On the other
hand, ruthenium, iridium and palladium were also involved
in this reaction, but, Pt/SnCl2 and rhodium catalysts are
currently the most promising asymmetric systems. The first
report on the use of chiral sulfur ligands in rhodium-cata-
lysed asymmetric hydroformylation appeared in 1993.169 In
2000, the same group reported the synthesis of novel chiral
P/S-ligands with a xylofuranose backbone.91 These thio-
ether-phosphite ligands derived from carbohydrates were
investigated for the rhodium-catalysed hydroformylation of
styrene, but in spite of good conversions (>99%) and excellent
regioselectivities in 2-phenylpropanal (94%), ees close to 0%
were found for all ligands. Rhodium complexes of (R,R)-1-
benzyl-3,4-dithioether-pyrrolidines were also prepared by
theseworkers, who investigated them as catalysts in the hydro-
formylation of styrene, but, in all experiments, the ee was
lower than 3%, whereas the chemoselectivity was 97%.170

Better results were obtained by Bonnet et al. in 2000 with
the use of readily available chiral thioureas as new ligands
in the asymmetric rhodium-catalysed hydroformylation of
styrene.171 In general, conversion of styrene and ees was mod-
est, but, when the reaction was carried out in heptane as the
solvent, an ee value of up to 41% was obtained (Scheme 75).

CHO

+ CHO

branched ("b") normal ("n")

CO + H2/solvent
[Rh(cod)2]BF4

solvent = toluene: 98% b:n = 91:9 ee = 24%
solvent = heptane: 92% b:n = 93:7 ee = 41%

Ph N
H

S

N
H

Ph

Scheme 75. Rh-catalysed hydroformylation of styrene with a thiourea
ligand.

Asymmetric borane reduction has attracted much attention
owing to its usefulness in preparing optically active second-
ary alcohols.172 Several chiral catalysts have been involved
in this reaction such as [(1R,2S,3R)-3-mercaptocamphan-
2-ol)] (MerCO), which produced, when applied to aryl
methyl ketones, the corresponding 1-aryl ethyl alcohols in
ees of up to 92% (Scheme 76).173 The formation of a transi-
tional chiral ligand–borane–ketone complex was postulated
as essential for the stereoselective reduction. In 2001, this
ligand was reacted with nickel boride in order to form a
heterogeneous Ni-supported oxathiaborolidine, which was
further investigated in the borane reduction of acetophenone,
affording moderate enantioselectivity (�24% ee).174

In 2000, Woodward et al. reported that LiGaH4, in combina-
tion with the S/O-chelate, 2-hydroxy-20-mercapto-1,10-
binaphthyl (MTBH2), formed an active catalyst for the
asymmetric reduction of prochiral ketones, with catechol-
borane as the hydride source (Scheme 77).175 The enantio-
face differentiation was on the basis of the steric
requirements of the ketone substituents. Aryl n-alkyl ketones
were reduced in 90–93% ees, whereas alkyl methyl ketones
(e.g., i-Pr, c-C6H11, t-Bu) gave 60–72% ees.

R1

O

R2 R1

OH

R2*

SH

OH

LiGaH4
O

BH
O

R1 = Ph, R2 = Me: 90% ee = 90%
R1 = Ph, R2 = Et: 96% ee = 93%
R1 = Ph, R2 = n-Bu: 80% ee = 92%
R1 = Ph, R2 = i-Pr: 65% ee = 24%
R1 = Ph, R2 = i-Bu: 65% ee = 92%
R1 = p-BrC6H4, R2 = Me: 80% ee = 87%
R1 = Ts, R2 = Me: 95% ee = 87%
R1 = Ph, R2 = CH2Br: 60% ee = 70%
R1 = 2-Fur, R2 = n-Hex: 76% ee = 81%
R1 = 2-C10H7, R2 = Me: 83% ee = 73%
R1 = i-Pr, R2 = Me: 81% ee = 69%
R1 = i-Bu, R2 = Me: 93% ee = 46%
R1 = c-Hex, R2 = Me: 72% ee = 72%
R1 = t-Bu, R2 = Me: 76% ee = 79%

(R)

Scheme 77. Ga-catalysed borane reduction of ketones with MTBH2 ligand.

The asymmetric catalytic hydrosilylation of ketones or
alkenes with organosilanes is a versatile method, providing
optically active compounds such as alcohols and alkanes.176

Asymmetric hydrosilylation has been an active field of re-
search in the last 20 years.177 The most studied reaction
has probably been the hydrosilylation of acetophenone to
yield the corresponding silyl ether, which, when hydrolysed,
gives the enantiomerically enriched 1-phenylethanol. In
2003, Evans et al. studied the application of new chiral
mixed P/S-ligands to enantioselective rhodium-catalysed
ketone hydrosilylation processes.89 For a wide variety of ke-
tones such as aryl alkyl, dialkyl, as well as cyclic aryl alkyl
ketones, and also cyclic ketoesters, the reaction gave high
levels of enantioselectivity (Scheme 78).

In 2005, Riant et al. reported the synthesis of a new air-stable
N/S-chelating zinc catalyst, depicted in Scheme 79, which
was fully characterised by all spectroscopic methods. This

Ar

O

Ar

OHBH3

HO SH

Ar = Ph: 96% ee = 87%
Ar = 2-Naph: 92% ee = 75%
Ar = p-MeOC6H4: 88% ee = 70%
Ar = p-ClC6H4: 90% ee = 80%
Ar = p-NO2C6H4: 94% ee = 92%
Ar = 1-Naph: 98% ee = 64%

Scheme 76. Borane reduction of aryl methyl ketones with MerCO ligand.
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complex, prepared from the corresponding ferrocene oxazo-
line, was applied to the enantioselective reduction of ketones
in the presence of polymethylhydrosiloxane, PMHS, provid-
ing modest enantioselectivities.178 The absolute configura-
tion of the major product was not specified.
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R2 R1

OH

R2
*

PMHS

Fe N

O

t-Bu

1. BuLi
2. S8

3. ZnCl2

N

O

S
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N

O

S

t-Bu

t-Bu

FeCpCpFe

cat*

cat*

R1 = Ph, R2 = Me: 100% ee = 51%
R1 = C6H10, R2 = Me: 6% ee = 42%
R1 = α-tetralonyl, R2 = Me: 100% ee = 55%
R1 = p-ClC6H4, R2 = Me: 100% ee = 45%
R1 = p-MeOC6H4, R2 = Me: 100% ee = 41%

Scheme 79. Zn-catalysed hydrosilylation of ketones with an N/S-chelating
zinc catalyst.

On the other hand, the hydrosilylation of alkenes such as
styrene was studied by Gladiali in the presence of palladium
complexes and chiral P/S-heterodonor ligands, having a
binaphthalene backbone (Scheme 80).44

There are many examples of the use of the Heck reaction in
organic syntheses.179 Compared with other transition-
metal-catalysed reactions, however, the effect of the ligands
has been less investigated.180 Numerous enantioselective
variants of this reaction have been reported.181 This reaction
is, however, often limited by low activity with certain classes
of substrates, and also by the formation of byproducts. There
is thus a need for the design of new ligands to widen the scope
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R2 R1

OH

R2

Ph(1-Naph)SiH2
[Rh(NBD)Cl]2
Ph2PO

t-BuS

R1 = Ph, R2 = Me: 80% ee = 95%
R1 = o-Tol, R2 = Me: 98% ee = 95%
R1 = Ts, R2 = Me: 90% ee = 92%
R1 = o-MeOC6H4, R2 = Me: 90% ee = 95%
R1 = p-MeOC6H4, R2 = Me: 56% ee = 88%
R1 = o-ClC6H4, R2 = Me: 90% ee = 98%
R1 = p-ClC6H4, R2 = Me: 95% ee = 85%
R1 = 1-Naph, R2 = Me: 99% ee = 98%
R1 = 2-Naph, R2 = Me: 99% ee = 95%
R1 = Ph, R2 = Et: 95% ee = 94%
R1 = Ph, R2 = i-Bu: 95% ee = 94%
R1 = Ph, R2 = Bn: 75% ee = 94%
R1 = c-Hex, R2 = Me: 90% ee = 92%
R1 = t-Bu, R2 = Me: 85% ee = 91%
R1 = Me, R2 = (Me)2CCO2Me: 94% ee = 99%

Scheme 78. Rh-catalysed hydrosilylation of ketones with a thioether-phos-
phinite ligand.
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and applications of enantioselective Heck reactions. Only
one example in the recent literature deals with the enantio-
selective Heck reaction using sulfur-containing ligands.
Hence, Tietze et al. have developed a new chiral ligand,
(R)-(+)-2,20-bis(diphenylphosphino)-3,30-bi(benzo[b]thio-
phene), (R)-BITIANP, which was successfully used in the
enantioselective Heck reaction of dihydrofuran with aryl
triflates and an alkenyl triflate, providing the corresponding
2-substituted-2,3-dihydrofurans, with complete regioselec-
tivity, high enantioselectivity (86–96% ees) and good yields
(76–93%) (Scheme 81).182

O
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Scheme 81. Heck reactions of dihydrofuran with aryl or alkenyl triflates
with (R)-BITIANP as the ligand.

