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Abstract: This review provides an analysis of asym-
metric organometallic-catalyzed reactions in aqueous
media. The different methodologies for the prepara-
tion of chiral water-soluble ligands, and more par-
ticularly phosphorus derivatives, are summarized. The
applications of these ligands in association with
organometallic complexes in water only, as well as
other conditions such as reaction in water in the
presence of surfactants or in mixtures of water� or-
ganic solvents are described. Although asymmetric
hydrogenation is one of the most studied catalyzed
reactions in aqueous media, some preliminary results
concerning asymmetric carbonylation, alkylation, ox-
idation, cyclopropanation, Diels±Alder reaction, and
aldol reaction have appeared in the literature.
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1 Introduction

Homogeneous organometallic catalysis is now awell-used
methodology in organic synthesis, and especially in the
synthesisof finechemicals.[1,2] This ismainlydue to thehigh
activities and selectivities (regio- and stereoselectivity)
generally achieved in these processes, as well as the very
mild conditions used in thesemetal-catalyzed transforma-
tions. However most of these developments have been
carried out in organic solvents. Although chemical trans-
formations in living systems occur in an aqueous environ-
ment, it was only in 1960×s that a breakthrough was
achieved in the use ofwater as a solvent andparticularly in
organometallic catalysis. Themain goal in this casewas the
recycling of the expensive and sometimes toxic catalyst in
hydroformylation, a very important industrial application.
Nevertheless, this discovery induced researchers to try to
performmanyorganic reactions inaqueousmedia, and the
developmentofwater-solubleorganometallic catalysts has
expanded significantly.[3]

Water has many advantages over the usual organic
solvents. It is effectively one of the cheaper solvents and
so one of the most economic. It is also safer than the

usual solvents which are often inflammable and explo-
sive. From an industrial point of view, the use of a two-
phase system allows an easy separation of the products
from the water-soluble organometallic catalyst by
simple phase separation. Finally, water is environmen-
tally friendly and could obviously diminish the problems
of pollution by organic solvents.
During the last 20 years the use of soluble chiral

organometallic catalysts has also led to important
advances in asymmetric synthesis.[4-6] Now very good
enantioselectivities, higher than 95%, have been ob-
tained in many typical reactions such as hydrogenation
of carbon-carbon or carbon-oxygen double bonds,
isomerization, epoxidation, bishydroxylation, and allyl-
ic alkylation. However, one key challenge in these
reactions is the separation of the expensive chiral
catalyst for its recovery and its possible recycling.
Although water-soluble catalysts were known and
used since the 1960×s, it is only recently that this
methodology has been extended to the obtention of
chiral compounds starting from prochiral ones.
However, water is a solvent quite different from the

organic solvents. Rate enhancement of the reaction
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could be observed on going from an organic solvent to
water. New selectivities, for example, regio- and enan-
tioselectivity, could also sometimes be expected.
For performing organometallic-catalyzed reactions in

water, the reactants need to be sparingly soluble in
water. However, if the reactants are not soluble enough,
a co-solvent can be added, as well as surfactants, in order
to increase the solubilities in water.
This review will focus on asymmetric transformations

performed in the presence of water, in an homogeneous
way as well as in a two-phase system. After a survey
concerning the synthesis of water-soluble ligands, cata-
lyzed organometallic asymmetric reactions performed
in the presence of water will be presented. However,
only reactions using at least a stoichiometric or sub-
stoichiometric amount ofwater, withoutmodification of
the organometallic catalyst, will be reported.

2 Synthesis of Chiral Water-Soluble
Ligands

The water-solubility of organometallic catalysts can be
generally achieved by the modification of a ligand, and
particularly by the introduction of polar groups such as
sulfonate groups, quaternized aminoalkyl groups, hy-
droxyalkyl or polyether groups, carboxylated groups,
etc., on a ligand. Another possibility is the introduction
of the phosphino group on a chiral water-soluble
molecule. Thus, a variety of chiral water-soluble ligands
closely related to known chiral ligands has been
prepared according to these methodologies.

2.1 Sulfonated Chiral Ligands

As a result of the successful applications and intensive
investigations on the water-soluble ligand TPPTS or
trisodium salt of tri-(m-sulfophenyl)phosphine,[7±9] a
variety of water-soluble ligands were prepared by the
introduction of a sulfonate group on a chiral ligand
(Scheme 1). Sinou et al. prepared several chiral 1,2-, 1,3-,
and 1,4-diphosphines by direct sulfonation of the corre-
sponding chiral diphosphines 1a ± 4a in sulfuric acid
containing 30% SO3 followed by subsequent neutrali-
zation and work-up.[10,11] The sulfonated Chiraphos 1b,
Prophos 2b, BDPP 3b, and Cyclobutanediop 4b, were
obtained using this methodology; as a rule, tetrasulfo-
nateddiphosphineswere obtained,with the exceptionof
Prophos 2, where a mixture of tetrasulfonated and
trisulfonated phosphines was obtained, together with
some phosphine oxides, whatever the conditions used.
Since atropoisomeric C2-symmetric ligands are

among those inducing the highest ee×s in organometallic
catalysis, Davies et al. prepared sulfonated BINAP
5b.[12,13] Treatment of BINAP 5a in concentrated sulfuric
acid with fuming sulfuric acid (40 wt % sulfur trioxide in
concentrated sulfuric acid) for 3 days at 10 �C gave a
mixture of tetra-, penta-, and hexasulfonated phos-
phines, structure 5b being given to the major species
(more than 85%).
Treatment of diphosphine 6a with oleum in the

presence of boric acid yielded the eight-fold sulfonated
BINAS-8 6b.[14,15] Stirring BIFAP 7a at 20 �C for 88 h
with 5% SO3 in H2SO4 gave enantiopure disulfonated
BIFAPS 7b almost quantitatively, although performing
the reaction at 50 �C in sulfuric acid gave a racemic
product.[16]