In order to develop an asymmetric synthesis of tetrahydro-
isoquinolines, Tietze et al. applied these latter conditions
to the intramolecular silane-terminated Heck reaction of a
few functionalised aryl iodides, obtaining excellent yields
and enantioselectivities (Scheme 82).183 A similar reaction
was performed in the presence of another very efficient
new chiral P/S-ligand, (+)-4,40-bis(diphenylphosphino)-
2,20,5,50-tetramethyl-3,30-bithiophene, (+)-TMBTP, which
allowed the synthesis of a benzazepine with excellent yield
and enantioselectivity (Scheme 82).

In the past two decades, the Pauson–Khand reaction has
attracted much attention from the synthetic chemistry com-
munity.184 Although some progress has been achieved lately
on the way to convert the intramolecular Pauson–Khand re-
action into a catalytic enantioselective process, the intermo-
lecular version of this process has been omitted from most of

Si-Pr
PPh2

(R)

Ph Ph

OH1. HSiCl3, [(η3-allyl)PdCl]2, L*
2. H2O2

L* =

72% ee = 51%

Scheme 80. Pd-catalysed hydrosilylation of styrene with P/S-heterodonor
ligand BINAPS.
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these advances. In this context, an efficient asymmetric
version of the intermolecular Pauson–Khand reaction of
alkynes with norbornadiene was recently reported by Verda-
guer et al. using pulegone-derived P/S-chiral ligands,
PuPHOS and MeCamPHOS (Scheme 83).185 This new
type of ligands illustrated a significant diastereoselectivity
in their coordination to the prochiral dicobalt complex by
thermodynamic equilibration, an increased reactivity with
respect to normal phosphine-coordinated alkyne-dicobalt
complexes, and an efficient stereocontrol by directing the
reaction to the cobalt atom where sulfur was coordinated.
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Scheme 82. Synthesis of tetrahydroisoquinolines and a benzazepine by
intramolecular silane-terminated Heck reactions with (R)-BITIANP or
(+)-TMBTP ligands.
Chiral sulfur-containing ligands have also been involved in
other reactions such as copper-catalysed enantioselective
Mukaiyama-type aldol reactions. As an example, Langner
and Bolm described in 2004 the synthesis of new chiral C1-
symmetric benzene-bridged aminosulfoximines, which were
capable of serving as efficient ligands in the Mukaiyama-type
aldol reaction between 1-phenyl-1-(trimethylsilyloxy)-
ethane and a pyruvate derivative.186 The corresponding aldol
products with quaternary centres, which are commonly diffi-
cult to prepare in enantiomerically enriched form, have been
obtained with up to 99% ee in high yields (Scheme 84). The
scope of the reaction was extended to the use of another
enolsilane, 1-methyl-1-(trimethylsilyloxy)ethane, affording
the corresponding product with a similar efficiency.
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Scheme 84. Cu-catalysed Mukaiyama-type aldol reactions with C1-sym-
metric benzene-bridged aminosulfoximine ligands.

In 2003, an asymmetric Henry (nitroaldol) reaction was de-
veloped using Zn(II) complexes of new chiral hydrophobic
macrocyclic ligands, containing chiral diamino and thio-
phene moieties synthesised by the Schiff-base condensation
approach (Scheme 85).187 The reaction between benzalde-
hyde and nitromethane was performed in the presence of
the trimeric catalyst, which was preformed from 3 equiv of
ZnEt2 and 1 equiv of the chiral ligand.

A catalytic asymmetric version of the cyanohydrin synthesis
was reported in 2003 by Rowlands using chiral sulfoxide-
containing titanium-oxazoline complexes, providing the
corresponding enantiomerically enriched cyanohydrins
(Scheme 86).188

In 2004, Shibasaki et al. achieved the first catalytic enantio-
selective Reissert reaction of pyridine derivatives through
the development of new Lewis acid (Et2AlCl)–Lewis base
chiral S/O-catalysts (Scheme 87).189 Both sulfoxides and
phosphine sulfides have played the role of efficient Lewis
bases, providing high regio- and enantioselectivity.

Free radical reactions have received renewed interest be-
cause of relatively recent discoveries demonstrating that
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the stereochemistry of these transformations can be con-
trolled.190 Relatively few reports have been published to
date concerning radical C–C bond-forming reactions per-
formed in the presence of chiral ligands. In 2000, Hiroi
and Ishii reported the first example of asymmetric synthesis
via radicals using chiral sulfoxides as chiral ligands.191

Hence, asymmetric induction was observed in the intermo-
lecular radical C–C bond-forming reactions of N-arylsul-
fonyl-a-bromocarboxamides using chiral sulfoxides in the
presence of a Lewis acid such as Mg(OTf)2 (Scheme 88).
The intramolecular version of these radical reactions was in-
vestigated, but gave, however, much lower enantioselectiv-
ities (�5% ee).

The first use of chiral sulfoxides as Lewis base catalysts in
the allylation of aldehydes with allyltrichlorosilane was
reported in 2003. The formation of the corresponding homo-
allylic alcohols could be obtained in satisfactory yields and
with moderate enantioselectivity (Scheme 89).192

Moreover, Kobayashi et al. have introduced chiral sulfoxides
into the reactions of N-acylhydrazones with allyl-
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Scheme 85. Zn-catalysed Henry reaction with N/S-macrocyclic ligands.
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Scheme 86. Ti-catalysed cyanohydrin synthesis with a sulfoxide ligand.
trichlorosilanes as highly efficient neutral coordinating-
organocatalysts (Scheme 90).193 The corresponding chiral
homoallylic amine derivatives were prepared in these condi-
tions with high enantioselectivity. The scope of the reaction
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was extended to asymmetric crotylations with (Z)- and (E)-
crotyltrichlorosilanes, which proved to be highly stereospe-
cific, since the (E)-crotylsilane afforded the corresponding
syn-adducts, whereas the (Z)-crotylsilane led to the corre-
sponding anti-adducts with excellent diastereoselectivity
and good to high enantioselectivity.

SR2

O

R3

+ SiCl3
R1

HN

*

(R)-L*, R1 = CH2Bn, R2 = Me, R3 = Ts: 73% ee = 93% (R)
(R)-L*, R1 = CH2Bn, R2 = Et, R3 = Ts: 77% ee = 50% (R)
(S)-L*, R1 = CH2Bn, R2 = o-MeOC6H4, R3 = Me: 79% ee = 42% (S)
(S)-L*, R1 = CH2Bn, R2 = p-MeOC6H4, R3 = Me: 91% ee = 69% (S)
(R)-L*, R1 = R2 = Me, R3 = Ts: 78% ee = 90% (R)
(R)-L*, R1 = n-Hept, R2 = Me, R3 = Ts: 81% ee = 88% (R)
(R)-L*, R1 = i-Pr, R2 = Me, R3 = Ts: 80% ee = 98% (R)
(R)-L*, R1 = c-Hex, R2 = Me, R3 = Ts: 77% ee = 91% (R)
(R)-L*, R1 = p-MeOC6H4, R2 = Me, R3 = Ts: 82% ee = 81% (S)
(R)-L*, R1 = p-ClC6H4, R2 = Me, R3 = Ts: 69% ee = 89% (S)

R1

N NHBz
NHBz

L* =

L*

+ SiCl3
R

HN
R

N NHBz
NHBz

R

HN NHBz
syn

anti

+

S
O

Ts

R = CH2Bn, (Z)-silane: syn <1% + anti > 99% (ee = 91%)
R = CH2Bn, (E)-silane: syn = 99% (ee = 89%) + anti = 1% 
R = Me, (Z)-silane: syn <1% + anti > 99% (ee = 73%)
R = Me, (E)-silane: syn = 98% (ee = 82%) + anti = 2% 
R = n-Hept, (Z)-silane: syn <1% + anti > 99% (ee = 86%)
R = n-Hept, (E)-silane: syn = 95% (ee = 91%) + anti = 5%

Scheme 90. Allylation of N-acylhydrazones with allyltrichlorosilanes pro-
moted by sulfoxides.

With the aim of discovering novel chiral oxomolybdenum
catalysts able to perform enantioselective alkene epoxida-
tions, K€uhn et al. have reported the exploration of the cata-
lytic behaviour of a series of dioxomolybdenum(VI)
complexes with chiral cis-8-phenylthiomenthol ligands
derived from (+)-pulegone.194 The epoxidation of cis-b-
methylstyrene using tert-butylhydroperoxide as the oxidant,
however, did not produce significant optical induction in
these conditions.

The enantioselective synthesis of compounds containing the
cyclopropyl fragment has recently received considerable at-
tention, largely because of the frequent occurrence of cyclo-
propanes in natural products and their importance as valuable
synthetic intermediates. Although, many methods have been
developed, the transition-metal-catalysed asymmetric cyclo-
propanation has emerged as one of the most efficient routes
for the formation of chiral cyclopropanes.195 Chiral sulfides
have been used as the chiral ligands in these processes. As an
example, the chiral 1,3-oxathiane derived from camphorsul-
fonyl chloride mediated the rhodium-catalysed asymmetric
cyclopropanation of electron-deficient alkenes with phenyl-
diazomethane, furnishing the corresponding cyclopropanes
in good yields and very high ees (>97%) (Scheme 91).196
The application of these conditions to ethyl diazoacetate
(EDA) was, however, unsuccessful. Moreover, the process
could not be easily scaled up, and the sulfide could not be
fully recovered. In order to solve these problems, these au-
thors have developed a second process, involving the in
situ generation of the diazo compound, together with the
use of another class of chiral [2.2.2] bicyclic sulfides, de-
picted in Scheme 91.197 In these conditions, the process
could be generalised to a broad range of electron-deficient
alkenes, providing high enantioselectivity with all alkenes,
and the sulfide could be recovered in quantitative yield.

S
O

Rh2(OAc)4
PhCHN2R

O

Ph
Ph

O

R

Ph
+

R = Ph: 60% ee = 97%
R = Me: 55% ee > 98%
R = p-BrC6H4: 35% ee > 98%

L* =

L*

H

R1

R3

R2
+

Ph
N

N
Ts
Na+- Ph

R3

R2R1

Rh2(OAc)4

L*

S

OL* =

R1 = Ph, R2 = H, R3 = Bz: 73% trans:cis = 4:1 ee = 91% (1R,1R)
R1 = Me, R2 = H, R3 = Bz: 50% trans:cis = 4:1 ee = 90% (1R,1R)
R1 = H, R2 = 1-suc, R3 = CO2Et: 55% trans:cis = 1:7 ee = 91% (1R,1S)
R1 = H, R2 = N(Boc)2, R3 = CO2Me: 72% trans:cis = 1:6 ee = 92% (1R,1S)

Scheme 91. Rh-catalysed cyclopropanations with sulfides.

As an extension of this work, Aggarwal et al. have developed
a highly efficient asymmetric rhodium-catalysed aziridina-
tion of various imines derived from aromatic, hetero-
aromatic, unsaturated and even aliphatic aldehydes and
ketones (Scheme 92).197 In addition, this methodology was
applied to the synthesis of the side chain of taxol.198
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Scheme 92. Rh-catalysed aziridination of imines with a sulfide ligand.

In 2004, Zingaro et al. reported novel structure-defined
chiral bis(oxazolinyl)thiophenes for the ruthenium-catalysed
asymmetric cyclopropanation of alkenes with EDA.199 A
high enantioselectivity (ee>99%) was observed in the case
of cyclopropanation of diphenylethene (Scheme 93).
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Scheme 93. Ru-catalysed cyclopropanation of alkenes with bis(oxazoli-
nyl)thiophene ligands.

More recently, Nguyen et al. reported the first example of the
asymmetric cyclopropanation of olefins with EDA mediated
by a combination of a (salen)ruthenium(II) catalyst and a cat-
alytic amount of a chiral sulfoxide (Scheme 94).200 These
authors proposed that the mechanism of the asymmetric in-
duction involved the axial coordination of the chiral sulfox-
ide to the ruthenium centre as a key induction step in the
reaction stereoselectivity.
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Scheme 94. Ru-catalysed cyclopropanation of alkenes with sulfoxides.
The asymmetric synthesis of epoxides from carbonyl com-
pounds using chiral sulfur ylide intermediates has emerged
as a powerful method for not only creating C–C bonds
with control of asymmetry, but also for generating a function-
ality suitable for further manipulation.201 Two catalytic
methods have been developed involving the reaction of a chi-
ral sulfide with an alkyl halide in the presence of a base and
an aldehyde or the reaction of a chiral sulfide with a diazo
compound or a diazo precursor in the presence of a metal
catalyst and an aldehyde. In both cases, the catalytic sulfide
was regenerated during the catalytic cycle. The first method
has been performed by a number of research groups in the
presence of various sulfide structures, as depicted in Scheme
95. The highest enantioselectivities were obtained by Metz-
ner202 and Goodman203 using the chiral C2-symmetric sul-
fides 23 and 24, respectively. Other sulfides such as 25 and
26 were employed by Shimizu204 and Saito,205 respectively,
for a similar reaction performed between benzaldehyde and
benzyl bromide, giving better diastereoselectivities, but
lower enantioselectivities (Scheme 95). Although modest
to high levels of enantio- and diastereoselectivities have
been reported, the scope of this method remains somewhat
limited. Indeed, only benzyl bromide and substituted allyl
halides for the alkyl halide component, and aromatic and
heteroaromatic aldehydes for the carbonyl-coupling partner,
have mostly been employed.
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Scheme 95. Sulfide-catalysed epoxidation of aldehydes with BnBr.

The second method of asymmetric epoxidation has been ex-
tensively studied by Aggarwal et al.,201,206 and is based on
the reaction, under neutral conditions, of a chiral sulfide
with an in situ generated diazo compound in the presence
of a metal catalyst and an aldehyde. Scheme 96 summarises
the best results obtained using a chiral bicyclic sulfide,
prepared from camphorsulfonyl chloride, with a range of
aromatic, heteroaromatic and a,b-unsaturated aldehydes,
as well as aliphatic substrates, in the presence of various
tosylhydrazone salts. In addition, this methodology was
successfully applied to the synthesis of biologically impor-
tant b-hydroxy-d-lactones such as (+)-prelactone B.207

Although, this process has quite a broad scope, it also has,
like most catalytic processes, its limitations. As an example,
aldehydes with basic groups (e.g., pyridylcarboxaldehydes)
were poor electrophiles, and, moreover, a,b-unsaturated
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hydrazones were poor carbene precursors. As an alternative
strategy, the same group has considered the use of a stochio-
metric process, ideally involving the efficient recovery of the
chiral transfer sulfur reagent. Hence, high levels of selectiv-
ity were obtained through the initial formation of a sulfonium
salt, as for the reaction between 2-pyridinecarboxaldehyde
and the benzylsulfonium salt of the same sulfide, as depicted
in Scheme 96 (88% yield, trans:cis¼98:2, ee¼99%). In
addition, this methodology was applied for the synthesis of
the anti-inflammatory agent, CDP-840.208

On the other hand, Seki et al. have developed a catalytic
asymmetric synthesis of glycidic amides by the reaction of
diazoacetamides with aromatic aldehydes in the presence
of 20% molar equivalent of a chiral binaphthyl sulfide and
10% molar equivalent of copper(II)-acetylacetonate with
up to 64% ee.209 In 2004, Metzner et al. reported that ferro-
cenyl derivatives, bearing an adjacent sulfur atom included
in a fused ring, and exhibiting planar and central chiralities,
could be used as a catalytic source of asymmetric sulfonium
ylides.210 A one-pot reaction was achieved, involving the
addition of an aldehyde, benzyl bromide, 20% molar
equivalent of the ferrocenyl sulfide and sodium iodide, in a
mixture of tert-butanol and water. The best results (up to
94% ee) were observed with the chiral sulfide, as depicted
in Scheme 97, bearing a tert-butyl group on the carbon adja-
cent to the nitrogen atom, and which was entirely recovered.
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Scheme 97. Ferrocenyl sulfide-catalysed epoxidation of aldehydes.
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Scheme 96. Rh-catalysed epoxidation of aldehydes by tosylhydrazones
with a sulfide.
dioxides was described in 2000 by Bulman Page et al. The
best enantioselective efficiencies (83% ee) for the asymmet-
ric oxidation of 2-phenyl-1,3-dithiane were obtained by
using chiral N-sulfonyloxaziridines.211

In 2005, Hashimoto et al. found that the (R)-methyl p-tolyl
sulfoxide/TiCl4 combination was a promoter for the kinetic
resolution of several types of racemic phosphines.212 An-
other kinetic resolution was described in 2005 by Levacher
et al., using a chiral sulfoxide having a 4-(dimethylamino)-
pyridine backbone.213 Selectivity of up to 4.5 could be
achieved during the kinetic resolution of secondary alcohols
in the presence of 5% molar equivalent of a chiral sulfoxide.