The tetrasulfonated atropisomeric ligand 8b, an
analogue of MeOBiphemp and bearing the sulfonate
groups on the para position of the phenyl ring, was
obtained by a five-step sequence.[17] Hanson et al.
obtained the surface-active diphosphine 9b by direct
sulfonation of the BDPP analogue 9a.[18]

Other chiral phosphines containing a sulfonate group
were also obtained from BPPM by acylation with
trimellitic anhydride followed by treatmentwith sodium
taurinate, for 10,[19] or by acylation of a chiral hydrox-
yphosphine with o-sulfobenzoic anhydride, for 11.[20,21]

Recently, water-soluble analogues 12 ± 14 of Noyori×s
(1S,2S)-N-(p-tolylsulfonyl)-1,2-diphenylethylenedia-
mine and Knochel×s (1R,2R)-N-(p-tolylsulfonyl)-1,2-
diaminocyclohexane, containing an additional sulfonic
acid group, have been synthesized (Scheme 2).[22]

2.2 Other Chiral Water-Soluble Ligands

Among the other accesses to chiral water-soluble
ligands, the introduction of a quaternary ammonium
group is one of the most studied (Scheme 3).
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Nagel et al.[23] prepared diphosphine 15 by quaterni-
zation of (3R,4R)-3,4-bis(diphenylphosphino-1-methyl-
pyrrolidine with Me3OBF4 after protecting the phos-
phorus through complexation to rhodium.
Toth and Hanson[24] synthesized tetraamine function-

alized derivatives of the ligandsChiraphos 16, BDPP 17,
and DIOP 18; the water-solubility of these ligands was
achieved by proton or methyl quaternization of their
rhodium complexes, using HBF4 or Me3OBF4, respec-
tively.
BINAP analogues bearing aminoquaternized ammo-

nium functions were simultaneously prepared by Lem-
aire×s and Gene√t×s groups. Lemaire and co-workers[25]

obtained the hydrobromide form 19ofdiamo-BINAPor
6,6�-di(aminomethyl)-BINAP by treatment of this dia-
minophosphine with aqueous hydrobromic acid, while
Gene√t and co-workers[26] prepared the diguanidinium

BINAP ligand 20by reaction of diam-BINAPwithN,N�-
di-Boc-N��-triflylguanidine followed by addition of hy-
drochloric acid in methanol.
Finally, a phosphinite-oxazoline ligand 21[27] and a bis-

phosphinite ligand 22[28] bearing quaternary ammonium
groups were prepared starting from natural �-glucos-
amine and 2-(hydroxymethyl)phenyl �-�-glucopyrano-
side, respectively, the last step being a quaternization of
the corresponding amine with Me3OBF4.
Sinou et al. synthesized non-ionic, asymmetric poly-

oxa-1,2- and -1,4-diphosphines 23 and 24, analogues of
Prophos and DIOP (Scheme 4).[29,30] The chiral poly-
ether-phosphite ligand 25 derived from (S)-binaphthol
was prepared byLemaire and co-workers,[31] while Chan
et al. synthesized PEG-BINAP 26 through polyconden-
sation of 5,5�-diamino-BINAP, polyethylene glycol and
terephthalic chloride.[32]

Various groups also took advantage of the chirality
and hydrophilicity of carbohydrates for the synthesis of
various water-soluble non-ionic ligands. Oehme, Selke,
and co-workers synthesized the water-soluble carbohy-
drate diphosphinites 27 having free hydroxy groups in
the 4 and 6 positions of the hexoside (Scheme 5).[33,34]

Diphosphinites 28 and 29 derived from �,�- and �,�-
trehalose, which are more soluble in water than ligands
based on monosaccharides, were also prepared.[35,36]
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Finally, chiral tetrahydroxydiphosphines 30 and 31,
analogues of Duphos, were synthesized from readily
available �-mannitol in quite good yields.[37,38]
Carboxylate groups were also used to achieve water-

solubilization. Acylation of the diphosphine (2S,4S)-4-
diphenylphosphino-2-[(diphenylphosphino)methyl]-
pyrrolidine (PPM) and (R,R)-3,4-bis(diphenylphosphi-
no)pyrrolidine (Pyrphos) with polyacrylic acid gave

very easily the hydrophilic macroligands PAA-PPM 32
(Scheme 6)[39,40] and PAA-pyrphos 33.[41]

Recently, mono- and bisphosphorylated BINAP de-
rivatives 34 have been obtained; the sodium salts of the
phosphonic acid derivatives are soluble in water.[42]
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3 Hydrogenation in Aqueous Media

Hydrogenation of prochiral substrates such as �-acet-
amidoacrylic acids, �,�-unsaturated acids, �-ketoesters,
and imines, in water or in a two-phase system, is one of
the most studied reactions.