9. Conclusions

This review clearly demonstrates the importance and high
potential of chiral sulfur-containing species as chiral ligands
for asymmetric catalysis. In this review, which covers the lit-
erature since the beginning of 1999, the author has attempted
to systematise the role, which chiral sulfur-containing
ligands play in asymmetric catalysis. Over the last 10 years,
the potential of chiral sulfur-containing ligands in transition-
metal-catalysed asymmetric syntheses has been widely de-
veloped and explored. Many of the sulfur-containing ligands
have only recently appeared in the literature, and it is clear
that their application in catalysis will undoubtedly increase
in the near future. In particular, S/S-, P/S-, or N/S-ligands
are highly efficient for performing catalytic enantioselective
C–C bond formations. The key advantages of these new
types of catalysts are their easy synthesis, mostly starting
from readily available commercial compounds, and their
stability, which facilitates the catalytic procedures. More-
over, the catalytic C–C bond formations remain a challenge
in terms of activity, enantioselectivity and catalyst loading
and recycling.

Ligand design is becoming an increasingly important part of
the synthetic activity in chemistry.214 This is, of course, be-
cause of the subtle control that ligands exert on the metal
centre to which they are coordinated. It is easy to imagine
that chiral sulfur-containing ligands have a promising future
for the development of a number of additional asymmetric
heterogeneous or homogeneous reactions.

References and notes

1. Nogradi, M. Stereoselective Synthesis; VCH: Weinheim,
1995.

2. (a) McCarthy, M.; Guiry, P. J. Tetrahedron 2001, 57, 3809–
3844; (b) Chiral Auxiliaries and Ligands in Asymmetric
Synthesis; Seyden-Penne, J., Ed.; Wiley Interscience: New
York, NY, 1995; Comprehensive Asymmetric Catalysis;
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer:
Berlin, 1999; Vols. I–III.

3. Kagan, H. B.; Dang, T.-P. J. Am. Chem. Soc. 1972, 94, 6429–
6433.

4. Knowles, W. S.; Sabacky, M. J. J. Chem. Soc., Chem.
Commun. 1968, 1445–1446.

5. Murray, S. G.; Hartley, F. R. Chem. Rev. 1981, 81, 365–414.
6. Mikolajczk, M.; Drabowicz, J.; Kielbasinski, P. Chiral Sulfur

Reagents; CRC: Boca Raton, FL, USA, 1997.



1325H. Pellissier / Tetrahedron 63 (2007) 1297–1330
7. Bayon, J. C.; Claver, C.; Masdeu-Bulto, A. M. Coord. Chem.
Rev. 1999, 193–195, 73–145.

8. (a) Livingstone, S. E. Quart. Rev. 1965, 19, 386–425; (b) Abel,
E. W.; Barghava, S. K.; Orrell, K. G. Progress in Inorganic
Chemistry; Lippard, S. L., Ed.; Wiley: New York, NY, 1984;
p 1; (c) Dance, G. Polyhedron 1986, 5, 1037–1104; (d)
Orrell, K. G. Coord. Chem. Rev. 1989, 96, 1–48; (e) Blower,
P. J.; Dilworth, J. R. Coord. Chem. Rev. 1987, 76, 121–185;
(f) Dilworth, J. R.; Hu, J. Adv. Inorg. Chem. 1994, 40, 411–
459; (g) Dance, K.; Fisher, K. Prog. Inorg. Chem. 1994, 41,
637–803.

9. Rakowski DuBois, M. Chem. Rev. 1989, 89, 1–9.
10. Masdeu-Bulto, A. M.; Di�eguez, M.; Martin, E.; Gomez, M.

Coord. Chem. Rev. 2003, 242, 159–201.
11. Fernandez, I.; Khiar, N. Chem. Rev. 2003, 103, 3651–3705.
12. (a) Homogeneous Catalysis with Metal Phosphine

Complexes; Pignolet, L. H., Ed.; Plenum: New York, NY,
1983; (b) Simpson, M. C.; Cole-Hamilton, D. J. Coord.
Chem. Rev. 1996, 155, 163–207; (c) Applied Homogeneous
Catalysis with Organometallic Compounds; Cornils, B.,
Herrmann, W. A., Eds.; VCH: Weinheim, 1996.

13. (a) Boog-Wick, K.; Pregosin, P. S.; Trabesinger, G.
Organometallics 1998, 17, 3254–3264; (b) You, S.-L.; Hou,
X.-L.; Dai, L.-X.; Yu, Y.-H.; Xia, W. J. Org. Chem. 2002,
67, 4684–4695; (c) Evans, D. A.; Campos, K. R.; Tedrow,
J. R.; Michael, F. E.; Gagn�e, M. R. J. Org. Chem. 1999, 64,
2994–2995; (d) Dawson, G. J.; Frost, C. G.; Martin, C. J.;
Williams, J. M. J.; Coote, S. J. Tetrahedron Lett. 1993, 34,
7793–7796; (e) Frost, C. G.; Williams, J. M. J. Tetrahedron:
Asymmetry 1993, 4, 1785–1788; (f) Frost, C. G.;
Christopher, G.; Williams, J. M. J. Tetrahedron Lett. 1993,
34, 2015–2018.

14. (a) Trost, B. M. Chem. Pharm. Bull. 2002, 50, 1–14; (b)
Helmchen, G.; Pfaltz, A. Acc. Chem. Res. 2000, 33, 336–
345; (c) Catalytic Asymmetric Synthesis; Ojima, I., Ed.;
Wiley-VCH: New York, NY, 2000; pp 802–856; (d) Trost,
B. M.; Crawley, M. L. Chem. Rev. 2003, 103, 2921–2943;
(e) Helmchen, G. J. Organomet. Chem. 1999, 576, 203–214.

15. Trost, B. M.; van Vranken, D. L. Chem. Rev. 1996, 96, 395–422.
16. Schulz, E.; Voituriez, A. Russ. Chem. Bull. 2003, 52, 2588–

2594.
17. Pfaltz, A. Acc. Chem. Res. 1993, 26, 339–345.
18. (a) Trost, B. M. Acc. Chem. Res. 1996, 29, 355–364; (b) Lee,

S. G.; Lim, C. W.; Song, C. E.; Kim, K. M.; Jun, C. H. J. Org.
Chem. 1999, 64, 4445–4451.

19. (a) Evans, D. A.; Brandt, T. A. Org. Lett. 1999, 1, 1563–1565;
(b) Pr�etôt, R.; Pfaltz, A. Angew. Chem., Int. Ed. 1998, 37,
323–325.

20. Pfaltz, A.; Lautens, M. Comprehensive Asymmetric Catalysis;
Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer:
Berlin, 1999; Vol. 2, pp 833–884.

21. Steinhagen, H.; Reggelin, M.; Helmchen, G. Angew. Chem.,
Int. Ed. 1997, 36, 2108–2110.

22. (a) Trost, B. M.; Verhoeven, T. R. Comprehensive Organo-
metallic Chemistry; Wilkinson, G., Ed.; Pergamon: Oxford,
UK, 1982; p 799; (b) Godleski, S. A. Comprehensive Organic
Syntheses; Trost, B. M., Ed.; Pergamon: Oxford, UK, 1994;
p 585; (c) Consiglio, G.; Waymouth, R. Chem. Rev. 1989,
89, 257–276; (d) Frost, C. G.; Howarth, J.; Williams, J. M. J.
Tetrahedron: Asymmetry 1992, 3, 1089–1122.

23. (a) Trost, B. M.; Murphy, D. J. Organometallics 1985, 4,
1143–1145; (b) Hayashi, T.; Yamamoto, A.; Hagihara, T.;
Ito, I. Tetrahedron Lett. 1986, 27, 191–194.
24. (a) Mackenzie, P. B.; Whelan, J.; Bosnich, B. J. Am. Chem.
Soc. 1985, 107, 2046–2054; (b) Granberg, K. L.; Backwall,
J. E. J. Am. Chem. Soc. 1992, 114, 6858–6863.

25. (a) Chelucci, G.; Cabras, M. A. Tetrahedron: Asymmetry
1996, 7, 965–966; (b) Chelucci, G.; Berta, D. Tetrahedron
1997, 53, 3843–3848; (c) Anderson, J. C.; James, C.;
Daniel, S.; Mathias, J. P. Tetrahedron: Asymmetry 1998, 9,
753–756; (d) Bolm, C.; Kaufmann, D.; Zehnder, M.;
Neuburger, M. Tetrahedron Lett. 1996, 37, 3985–3988.