3.1 Hydrogenation of �-Acetamidoacrylic Acids

3.1.1 Ionized Ligands

Hydrogenation of prochiral substrates in water or in a
two-phase system, and particularly of �-amino acid
precursors, is one of the most studied reactions. Rho-
dium complexes of water-soluble 1,2-diphosphines such
as 15,[23] sulfonated Chiraphos 1b and Prophos 2b,[10,11]

and aminoquaternized ammonium diphosphines 16a,
b[43,44] effectively reduced unsaturated �-amino acid
precursors in water or in a two-phase system under
pressure with high enantioselectivities, very close to the
values obtained in organic media (Table 1). Reduction
of (Z)-�-acetamidocinnamic acid in the presence of
sulfonated ligands 1 and 2 gave the corresponding amino
acids with enantioselectivity of up to 87% ee in a two-
phase system, while an enantioselectivity up to 94% ee
was obtained in water only using 16a as the ligand.
Methyl (Z)-�-acetamidocinnamate was also reduced
with enantioselectivities in the range 67 ± 81% ee using

the water-soluble 1,2-ligands in a two-phase system. The
unsaturated precursor of the Dopa was hydrogenated
with an ee of up to 88% in a two-phase system in the
presence of ligand 1, while an ee of up to 93% was
obtained in water in the presence of ligand 16.
In the reduction of the same precursors, rhodium

complexes of water-soluble 1,3-diphosphines 3b, 17a or
17b derived from BDPP, gave enantioselectivities from
40 to 80% ee, lower than the values obtained with the
non-water-soluble analogues or even with ligands 17a, b
in methanol (Table 2).[10,11,43±45] Finally, the catalysts
obtained from tetrasulfonated CBD 4b, or aminoqua-
ternized ammonium DIOP 18a, b, although the most
active, gave lower enantioselectivities, with values from
8 to 67% ee (Table 3).[10,11,43,44]

It is to be noted that the reuse of the catalyst solution
was possible in the cases of sulfonated or aminoquater-
nized diphosphines, with no loss of enantioselectivity.
The concept of supported aqueous-phase catalysis has

been extended to the asymmetric hydrogenation of
some amino acid precursors by the use of the
[Rh(COD)(16b)]BF4 and [Rh(COD)(17b)]BF4 immo-
bilized on silica, enantioselectivity of up to 55%eebeing
reached using a mixture of AcOEt/benzene (1/1) as the
solvent;[46] however, some deactivation and rhodium
leaching was observed upon recycling.
The water-soluble catalyst [Rh(COD)(5b)]ClO4 gave

enantioselectivities up to 70% in the reduction of �-
acetamidoacrylic acid and its methyl ester,[12] while the
catalyst obtained by mixing [Ru(C6H6)Cl2]2 with sulfo-
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nated BINAP 5b (Scheme 7) gave an enantioselectivity
as high as 88% ee, quite close to the values obtained in
neat methanol;[13] it is to be noted in these cases that the

direction of enantioselection was the opposite using the
rhodium or the ruthenium catalyst, as that observed in
organic solvents. The hydrogenation of (Z)-acetamido-
cinnamic acid with BIFAPS 7 as the ligand instead of 5b,
in a two-phase system of water/ethyl acetate, resulted in
the product with 72% ee, but with low conversion
(18%).[16]

The other sulfonated diphosphines such as 10 and 11
associated with rhodium complexes[19,21] gave lower
enantioselectivities in the reduction of �-acetamido-
acrylic acid and its methyl ester in water: 34% and 7 ±
27% ee in the case of the unsaturated acid, respectively,
and 0 ± 17% ee for the methyl ester using ligand 11.

Table 1. Asymmetric reduction of some enamides in the presence of rhodium complexes containing water-soluble 1,2-
diphosphines.

Ar NHAc

CO2R

Ar NHAc

CO2R[Rh]/ligand/H2

solvent

Ar R Ligand Solvent PH2
[atm] ee [%] Ref.

C6H5 H 15 H2O 1 90[a] [23]
1b H2O/AcOEt (1/2) 10 87 [11]
2b H2O/AcOEt (1/2) 10 70[b] [11]
16a H2O 14 94 [44]
16b H2O 14 90 [44]

C6H5 CH3 1b H2O/AcOEt (1/1) 10 81 [11]
2b H2O/AcOEt (1/1) 10 67[b] [44]
16a H2O 14 68 [44]
16a H2O/AcOEt/C6H6 (2/1/1) 14 77 [44]
16b H2O/AcOEt/C6H6 (2/1/1) 14 74 [44]

3-MeO-4-AcO-C6H3 H 1b H2O/AcOEt (1/1) 10 88 [11]
2b H2O/AcOEt (1/1) 10 80[b] [11]
16a H2O 14 93 [44]
16b H2O 14 88 [44]

[a] Reduced as the sodium salt.
[b] As a mixture of 60% tetrasulfonated diphosphine and 40% trisulfonated diphosphine.

Table 2. Asymmetric reduction of some enamides in the presence of rhodium complexes containing water-soluble 1,3-
diphosphines.

Ar NHAc

CO2R

Ar NHAc

CO2R[Rh]/ligand/H2

solvent

Ar R Ligand Solvent PH2
[atm] ee [%] Ref.

C6H5 H 3b H2O/AcOEt (1/1) 15 65 [11]
17a H2O 14 67 [44]
17a H2O 91 65 [44]
17b H2O 14 71 [44]
17b H2O/CH3OH (2/1) 14 70 [44]
17b H2O/CH3OH (1/1) 14 64 [44]
17b H2O/EtOAc/C6H6 (2/1/1) 14 73 [44]

C6H5 CH3 3b H2O/AcOEt (1/1) 15 45 [11]
17a H2O 14 40 [44]
17a H2O/AcOEt/C6H6 (2/1/1) 14 45 [44]
17b H2O/AcOEt/C6H6 (2/1/1) 14 50 [44]

3-MeO-4-AcO-C6H3 H 3b H2O/AcOEt (1/1) 10 58 [11]
17a H2O 14 76 [44]
17b H2O 14 79 [44]
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H2 (1 atm)/25 °C

R = H cat [Rh]/(R)-5b        ee  70% (S)
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cat [Ru]/(R)-5b        ee  82% (R)

R = CH3

Scheme 7. Reduction of �-acetamidoacrylic acid derivatives
in the presence of [Rh]/ and [Ru]/(R)-5b catalysts.
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Ligand 9 associated with [Rh(COD)Cl]2 acted as a
surface-active ligand and reduced methyl (Z)-�-acet-
amidocinnamate in a two-phase system, AcOEt/water,
with an enantioselectivity up to 69%, quite similar to the
values obtained using non-sulfonated BDPP; however,
improved reactivity was observed.[18]

Reduction of (Z)-�-acetamidocinnamic acid was also
performed by hydrogen transfer from formate catalyzed
by [Rh(COD)Cl]2 in the presence of ligand 4b affording
the saturated product with 43% ee.[47]

RajanBabu and co-workers[28] used a series of water-
soluble, chelating bis-phosphinite ligands 22 derived
from �-salicin and bearing a quaternized ammonium
function as ligand in the hydrogenation of some
acetamidoacrylic acid derivatives in aqueous or biphasic
media. The enantioselectivities obtained in neat aque-
ous or biphasic media are generally lower than those
observed in organic medium; for example, reduction of
methyl �-acetamidoacrylate using 22a as the ligand
afforded the saturated product with 2 and 90% ee in
water or in amixturewater/methanol (1/1), respectively,
while reduction in water only using 22c as the ligand
gave the product with 61% ee, recycling of the catalyst
being not possible.
This hydrogenation process was extended to the

reduction of dehydropeptides in a two-phase system,
water/ethyl acetate, using [Rh(COD)Cl]2 associated
with tetrasulfonated ligands 3b and 4b (Scheme 8);[48]

the diastereomeric excess (de) of the obtained dipeptide

was strongly dependent on the absolute configuration of
the unsaturated substrate. Reduction of Ac-�-Ph-(S)-
Ala-OCH3 in the presence of [Rh]/4b gave a de as high
as 72% in favour of the (R,S) diastereoisomer,while a de
of 6% was obtained in the reduction of Ac-�-(R)-Ala-
OCH3 in favour of the (R,R) diastereoisomer.
The lower enantioselectivity observed in water for the

reduction of amino acid precursors using water-soluble
diphosphines in association with rhodium complexes
was attributed to solvent effects and to the different
reactionkinetics in the two solvents;[49] effectively a drop
in enantioselectivity was observed going from the true
organic system to the aqueous phase, a linear relation-
ship being found between log (%S/%R) and the solvo-
phobicity parameter, Sp, of various solvents. However,
another possibility could be the presence of a different
mechanism than the usual one, occurring, for example,
via a monohydride species. Effectively, although the
biphasic hydrogenation of �-amino acid precursors
using rhodium complexes was shown to be a truly
homogeneous process,[50] a very high amount of regio-
specific monodeuteration at the position � to the
acetamido and the ester functions was observed in the
reduction of �-acetamidocinnamic acid in AcOEt/D2O,
the amount of deuterium incorporation depending on
the nature of the substrate and on the ligand
(Scheme 9).[51,52] Hydrogen incorporation occurred at

Table 3. Asymmetric reduction of some enamides in the presence of rhodium complexes containing water-soluble 1,4-
diphosphines.

Ar NHAc

CO2R

Ar NHAc

CO2R[Rh]/ligand/H2

solvent

Ar R Ligand Solvent PH2
[atm] ee [%] Ref.

C6H5 H 4b H2O/AcOEt (1/1) 1 34 [11]
18a H2O 14 25 [44]
18b H2O 14 34 [44]

C6H5 CH3 4b H2O/AcOEt (1/1) 1 20 [11]
18a H2O 14 8 [44]
18b H2O/AcOEt/C6H6 (2/1/1) 14 25 [44]

3-MeO-4-AcO-C6H3 H 4b H2O/AcOEt (1/2) 1 37 [11]
18a H2O 14 42 [44]
18b H2O 14 67 [44]
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O

CO2Me
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(S)

(R) de  53/47 (RR)/(RS)

de  86/14 (SR)/(SS)

Scheme 8. Reduction of Ac-�-Ph-Ala-OCH3 in a two-phase
system AcOEt/H2O in the presence of [Rh(COD)Cl]2�
(S,S)-3b at 25 �C under 20 atm of hydrogen.
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Scheme 9. Deuterium (or hydrogen) incorporation using H2

(or D2) in a two-phase system D2O (or H2O)/AcOEt.
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the same position when the reduction was performed
under a deuterium atmosphere in the presence of water.

3.1.2 Non-Ionic Ligands

Polyoxadiphosphines or carbohydrate-based ligands
have been used, in association with rhodium complexes,
in the reduction of unsaturated amino acid precursors in
water. While enantioselectivity lower than 32% ee has
been obtained in the reduction of �-acylaminoacrylic
acids using 23 or 24 as the chiral ligands,[29,30] diphos-
phinites or diphosphines 27 ± 31 derived from carbohy-
drates and associated with rhodium complexes afforded
very high enantioselectivities.
Selke and co-workers used various deprotected �-

hexopyranoside-2,3-O-bis(diphenylphosphinite) carry-
ing free hydroxy groups in 4,6-positions of the hexoside
in the reduction of (Z)-�-acetamidocinnamic acid and
its methyl ester in water.[53] The ligands having the �-
configuration gave the highest enantioselectivity (up to
80% ee for the �-anomer compared to 60% ee for the �-
anomer); these enantioselectivities are quite close to
those obtained when performing the reaction in meth-
anol. However, the ligands carrying a phenyl group as
the aglycone showed extremely long reaction rates
compared to the methyl analogue.
The rhodium complex [Rh(COD)(30)]BF4 reduced 2-

acetamidoacrylic acid and its methyl ester in water as
solvent with a high rate and enantioselectivity of up to
99.6 and 93.6% ee, respectively.[37]

The bisphosphinite 28 and 29, derived from the
corresponding �,�- or �,�-trehalose, have been trans-
formed into cationic rhodium complexes which are
soluble in water and are efficient catalysts for the
asymmetric hydrogenation of dehydroamino acids and
their esters in water or in an aqueous/organic biphasic
medium (Table 4).[35,36,54] The reduction of methyl �-

acetamidocinnamate using the diphosphinite 28 pro-
ceeded in H2O or in a biphasic system H2O/AcOEt to
give moderate selectivity (55% and 68% ee, respective-
ly); addition of methanol increased the enantioselectiv-
ity to 75% ee. The hydrogenation in water using
diphosphinite 29 as the chiral ligand gave an enantio-
selectivity up to 88%; hydrogenation carried out inH2O/
AcOEt biphasic system gave an enantioselectivity of up
to 87% ee, while this value was improved to 98% ee
when the reaction was carried out in H2O/CH3OH/
AcOEt. Several dehydroamino acid derivatives were
also hydrogenated with good enantioselectivities (90 ±
98% ee) under the above conditions.