26. (a) Sprinz, J.; Helmchen, J.; Reggelin, M.; Huttner, M.;
Zsolnai, L. Tetrahedron Lett. 1993, 34, 1769–1772; (b)
Dawson, G. J.; Frost, C. G.; Williams, J. M. J.; Coote, S. J.
Tetrahedron Lett. 1993, 34, 3149–3150; (c) Von Matt, P.;
Pflatz, A. Angew. Chem., Int. Ed. Engl. 1993, 32, 566–568;
(d) Togni, A.; Venanzi, L. Angew. Chem., Int. Ed. Engl.
1994, 33, 497–526; (e) Meyers, A. Y.; Reuman, M.
Tetrahedron 1985, 41, 837–860.

27. (a) Allen, J. V.; Bower, J. F.; Williams, J. M. J. Tetrahedron:
Asymmetry 1994, 5, 1895–1898; (b) Allen, J. V.; Coote,
S. J.; Dawson, G. J.; Frost, C. G.; Martin, C. J.; Williams,
J. M. J. J. Chem. Soc., Perkin Trans. 1 1994, 2065–2072; (c)
Allen, J. V.; Dawson, G. J.; Frost, C. G.; Williams, J. M. J.;
Coote, S. J. Tetrahedron 1994, 50, 799–808.

28. (a) Albinati, A.; Pregosin, P. S.; Wick, K. Organometallics
1996, 15, 2419–2421; (b) Herrmann, J.; Pregosin, P. S.;
Salzmann, R.; Albinati, A. Organometallics 1995, 14,
3311–3318; (c) Barbaro, P.; Currao, A.; Herrmann, J.;
Nesper, R.; Pregosin, P. S.; Salzman, R. Organometallics
1996, 15, 1879–1888.

29. Frost, C. G.; Williams, J. M. J. Synlett 1994, 551–552.
30. Tokunoh, R.; Sodeoka, M.; Aoe, K.; Shibasaki, M.

Tetrahedron Lett. 1995, 36, 8035–8038.
31. (a) Trost, B. M.; Dogra, K.; Hachiya, I.; Emura, T.; Hughes,

D. L.; Krska, S.; Reamer, R. A.; Palucki, M.; Yasuda, N.;
Reider, P. J. Angew. Chem., Int. Ed. 2002, 41, 1929–1932;
(b) Trost, B. M.; Fraisse, P. L.; Ball, Z. T. Angew. Chem.,
Int. Ed. 2002, 41, 1059–1061; (c) Bartels, B.; Helmchen, G.
Chem. Commun. 1999, 741–742.

32. Albinati, A.; Eckert, J.; Pregosin, P.; R€uegger, H.; Slzmann,
R.; St€ossel, C. Organometallics 1997, 16, 579–590.

33. Abel, E. W.; Dormer, J.; Ellis, D.; Orrell, K. G.; Sik, V.;
Hursthouse, M. B.; Mazid, M. A. J. Chem. Soc., Dalton
Trans. 1992, 1073–1080.

34. Jansat, S.; Gomez, M.; Muller, G.; Di�eguez, M.; Aghmiz, A.;
Claver, C.; Masdeu-Bulto, A. M.; Flores-Santos, L.; Martin,
E.; Maestro, M. A.; Mahia, J. Tetrahedron: Asymmetry
2001, 12, 1469–1474.

35. Fernandez, F.; Gomez, M.; Jansat, S.; Muller, G.; Martin, E.;
Flores-Santos, L.; Garcia, P. X.; Acosta, A.; Aghmiz, A.;
Gimenez-Pedros, M.; Masdeu-Bulto, A. M.; Di�eguez, M.;
Claver, C.; Maestro, M. A. Organometallics 2005, 24,
3946–3956.

36. Okuyama, Y.; Nakano, H.; Takahashi, K.; Hongo, H.; Kabuto,
C. Chem. Commun. 2003, 524–525.

37. Khiar, N.; Araujo, C. S.; Alvarez, E.; Fernandez, I.
Tetrahedron Lett. 2003, 44, 3401–3404.

38. Fernandez, I.; Ara�ujo, C. S.; Alcudia, F.; Khiar, N.
Phosphorus, Sulfur, and Silicon 2005, 180, 1509–1510.

39. Whitesell, J. K. Chem. Rev. 1989, 89, 1581–1590.
40. Evans, D. A.; Campos, K. R.; Tedrow, J. S.; Michael, F. E.;

Gagn�e, M. R. J. Am. Chem. Soc. 2000, 122, 7905–7920.
41. (a) Hiroi, K.; Suzuki, Y.; Abe, I. Chem. Lett. 1999, 149–150;

(b) Suzuki, Y.; Abe, I.; Hiroi, K. Heterocycles 1999, 50,



1326 H. Pellissier / Tetrahedron 63 (2007) 1297–1330
89–94; (c) Hiroi, K.; Suzuki, Y.; Abe, I. Tetrahedron:
Asymmetry 1999, 10, 1173–1188; (d) Hiroi, K.; Suzuki, Y.;
Kawagishi, R. Tetrahedron Lett. 1999, 40, 715–718; (e)
Hiroi, K.; Suzuki, Y.; Abe, I.; Kawagishi, R. Tetrahedron
2000, 56, 4701–4710; (f) Hiroi, K.; Izawa, I.; Takizawa, T.;
Kawai, K.-i. Tetrahedron 2004, 60, 2155–2162.

42. Yan, Y.-Y.; RajanBabu, T. V. Org. Lett. 2000, 2, 199–202.
43. Sugama, H.; Saito, H.; Danjo, H.; Imamoto, T. Synthesis 2001,

15, 2348–2353.
44. Gladiali, S.; Medici, S.; Pirri, G.; Pulacchini, S.; Fabbri, D.

Can. J. Chem. 2001, 79, 670–678.
45. Zhang, W.; Shi, M. Tetrahedron: Asymmetry 2004, 15, 3467–

3476.
46. Faller, J. W.; Wilt, J. C.; Parr, J. Org. Lett. 2004, 6, 1301–1304.
47. P�amies, O.; Van Strijdonck, G. P. F.; Di�eguez, M.;

Deerenberg, S.; Net, G.; Ruiz, A.; Claver, C.; Kamer,
P. C. J.; van Leeuwen, P. W. N. M. J. Org. Chem. 2001, 66,
8867–8871.

48. Guimet, E.; Di�eguez, M.; Ruiz, A.; Claver, C. Tetrahedron:
Asymmetry 2005, 16, 959–963.

49. (a) Nakano, H.; Yokoyama, J.-i.; Fujita, R.; Hongo, H.
Tetrahedron Lett. 2002, 43, 7761–7764; (b) Nakano, H.;
Yokoyama, J.-i.; Okuyama, Y.; Fujita, R.; Hongo, H.
Tetrahedron: Asymmetry 2003, 14, 2361–2368.

50. (a) Nakano, H.; Okuyama, Y.; Hongo, H. Tetrahedron Lett.
2000, 41, 4615–4618; (b) Nakano, H.; Okuyama, Y.;
Yanagida, M.; Hongo, H. J. Org. Chem. 2001, 66, 620–
625.

51. Nakano, H.; Takahashi, K.; Suzuki, Y.; Fujita, R. Tetrahedron:
Asymmetry 2005, 16, 609–614.

52. Khiar, N.; Su�arez, B.; Stiller, M.; Valdivia, V.; Fern�andez, I.
Phosphorus, Sulfur, and Silicon 2005, 180, 1253–1258.

53. Molander, G. A.; Burke, J. P.; Carroll, P. J. J. Org. Chem.
2004, 69, 8062–8069.

54. Selvakumar, K.; Valentini, M.; Pregosin, P. S.; Albinati, A.
Organometallics 1999, 18, 4591–4597.

55. Kanayama, T.; Yoshida, K.; Miyabe, H.; Kimachi, T.;
Takemoto, Y. J. Org. Chem. 2003, 68, 6197–6201.

56. Imai, Y.; Zhang, W.; Kida, T.; Nakatsuji, Y.; Ikeda, I. Synlett
1999, 1319–1321.

57. Gladiali, S.; Loriga, G.; Medici, S.; Taras, R. J. Mol. Catal. A
2003, 196, 27–38.

58. Chelucci, G.; Culeddu, N.; Saba, A.; Valenti, R. Tetrahedron:
Asymmetry 1999, 10, 3537–3546.

59. Adams, H.; Anderson, J. C.; Cubbon, R.; James, D. S.;
Mathias, J. P. J. Org. Chem. 1999, 64, 8256–8262.

60. (a) Saitoh, A.; Misawa, M.; Morimoto, T. Synlett 1999, 483–
485; (b) Saitoh, A.; Achiwa, K.; Tanaka, K.; Morimoto, T.
J. Org. Chem. 2000, 65, 4227–4240.