3.1.3 Water-Soluble Polymers

Anderson and co-workers used rhodium complexes of
water-soluble polymer ligand 32 and 33 in the reduction
of �-acetamidocinnamic acid and its methyl ester in
water and in a two-phase system, AcOEt/water.[39±41]

The corresponding amino acids were obtained in
moderate to good ee×s, the best enantioselectivity being
obtained for �-acetamidocinnamic acid (ee of up to
89%) (Scheme 10). However, the enantioselectivity in
the case of ligand 32 is dependent on the phosphorus
loading on the polymer, being high at low loading and
low at high loading, although catalyst based on ligand 33
gave an enantioselectivity up to 83% ee, the enantiose-
lectivity being unaffected by the phosphorus loading.

3.1.4 Reduction in the Presence of Surfactants

Asymmetric hydrogenationwas also performed inwater
as solvent using rhodium complexes associated with
non-water-soluble chiral ligands, and particularly
BPPM 35a, in the presence of micelle-forming amphi-

Table 4. Asymmetric reduction of some enamides in the presence of rhodium complexes associated with carbohydrate-based
ligands.

Ar NHAc

CO2R

Ar NHAc

CO2R[Rh]/ligand/H2

solvent

Ar R Ligand Solvent ee [%] Ref.

C6H5 CH3 28 H2O 55 [35,36]
H2O/AcOEt (1/1) 68 (66)[a] [35,36]
H2O/CH3OH/AcOEt (6/4/10) 76 [35]

C6H5 CH3 29 H2O 88 [35]
H2O/AcOEt (1/1) 87 (85)[a] [35]
H2O/CH3OH/AcOEt (6/4/10) 98 [35]

C6H5 H 29 H2O/CH3OH/AcOEt (6/4/10) 96 [35]
4-MeO-C6H4 CH3 29 H2O/CH3OH/AcOEt (6/4/10) 98 [35]
2-naphthyl CH3 29 H2O/CH3OH/AcOEt (6/4/10) 96 [35]
H CH3 29 H2O 80 [35]

[a] The ee obtained from the recycling of the catalyst aqueous solution is shown in brackets.
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philes (Scheme 11).Oehme et al.[55,56] showed that, using
the catalyst [Rh(COD)2]BF4�BPPM 35a in the reduc-
tion of some �-amino acid precursors in water, both
activity and enantioselectivity were enhanced signifi-
cantly in the presence of surfactants, and that the
enantioselectivities obtained are quite comparable to
those obtained in methanol (96% ee) (Scheme 12).
These effects were foundwith non-ionic, zwitterionic, as
well as anionic and cationic surfactants, and depended
on the critical micelle concentration (CMC), the change
in activity and enantioselectivity beingmaximal near the
CMC.
Various carbohydrate amphiphiles have been also

used in the hydrogenation of methyl (Z)-�-acetamido-

cinnamate with this catalyst;[57] activity and enantiose-
lectivity were increased in comparison to the values
found for pure water, enantioselectivity of up to 96% ee
with a half-life of 5 min being obtained. This study using
carbohydrate amphiphiles possessing alkyl chains of
different lengths suggested that these effectswere due to
micelle formation, hydrophilic-lipophilic balance, and
hydrogen bonding in the head group. It is to be noted
that some carbohydrate amphiphiles induced also some
enantioselectivity, although in a low amount (up to 6%
ee) using non-chiral rhodium complex as the catalyst.
The same trends were observed in the reduction of

some prochiral dialkyl 1-benzamido-2-phenyl-ethene-
phosphonates in water (Scheme 13).[58,59] Enantioselec-
tivities up to 99% ee were obtained using [Rh(COD)2]
BF4 and BPPM 35a in the presence of surfactants, or
amphiphilized BPPM 35b. Some enantioselectivity
(11% ee) was also observed using an achiral rhodium
catalyst in the presence of carbohydrate amphiphiles.
The use of metallosurfactants [Rh(COD)2]BF4� 35b

gave also the reduced product with enantioselectivity up
to 91%, while 96%eewas obtained inmixedmicelles by
addition of a very small amount of SDS (sodiumdodecyl
sulfonate) to the above catalyst.[60,61] Polymer-bound
amphiphiles based on an inorganic support have also
been successfully used, giving the same enantioselectiv-
ity;[57] it is to be noticed that recycling processes were
possible with constant enantioselectivity, but with
decreasing activity. Recently, a micellar enlarged Rh/
BPPM catalyst was used in a membrane reactor
equippedwith an ultra-filtrationmembrane, the catalyst
being reused several times with no loss of activity and
enantioselectivity.[62]

Oehme et al.[63] investigated the effect of amphiphiles
on the CH/CD exchange in the reduction of methyl (Z)-
�-acetamidocinnamate in an aqueous micellar medium.
The amount of incorporationwas strongly influenced by
the nature of the amphiphile, values of up to 37%, 40%,
10%, and 28% being obtained with non-ionic, cationic,
anionic, and zwitterionic amphiphiles, respectively.