61. Rassias, G. A.; Bulman Page, P. C.; Reignier, S.; Christie,
S. D. R. Synlett 2000, 379–381.

62. Bulman Page, P. C.; Heaney, H.; Reignier, S.; Rassias, G. A.
Synlett 2003, 22–28.

63. Bonini, B.-F.; Giordano, L.; Fochi, M.; Comes-Franchini, M.;
Bernardi, L.; Capito, E.; Ricci, A. Tetrahedron: Asymmetry
2004, 15, 1043–1051.

64. Capito, E.; Bernardi, L.; Comes-Franchini, M.; Fini, F.; Fochi,
M.; Pollicino, S.; Ricci, A. Tetrahedron: Asymmetry 2005, 16,
3232–3240.

65. Gomez, M.; Jansat, S.; Muller, G.; Maestro, M. A.; Mahia, J.
Organometallics 2002, 21, 1077–1087.

66. Siedlecka, R.; Wojaczynska, E.; Skarzewski, J. Tetrahedron:
Asymmetry 2004, 15, 1437–1444.
67. Hou, X.-L.; Wu, X.-W.; Dai, L.-X.; Cao, B.-X.; Sun, J. Chem.
Commun. 2000, 1195–1196.

68. Meuzelaar, G. J.; Karlstr€om, A. S. E.; van Klaveren, M.;
Persson, E. S. M.; del Villar, A.; van Koten, G.; B€ackvall,
J.-E. Tetrahedron 2000, 56, 2895–2903.

69. Schenkel, L. B.; Ellman, J. A. Org. Lett. 2003, 5, 545–548.
70. (a) Voituriez, A.; Fiaud, J.-C.; Schulz, E. Tetrahedron Lett.

2002, 43, 4907–4909; (b) Voituriez, A.; Schulz, E.
Tetrahedron: Asymmetry 2003, 14, 339–346.

71. Abrunhosa, I.; Gulea, M.; Levillain, J.; Masson, S.
Tetrahedron: Asymmetry 2001, 12, 2851–2859.

72. Harmata, M.; Ghosh, S. K. Org. Lett. 2001, 3, 3321–3323.
73. (a) Pyne, S. G. Sulfur Rep. 1999, 21, 281–334; (b) Reggellin,

M.; Zur, C. Synthesis 2000, 1–64.
74. (a) Bolm, C.; Simic, O.; Martin, M. Synlett 2001, 1878–1880;

(b) Bolm, C.; Martin, M.; Simic, O.; Verrucci, M. Chemtracts
2003, 16, 660–666.

75. Reetz, M. T.; Bondarev, O. G.; Gais, H.-J.; Bolm, C.
Tetrahedron Lett. 2005, 46, 5643–5646.

76. (a) Hayashi, T. Ferrocenes; Togni, A., Hayashi, T., Eds.;
VCH: Weinheim, 1995; pp 105–142; (b) Metallocenes;
Togni, A., Haltermann, R. L., Eds.; VCH: Weinheim,
Germany, 1998; (c) Colacot, T. J. Chem. Rev. 2003, 103,
3101–3118; (d) Dai, L.-X.; Tu, T.; You, S.-L.; Deng, W.-P.;
Hou, X.-L. Acc. Chem. Res. 2003, 36, 659–667.

77. Park, J.; Quan, Z.; Lee, S.; Ahn, K. H.; Cho, C.-W.
J. Organomet. Chem. 1999, 584, 140–146.

78. (a) Enders, D.; Peters, R.; Runsink, J.; Bats, J. W. Org. Lett.
1999, 1, 1863–1866; (b) Enders, D.; Peters, R.; Lochtman,
R.; Raabe, G.; Runsink, J.; Bats, J. W. Eur. J. Org. Chem.
2000, 3399–3426.

79. Tu, T.; Zhou, Y.-G.; Hou, X.-L.; Dai, L.-X.; Dong, X.-C.; Yu,
Y.-H.; Sun, J. Organometallics 2003, 22, 1255–1265.

80. (a) Priego, J.; Garcia Mancheno, O.; Cabrera, S.; Gomez
Arrayas, R.; Llamas, T.; Carretero, J. C. Chem. Commun.
2002, 2512–2513; (b) Garcia Mancheno, O.; Priego, J.;
Cabrera, S.; Gomez Arrayas, R.; Llamas, T.; Carretero, J. C.
J. Org. Chem. 2003, 68, 3679–3686.

81. Routaboul, L.; Vincendeau, S.; Daran, J.-C.; Manoury, E.
Tetrahedron: Asymmetry 2005, 16, 2685–2690.

82. (a) Bernardi, L.; Bonini, B. F.; Comes-Franchini, M.; Dessole,
G.; Fochi, M.; Ricci, A. Phosphorus, Sulfur, and Silicon 2005,
180, 1273–1277; (b) Hu, X.; Bai, C.; Dai, H.; Chen, H.;
Zheng, Z. J. Mol. Catal. A 2004, 218, 107–112.

83. Bernardi, L.; Bonini, B. F.; Comes-Franchini, M.; Fochi, M.;
Mazzanti, G.; Ricci, A.; Varchi, G. Eur. J. Org. Chem. 2002,
2776–2784.

84. Nakamura, S.; Fukuzumi, T.; Toru, T. Chirality 2004, 16,
10–12.

85. Karlstr€om, A. S. E.; Huerta, F. F.; Meuzelaar, G. J.; B€ackvall,
J.-E. Synlett 2001, 923–926.

86. (a) Noyori, R. Asymmetric Catalysis in Organic Synthesis;
Wiley: New York, NY, 1994; (b) Catalytic Asymmetric
Synthesis; Ojima, I., Ed.; Wiley: New York, NY, 2000; (c)
Comprehensive Asymmetric Catalysis; Jacobsen, E. N.,
Pfaltz, A., Yamamoto, H. H., Eds.; Springer: Berlin, 1999;
Vol. 1, pp 121–247.

87. Noyori, R.; Takaya, H.; Ohta, T. Catalytic Asymmetric
Synthesis; Ojima, I., Ed.; VCH: Weinheim, 1993; pp 1–39.

88. Hauptman, E.; Fagan, P. J.; Marshall, W. Organometallics
1999, 18, 2061–2073.

89. Evans, D. A.; Michael, F. E.; Tedrow, J. S.; Campos, K. R.
J. Am. Chem. Soc. 2003, 125, 3534–3543.



1327H. Pellissier / Tetrahedron 63 (2007) 1297–1330
90. Guimet, E.; Di�eguez, M.; Ruiz, A.; Claver, C. J. Chem. Soc.,
Dalton Trans. 2005, 2557–2562.

91. P�amies, O.; Di�eguez, M.; Net, G.; Ruiz, A.; Claver, C.
Organometallics 2000, 19, 1488–1496.

92. P�amies, O.; Di�eguez, M.; Net, G.; Ruiz, A.; Claver, C.
J. Chem. Soc., Dalton Trans. 1999, 3439–3444.

93. Li, W.; Waldkirsch, J. P.; Zhang, X. J. Org. Chem. 2002, 67,
7618–7623.

94. Flores-Santos, L.; Martin, E.; Aghmiz, A.; Di�eguez, M.;
Claver, C.; Masdeu-Bulto, A. M.; Munoz-Hernandez, M. A.
Eur. J. Inorg. Chem. 2005, 2315–2323.

95. Tommasino, M. L.; Casalta, M.; Breuzard, J. A.; Lemaire, M.
Tetrahedron: Asymmetry 2000, 11, 4835–4841.

96. Tommasino, M. L.; Thomazeau, C.; Touchard, F.; Lemaire,
M. Tetrahedron: Asymmetry 1999, 10, 1813–1819.

97. Benincori, T.; Cesarotti, E.; Piccolo, O.; Sannicolo, F. J. Org.
Chem. 2000, 65, 2043–2047.

98. Johnstone, R. A. W.; Wilby, A. H.; Entwistle, I. D. Chem. Rev.
1985, 85, 129–170.

99. Zassinovich, G.; Mestroni, G.; Gladiali, S. Chem. Rev. 1992,
92, 1051–1069.

100. Bernard, M.; Delbecq, F.; Fache, F.; Sautet, P.; Lemaire, M.
Eur. J. Org. Chem. 2001, 1589–1596.

101. Petra, D. G. I.; Kamer, P. C. J.; Spek, A. L.; Schoemaker,
H. E.; van Leeuwen, P. W. N. M. J. Org. Chem. 2000, 65,
3010–3017.

102. Hage, A.; Petra, D. G. I.; Field, J. A.; Schipper, D.; Wijnberg,
J. B. P. A.; Kamer, P. C. J.; Reek, J. N. H.; van Leeuwen,
P. W. N. M.; Wever, R.; Schoemaker, H. E. Tetrahedron:
Asymmetry 2001, 12, 1025–1034.