NHAcPh

CO2R

NHAcPh

CO2R[Rh]/L*/H2 (1 atm)

R = H       L* = 32   H2O                70% ee
                 L* = 32   AcOEt/H2O    89% ee
                 L* = 33   H2O/EtOH      83% ee
R = Me     L* = 32   H2O                24% ee
                 L* = 32   AcOEt/H2O    66% ee

Scheme 10. Reduction of �-acetamidocinnamic acid deriva-
tives in the presence of [Rh]/32 and [Rh]/33 catalysts.
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O

HO

35

a  R = t-Bu
b  R = -(CH2CH2O)nC12H25 (n = 10, 23)

36

37

Scheme 11.

NHAcPh

CO2CH3

NHAcPh

CO2CH3[Rh]/35a/H2 (1 atm)

H2O/25 °C

Surfactant            t/2[ min]   ee [%]

no    
Brij 56    
Tween 40   
DDAPS    
SDS       
CTAHSO4

90          78
7           96

  5           95
5           93
6           94
5           94

Scheme 12. Reduction of �-acetamidocinnamic acid using
[Rh]/35a as the catalyst in the presence of surfactants.

NHAcPh

PO(OR2)

NHAcPh

PO(OR2)[Rh]/35a/H2 (1 atm)

H2O/25 °C

Solvent        t/2 [min]     ee [%]

R = CH3 

R = C2H5 

 
R = i-C3H7

720          91
 6          96
7          98

600          93
12          95
4          98

no hydrogen
 13          99

H2O 
CH3OH 
H2O + SDS 
H2O 
CH3OH 
H2O + SDS 
H2O 
H2O + SDS

Scheme 13. Reduction of dialkyl 1-benzamido-2-phenyl-
ethene phosphonates using [Rh]/35a as the catalyst in the
presence of surfactants.
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The presence of surfactants also enhanced signifi-
cantly the activity and enantioselectivity in the hydro-
genation of unsaturated amino acid precursors in the
presence of [Rh(COD)(36)]BF4.[64] Complexes contain-
ing carbohydrate-based ligands have also been used in
water in the presence of various surfactants;[53,65] cata-
lysts [Rh(COD)(27�]BF4 and [Rh(COD)(27�)]BF4 re-
duced �-amino acid precursors in water in the presence
of SDS with enantioselectivity up to 98% ee, exceeding
the values obtained in methanol.
Hydroxydiphosphines showed a particular behaviour

in water. While [Rh(COD)(DIOP)]BF4 showed a very
low enantiomeric enhancement in the reduction of
unsaturated amino acid precursors in water in the
presence of surfactants, the enantioselectivity using
the rhodium/37 chelate as catalyst was influenced by the
amphiphile to an unprecedented degree (Scheme 14).[66]

Reduction in water without surfactant using Rh/37 gave
low ee (15% ee), while the enantioselectivity jumped to
76.6% ee in the presence of SDS, higher than the value
obtained in pure methanol (50% ee).
Uemura and co-workers[54] noticed also a huge

increase in enantioselectivity in the reduction of methyl
�-acetamidocinnamate in water in the presence of SDS,
using water-soluble ligands 28 and 29 (Scheme 15).
According to experiments with chiral amphiphiles in

water, Oehme et al. [56,67] suggested that the achiral
catalysts were located in the region between the chiral
head groups and the hydrophobic tails of micelles
formed by the amphiphiles. A recent study of Selke[68]

using pulse field gradient spin echo NMR spectroscopy
to determine the average diffusion coefficients of the
catalyst clearly showed that the increase in enantiose-
lectivity was coupled with an aggregation of the catalyst
to themicelles; this aggregation in themicelles led to the
formation of a colloidal phase in the aqueous solution.
The enantioselectivity depends strongly on the place
where the hydrogenation occurs; if it takes place
exclusively inside the micelles, the enantioselectivity
will be high, while if the catalyst is not completely

embedded in the micelles, the enantioselectivity will be
lower.

3.2 Reduction of Other Unsaturated Substrates

Itaconic acid and its dimethyl ester have been reduced
using rhodium or ruthenium complexes associated with
various water-soluble ligands (Table 5). Although sul-
fonated diphosphines gave low enantioselectivities
whatever the metal used in water only or in a two-phase
system (ee lower than 50%),[11,13] these compounds were
smoothly hydrogenated in mixtures of water and

NHAcPh

CO2Me

NHAcPh

CO2Me[Rh]/L*/H2 (1 atm)

H2O/25 °C

L*             SDS         ee [%]

37               no  
                   yes 
DIOP          no  
                   yes

    1.5
76.6

 10  
 45

Scheme 14. Reduction of methyl �-acetamidocinnamate us-
ing [Rh]/37 as the catalyst in the presence of surfactants.

NHAcPh

CO2Me

NHAcPh

CO2Me[Rh]/L*/H2 (1 atm)

H2O/25 °C

L*             SDS         ee [%]

28               no 
                   yes 
29               no 
                   yes

55
90
88

>99

Scheme 15. Reduction of methyl �-acetamidocinnamate us-
ing [Rh]/28 and 29 as the catalyst in the presence of
surfactants.

Table 5. Asymmetric reduction of itaconic acid derivatives in the presence of rhodium complexes containing water-soluble
diphosphines.

CO2R CO2R

CO2R CO2Rcatalyst/H2

solvent

R Catalyst Solvent ee [%] Ref.