103. Ekegren, J. K.; Roth, P.; K€allstr€om, K.; Tarnai, T.; Andersson,
P. G. Org. Biomol. Chem. 2003, 1, 358–366.

104. (a) Mohar, B.; Valleix, A.; Desmurs, J.-R.; Felemez, M.;
Wagner, A.; Mioskowski, C. Chem. Commun. 2001, 2572–
2573; (b) Sterk, D.; Stephan, M. S.; Mohar, B. Tetrahedron:
Asymmetry 2002, 13, 2605–2608; (c) Sterk, D.; Stephan,
M. S.; Mohar, B. Tetrahedron Lett. 2004, 45, 535–537.

105. Bubert, C.; Blacker, J.; Brown, S. M.; Crosby, J.; Fitzjohn, S.;
Muxworthy, J. P.; Thorpe, T.; Williams, J. M. J. Tetrahedron
Lett. 2001, 42, 4037–4039.

106. Perlmutter, P. Conjugate Addition Reactions in Organic
Synthesis; Pergamon: Oxford, 1992.

107. Woodward, S. Chem. Soc. Rev. 2000, 29, 393–401.
108. Boudier, A.; Bromm, L. O.; Lotz, M.; Knochel, P. Angew.

Chem., Int. Ed. 2000, 39, 4414–4435.
109. Spescha, M.; Rihs, G. Helv. Chim. Acta 1993, 76, 1219–1230.
110. (a) Lambert, F.; Knotter, D. M.; Janssen, M. D.; van Klaveren,

M.; Boersma, J.; van Koten, G. Tetrahedron: Asymmetry
1991, 2, 1097–1100; (b) Van Klaveren, M.; Lambert, F.;
Eijkelkamp, D. J. F. M.; Grove, D. M.; van Koten, G.
Tetrahedron Lett. 1994, 35, 6135–6138; (c) Gibson, C. L.
Tetrahedron: Asymmetry 1996, 7, 3357–3358.

111. Zhou, Q.; Pfaltz, A. Tetrahedron Lett. 1993, 34, 7725–7728.
112. Green, J.; Woodward, S. Synlett 1995, 155–156.
113. Togni, A.; Rihs, G.; Blumer, R. E. Organometallics 1992, 11,

613–621.
114. Cran, G. A.; Gibson, C. L.; Handa, S.; Kennedy, A. R.

Tetrahedron: Asymmetry 1996, 7, 2511–2514.
115. (a) Bennett, S. M. W.; Brown, S. M.; Conole, G.; Dennis,

M. R.; Fraser, P. K.; Radojevic, S.; McPartlin, M.; Topping,
C. M.; Woodward, S. J. Chem. Soc., Perkin Trans. 1 1999,
3127–3132; (b) Bennett, S. M. W.; Brown, S. M.;
Cunningham, A.; Dennis, M. R.; Muxworthy, J. P.; Oakley,
M. A.; Woodward, S. Tetrahedron 2000, 56, 2847–2855; (c)
Bennett, S. M. W.; Brown, S. M.; Muxworthy, J. P.;
Woodward, S. Tetrahedron Lett. 1999, 40, 1767–1770; (d)
Woodward, S. Tetrahedron 2002, 58, 1017–1050.

116. (a) B€orner, C.; K€onig, W. A.; Woodward, S. Tetrahedron Lett.
2001, 42, 327–329; (b) B€orner, C.; Dennis, M. R.; Sinn, E.;
Woodward, S. Eur. J. Org. Chem. 2001, 2435–2446.

117. Shi, M.; Wang, C.-J.; Zhang, W. Chem.—Eur. J. 2004, 10,
5507–5516.

118. (a) Chataigner, I.; Gennari, C.; Piarulli, U.; Ceccarelli, S.
Angew. Chem., Int. Ed. 2000, 39, 916–918; (b) Chataigner,
I.; Gennari, C.; Ongeri, S.; Piarulli, U.; Ceccarelli, S.
Chem.—Eur. J. 2001, 7, 2628–2634.

119. Pamies, O.; Net, G.; Ruiz, A.; Claver, C.; Woodward, S.
Tetrahedron: Asymmetry 2000, 11, 871–877.

120. Guimet, E.; Di�eguez, M.; Ruiz, A.; Claver, C. Tetrahedron:
Asymmetry 2005, 16, 2161–2165.

121. Schinnerl, M.; Seitz, M.; Kaiser, A.; Reiser, O. Org. Lett.
2001, 3, 4259–4262.

122. Kinahan, T. C.; Tye, H. Tetrahedron: Asymmetry 2001, 12,
1255–1257.

123. Bolm, C.; Muller, J.; Schlingloff, G.; Zehnder, M.; Neuburger,
M. J. Chem. Soc., Chem. Commun. 1993, 182–183.

124. Bolm, C.; Bienewald, F.; Harms, K. Synlett 1996, 775–776.
125. Reggelin, M.; Weinberger, H.; Spohr, V. Adv. Synth. Catal.

2004, 346, 1295–1306.
126. Alexakis, A.; Benhaim, C. Tetrahedron: Asymmetry 2001, 12,

1151–1157.
127. Christoffers, J.; R€obler, U. Tetrahedron: Asymmetry 1999, 10,

1207–1215.
128. Christoffers, J.; Mann, A. Eur. J. Org. Chem. 1999, 1475–

1479.
129. Christoffers, J.; Mann, A.; Pickardt, J. Tetrahedron 1999, 55,

5377–5388.
130. B€orner, C.; Gimeno, J.; Gladiali, S.; Goldsmith, P. J.;

Ramazzotti, D.; Woodward, S. Chem. Commun. 2000,
2433–2434.

131. (a) Pu, L.; Yu, H.-B. Chem. Rev. 2001, 101, 757–824; (b)
Berrisford, D. J.; Bolm, C.; Sharpless, K. B. Angew. Chem.,
Int. Ed. Engl. 1995, 34, 1059–1070.

132. (a) Girard, C.; Kagan, H. B. Angew. Chem., Int. Ed. 1998, 37,
2923–2959; (b) Noyori, R.; Kitamura, M. Angew. Chem., Int.
Ed. Engl. 1991, 30, 34–48.

133. Shi, M.; Sui, W.-S. Tetrahedron: Asymmetry 1999, 10, 3319–
3325.

134. Shi, M.; Sui, W.-S. Chirality 2000, 12, 574–580.
135. Paquette, L. A.; Zhou, R. J. Org. Chem. 1999, 64, 7929–7934.
136. Prieto, O.; Ramon, D. J.; Yus, M. Tetrahedron: Asymmetry

2000, 11, 1629–1644.
137. (a) Balsells, J.; Walsh, P. J. J. Am. Chem. Soc. 2000, 122,

1802–1803; (b) Balsells, J.; Betancort, J. M.; Walsh, P. J.
Angew. Chem., Int. Ed. 2000, 39, 3428–3430.

138. F€urstner, A.; M€uller, T. J. Am. Chem. Soc. 1999, 121, 7814–
7821.

139. Arredondo, V. M.; Tian, S.; McDonald, F. E.; Marks, T. J.
J. Am. Chem. Soc. 1999, 121, 3633–3639.

140. Takemoto, Y.; Yoshikawa, N.; Baba, Y.; Iwata, C.; Tanaka, T.;
Ibuka, T.; Ohishi, H. J. Am. Chem. Soc. 1999, 121, 9143–
9154.

141. Cho, B. T.; Chun, Y. S. Synth. Commun. 1999, 29, 521–531.
142. Yin, Y.; Li, X.; Lee, D.-S.; Yang, T.-K. Tetrahedron:

Asymmetry 2000, 11, 3329–3333.
143. Gibson, C. L. Tetrahedron: Asymmetry 1999, 10, 1551–1561.



1328 H. Pellissier / Tetrahedron 63 (2007) 1297–1330
144. Kossenjans, M.; Soeberdt, M.; Wallbaum, S.; Harms, K.;
Martens, J.; Aurich, H. G. J. Chem. Soc., Perkin Trans. 1
1999, 2353–2365.

145. Jimeno, C.; Moyano, A.; Pericas, M. A.; Riera, A. Synlett
2001, 1155–1157.

146. Juanes, O.; Rodriguez-Ubis, J. C.; Brunet, E.; Pennemann, H.;
Kossenjans, M.; Martens, J. Eur. J. Org. Chem. 1999, 3323–
3333.