CH3 [Rh(COD)Cl]2� 1b AcOEt/H2O (1/1) 29 [11]
[Rh(COD)Cl]2� 2b AcOEt/H2O (1/1) 8 [11]
[Rh(COD)Cl]2� 3b AcOEt/H2O (1/1) 43 [11]

CH3 [Rh(COD)2]PF6� 31 MeOH/H2O (9/1) � 99 [38]
[Rh(COD)2]PF6� 31 MeOH/H2O (1/1) � 99 [38]

CH3 [RuCl2(p-cymene)]2� 34b EtOH/H2O/hexane (5/1/5) 79 [42]
H [Rh(COD)2]PF6� 31 MeOH/H2O (1/1) � 99 [38]

[Rh(COD)2]PF6� 31 MeOH/H2O (3/97) � 99 [38]
H [Ru(C6H6)Cl2]2� 5b H2O 50 [13]
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methanol in the presence of the catalyst obtained from
[Rh(COD)2]PF6 and 31,[38] or in a mixture of water/
EtOH/hexane (5/1/5) in the presence of [RhCl2(p-
cymene)]2 and 34b,[69] giving the saturated product
with an enantioselectivity as high as 99% ee.
Reduction of 2-(6�-methoxy-2�-naphthyl)acrylic acid

ina two-phase system,AcOEt/H2O,using the [Ru(C6H6)-
(5)Cl]Cl catalyst allowed the preparation of naproxen in
81% enantioselectivity, ee values over the range 78 ±
83%beingobtainedover several recycles of the catalytic
solution (Scheme 16).[70] The supported catalyst SAP-
Ru-BINAP(4-SO3Na) was also prepared and used in
this reduction; an enantioselectivity of up to 70%eewas
obtained in ethyl acetate saturated with water as the
solvent. The recycling of the catalyst was easily achieved
without any leaching of ruthenium in the organic phase.
Ruthenium complexes based on the polymeric ligand
26 were also efficient catalysts for the asymmetric
hydrogenation of various prochiral �,�-unsaturated
carboxylic acids in the ethyl acetate/water two-phase
system (Scheme 16).[32] It is to be noticed that the
activity and/or enantioselectivity in the two-phase
system were observed to be higher than those obtained
in a homogeneous system.
Thehydrogenation of various�-keto esters proceeded

also in water in the presence of ruthenium complexes
associated with the water-soluble ligands BIFAPS 7,[16]

diamo-BINAP 19,[25] and digm-BINAP 20,[26] affording
the �-hydroxy ester with an enantioselectivity of up to
94% ee (Scheme 17). It is to be noticed that catalyst/
substrate ratio as high as 1,000 could be used, and that
the aqueous catalyst solution could be reused after
extraction of the product with pentane without loss of
enantioselectivity.

Sinou[71] and de Vries[72,73] reported the drastic influ-
ence of the degree of sulfonation of chiral BDPP 3a on
the enantioselectivity in the reduction of prochiral
imines (Scheme 18). Hydrogenation of various imines
in a two-phase system, AcOEt/H2O, with the catalyst
obtained by mixing (Rh(COD)Cl]2 and the monosulfo-
nated BDPP yielded the corresponding amines with an
enantioselectivity of up to 94% ee, while the reduction
using the di- or the trisulfonated BDPP as the ligand
proceeded with practically no enantioselectivity. As
mixtures of mono-, di-, and trisulfonated BDPP gave
almost 94% ee, comparison of reaction rates confirmed
the kinetic superiority of the monosulfonated catalyst
which was found to be about five times faster in this
hydrogenation than the catalyst based on the di- or
trisulfonated analogues.
A range of aromatic ketones was reduced under

hydrogen transfer conditions in the presence of
[CpRhCl2] or [CpIrCl2] associated with water-soluble
ligands 12 and 13 in systems containing up to 51%water
with high catalytic activities and enantioselectivities in
the range of 87 ± 95% ee (Scheme 19).[74]

4 Other Reactions

4.1 Carbonylation Reaction

The carbonylation reaction of organic compounds
catalyzed by organometallic complexes is a useful tool
in organic synthesis for the preparation of carbonyl

CO2H

CH2

CO2H

CH3

CO2HCO2H

MeO

CO2H

CH2

MeO

CO2H

CH3

60 atm/Et3N

64% ee

4 atm/Et3N

83% ee

60 atm/Et3N

[Ru]/26

[Ru]/26

[Ru]/5b 
SAP-[Ru]/5b 
[Ru]/26

81% ee
70% ee
77% ee

Scheme 16. Hydrogenation of some �,�-unsaturated acids in
AcOEt/H2O at 25 �C.
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Scheme 17. Hydrogenation of some ketoesters at 25 �C.
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Scheme 18. Reduction of imines using [Rh]/BDPP as the
catalyst.
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compounds. From an industrial point of view, hydro-
formylation of propene in a two-phase system using the
highly water-soluble RhH(CO)(TPPTS)3 was devel-
opedbyRuhr-ChemieAG.[7±9,75±77]However asymmetric
hydroformylation or carbonylation in a two-phase
system is still an unresolved problem with few examples
being reported in the literature, the enantioselectivity
being generally low.
No asymmetric induction was observed in the hydro-

formylation of styrene, Equation (1), in a two-phase
system water-organic solvent using PtCl2(17a) as the
catalyst, while the SAP catalyst provided enantioselec-
tivity up to 14% ee;[46] however the catalyst activity was
poor.

Ph Ph
CHO

Ph

CHOcat.