147. (a) Braga, A. L.; Appelt, H. R.; Schneider, P. H.; Silveira,
C. C.; Wessjohann, L. A. Tetrahedron: Asymmetry 1999, 10,
1733–1738; (b) Braga, A. L.; Appelt, H. R.; Schneider,
P. H.; Rodrigues, O. E. D.; Silveira, C. C.; Wessjohann,
L. A. Tetrahedron 2001, 57, 3291–3295.

148. (a) Priego, J.; Mancheno, O. G.; Cabrera, S.; Carretero, J. C.
Chem. Commun. 2001, 2026–2027; (b) Priego, J.; Mancheno,
O. G.; Cabrera, S.; Carretero, J. C. J. Org. Chem. 2002, 67,
1346–1353.

149. Bonini, B. F.; Fochi, M.; Comes-Franchini, M.; Ricci, A.;
Thijs, L.; Zwanenburg, B. Tetrahedron: Asymmetry 2003,
14, 3321–3327.

150. Granander, J.; Sott, R.; Hilmersson, G. Tetrahedron:
Asymmetry 2003, 14, 439–447.

151. (a) Shi, M.; Sui, W.-S. Tetrahedron: Asymmetry 2000, 11,
773–779; (b) Wang, C.-J.; Shi, M. Eur. J. Org. Chem. 2003,
2823–2828.

152. Heckel, A.; Seebach, D. Angew. Chem., Int. Ed. 2000, 39,
163–165.

153. Comprehensive Organic Synthesis; Trost, B. M., Fleming, I.,
Eds.; Pergamon: Oxford, 1991; Vol. 5, Oppolzer, W., in
Chapter 4.1, and Roush, W. R., in Chapter 4.4.

154. Kagan, H. B.; Riant, O. Chem. Rev. 1992, 92, 1007–1019.
155. Fache, F.; Schulz, E.; Tommasino, M. L.; Lemaire, M. Chem.

Rev. 2000, 100, 2159–2231.
156. Owens, T. D.; Hollander, F. J.; Olivier, A. G.; Ellman, J. A.

J. Am. Chem. Soc. 2001, 123, 1539–1540.
157. Owens, T. D.; Souers, A. J.; Ellman, J. J. Org. Chem. 2003, 68,

3–10.
158. Hiroi, K.; Watanabe, K.; Abe, I.; Koseki, M. Tetrahedron Lett.

2001, 42, 7617–7619.
159. Watanabe, K.; Hirasawa, T.; Hiroi, K. Chem. Pharm. Bull.

2002, 50, 372–379.
160. Watanabe, K.; Hirasawa, T.; Hiroi, K. Heterocycles 2002, 58,

93–97.
161. Okamura, H.; Bolm, C. Chem. Lett. 2004, 33, 482–487.
162. (a) Bolm, C.; Simic, O. J. Am. Chem. Soc. 2001, 123, 3830–

3831; (b) Bolm, C.; Martin, M.; Simic, O.; Verrucci, M.
Org. Lett. 2003, 5, 427–429.

163. Bolm, C.; Verrucci, M.; Simic, O.; Cozzi, P. G.; Raabe, G.;
Okamura, H. Chem. Commun. 2003, 2826–2827.

164. Nishio, T.; Kodama, Y.; Tsurumi, Y. Phosphorus, Sulfur, and
Silicon 2005, 180, 1449–1450.

165. Nakano, H.; Suzuki, Y.; Kabuto, C.; Fujita, R.; Hongo, H.
J. Org. Chem. 2002, 67, 5011–5014.

166. Mancheno, O. G.; Arrayas, R. G.; Carretero, J. C.
Organometallics 2005, 24, 557–561.

167. Mancheno, O. G.; Arrayas, R. G.; Carretero, J. C. J. Am.
Chem. Soc. 2003, 126, 456–457.

168. (a) Beller, M.; Cornils, B.; Frohning, C. D.; Kohlpaintner,
C. W. J. Mol. Catal. A 1995, 104, 17–85; (b) Frohning,
C. D.; Kohlpaintner, C. W. Applied Homogeneous Catalysis
with Organometallic Compounds; Cornils, B., Herrmann,
W. A., Eds.; Springer: Weinheim, 1996; pp 29–90; (c)
Agbossou, F.; Carpentier, J. F.; Mortreux, A. Chem. Rev.
1995, 95, 2485–2506; (d) Ungv�ary, F. Coord. Chem. Rev.
1998, 170, 245–281; (e) Gladiali, S.; Bayon, J. C.; Claver,
C. Tetrahedron: Asymmetry 1995, 6, 1453–1474.

169. Claver, C.; Castillon, S.; Ruiz, N.; Delogu, G.; Fabbri, D.;
Gladiali, S. Chem. Commun. 1993, 1833–1834.

170. Di�eguez, M.; Ruiz, A.; Claver, C.; Pereira, M. M.; Flor, M. T.;
Bayon, J. C.; Serra, M. E. S.; Rocha Gonsalves, A. M. d’A.
Inorg. Chim. Acta 1999, 295, 64–70.

171. Breuzard, J. A. J.; Tommasino, M. L.; Touchard, F.; Lemaire,
M.; Bonnet, M. C. J. Mol. Catal. A 2000, 156, 223–232.

172. Deloux, L.; Srebnik, M. Chem. Rev. 1993, 93, 763–784.
173. Yang, T.-K.; Lee, D.-S. Tetrahedron: Asymmetry 1999, 10,

405–409.
174. Molvinger, K.; Court, J. Tetrahedron: Asymmetry 2001, 12,

1971–1973.
175. Blake, A. J.; Cunningham, A.; Ford, A.; Teat, S. J.;

Woodward, S. Chem.—Eur. J. 2000, 6, 3586–3594.
176. Nishiyama, H. Comprehensive Asymmetric Catalysis;

Jacobsen, E. N., Pfaltz, A., Yamamoto, H., Eds.; Springer:
Berlin, 1999; Vol. 1, pp 267–289.

177. Brunner, H.; Nishiyama, H.; Itoh, K. Catalytic Asymmetric
Synthesis; Ojima, I., Ed.; VCH: New York, NY, 1993;
pp 302–322.

178. G�erard, S.; Pressel, Y.; Riant, O. Tetrahedron: Asymmetry
2005, 16, 1889–1891.

179. Hegedus, L. S. Transition-metals in the Synthesis of Complex
Organic Molecules; University Science Books: Mill Valley,
USA, 1994.

180. Cabri, W.; Candiani, I. Acc. Chem. Res. 1995, 28, 2–7.
181. (a) Schmalz, H. G. Nachr. Chem. Tech. Lab. 1994, 42, 270–

276; (b) De Meijere, A.; Meyer, F. E. Angew. Chem., Int.
Ed. Engl. 1994, 33, 2379–2411.

182. Tietze, L. F.; Thede, K.; Sannicolo, F. Chem. Commun. 1999,
1811–1812.

183. Tietze, L. F.; Thede, K.; Schimpf, R.; Sannicolo, F. Chem.
Commun. 2000, 583–584.

184. Chung, Y. K. Coord. Chem. Rev. 1999, 188, 297–341.
185. (a) Verdaguer, X.; Lledo, A.; Lopez-Mosquera, C.; Maestro,

M. A.; Pericas, M. A.; Riera, A. J. Org. Chem. 2004, 69,
8053–8061; (b) Verdaguer, X.; Moyano, A.; Pericas, M. A.;
Riera, A.; Maestro, M. A.; Mahia, J. J. Am. Chem. Soc.
2000, 122, 10242–10243; (c) Verdaguer, X.; Pericas, M. A.;
Riera, A.; Maestro, M. A.; Mahia, J. Organometallics 2003,
22, 1868–1877.

186. Langner, M.; Bolm, C. Angew. Chem., Int. Ed. 2004, 43,
5984–5987.

187. Gao, J.; Martell, A. E. Org. Biomol. Chem. 2003, 1, 2801–
2806.

188. Rowlands, G. J. Synlett 2003, 236–240.
189. Ichikawa, E.; Suzuki, M.; Yabu, K.; Albert, M.; Kanai,

M.; Shibasaki, M. J. Am. Chem. Soc. 2004, 126, 11808–
11809.

190. Curran, D. P.; Porter, N. A.; Giese, B. Stereochemistry of
Radical Reactions; VCH: New York, NY, 1995.

191. Hiroi, K.; Ishii, M. Tetrahedron Lett. 2000, 41, 7070–7074.
192. (a) Rowlands, G. J.; Barnes, W. K. Chem. Commun. 2003,

2712–2713; (b) Massa, A.; Malkov, A. V.; Kocovsky, P.;
Scettri, A. Tetrahedron Lett. 2003, 44, 7179–7181.

193. Kobayashi, S.; Ogawa, C.; Konishi, H.; Sugiura, M. J. Am.
Chem. Soc. 2003, 125, 6610–6611.
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