H2/CO
iso n

+    (1)

Hydroformylation of styrene in the biphasic system
CH3OH/H2O/toluene in the presence of the catalyst
Rh(CO)2(acac) and BINAS 6 proceeded with good
regioselectivity in 2-phenylpropanal (95%) and an
enantioselectivity up to 18% ee.[15] Enantioselectivities
of up to 17% and 14% ee were obtained using the
catalyst precursor [Rh(�-OMe)(COD)]2 associated
with chiral sulfonated 1b and 3b, respectively, in
water;[78] however conversion and selectivity were
moderate.
Recently, the catalyst obtained bymixing [Rh(COD)2]

BF4 with the chiral polyether-phosphinite ligand 25
gave an enantioselectivity up to 25% ee in the hydro-

formylation of styrene under thermoregulated phase-
transfer conditions.[79]

Hydrocarboxylation of various vinylarenes proceed-
ed in the presence of Pd(OAc)2 and tetrasulfonated
BDPP 3b or CBD 4b with enantioselectivity up to 43%
ee (Scheme 20);[80] an acidic medium stabilizes the
catalyst, recycling being possible with no loss in activity
and enantioselectivity.

4.2 Alkylation Reaction

Palladium-catalyzed alkylation is now a common tool in
organic synthesis, enantioselectivity of up to 99% being
obtained in carbon-carbon as well as in carbon-heter-
oatom bond formation.
The complex obtained from [Pd(�3-C3H5)Cl]2 and

ligand 21 is soluble in water and is an efficient catalyst
for asymmetric allylic substitution of 1,3-diphenyl-2-
propenyl acetate in water or in an aqueous/organic
biphasic medium, enantioselectivity up to 85% ee being
obtained (Scheme 21);[27] recycling of the catalyst was
possible.

F

O

F

OH

O OH

MeO MeO

O OH

L* = 12      92% ee
L* = 14      93% ee

L* = 12      92% ee
L* = 14      87% ee

L* = 12      93% ee
L* = 14      94% ee

[CpIrCl2]/L*

[CpIrCl2]/L*

Scheme 19. Reduction of ketones by hydrogen transfer.
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22% ee            43% ee
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Scheme 20. Hydrocarbonylation of vinylarenes.
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                 NuH = MeCH(COMe)2      80% ee
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Scheme 21. Allylic substitution.
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Uozumi and co-workers prepared the amphiphilic
resin-supported MOP ligand PEP-MOP 38[81] and P,N-
chelating ligand PS-PEG P,N 39 (Scheme 22).[82] The
palladium complexes of these ligands were found to be
effective as catalysts for the asymmetric �-allyl substi-
tution of both cyclic and acyclic substrates in water with
enantioselectivity of up to 98% ee (Scheme 21). The
catalyst could be recovered by simple filtration and
reused without any loss of activity and enantioselectivity.
Sinou and co-workers studied the palladium-cata-

lyzed alkylation of 1,3-diphenyl-2-propenyl acetate with
dimethyl malonate in water in the presence of surfac-
tants, using K2CO3 as the base and chiral non-water-
soluble ligands.[83] The highest enantioselectivies, up to
92% ee, were observed using cetyltrimethylammonium
hydrogen sulfate as the surfactant and chiral atropoiso-
meric diphosphines such as BINAP 5a or analogues as
the ligand; higher activity was also observed in the
presence of surfactant.

4.3 1,4-Addition

Rhodium-catalyzed asymmetric addition of aryl borates
to �,�-unsaturated ketones gave the corresponding �-
aryl ketones with an enantioselectivity of up to 99% ee
in the presence of BINAP 5a as the ligand
(Scheme 23).[84] However, in the absence of water, the
reaction is very sluggish, giving low yields; the addition
of 1.0 equivalent ofwater is essential for theobtention of
high yields, while too much water disturbs the reaction
via hydrolysis of the aryl-boron bond.
A high level of enantioselectivity as well as catalytic

activity was also found in the addition of a variety of

arylboronic acids to cycloalkenones using the same
conditions and BINAP 5a or an amidomonophosphine
as the ligand.[85] This 1,4-addition was extended to
various 1-alkenylphosphonates under the above con-
ditions, giving an enantioselectivity of up to 97%ee, and
high yields.[86]

4.4 Oxidation

Chlorohydrins have been obtained in the palladium(II)-
catalyzed oxidation of various alkenes in aqueous
solution using pyridine as a ligand and CuCl2
(Scheme 24). The replacement of pyridine by the chiral
monoamine C6H5CH(CH3)NMe2 gave a catalyst which
produced the chlorohydrin with enantioselectivity up to
12% ee.[87±89] However, an enantioselectivity of up to
76% ee was obtained in the presence of chelating
sulfonated diphosphines such as 3b and 5b. This
enantioselectivity jumped up to 94% ee using bimetallic
catalysts containing a �-triketone and bridging chiral
diphosphine and diamines.

4.5 Cyclopropanation

Cyclopropanation of styrene with various diazoacetates
occurred in aqueous-organic media using chiral bis(hy-
droxymethyldihydrooxazolyl)pyridine-ruthenium cata-
lyst, giving high enantiomeric excess up to 96 ± 97% and
trans/cis stereoselectivity up to 97/3 (Scheme 25).[90]
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H
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Scheme 22. Some chiral amphiphilic ligands.
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 10 eq H2O      19% yield      98% ee

Scheme 23. Asymmetric 1,4-addition.
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PdCl2/L

CuCl2/H2O/THF

L = C6H5CH(CH3)NMe2         12% ee
L = 3b                                      46% ee
L = 5b                                      76% ee

Scheme 24. Asymmetric synthesis of chlorohydrins.
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+
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solvent

t c
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THF                               39              8            30
THF + H2O                    46            78            45
Toluene                         38              8            28
Toluene + H2O              56            88            51

Scheme 25. Asymmetric cyclopropanation.
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Addition of water in this case dramatically increased the
enantioselectivity. It is to be noted that performing the
reaction in H2O-toluene allowed a recycling of the
catalyst with no loss of enantioselectivity.

4.6 Diels±Alder Reaction

Lewis acids have been used as catalysts in Diels±Alder
reactions. The beneficial use of water as an additive in
the Lewis acid-catalyzed reaction was reported.[91±95]

Condensation of Danishefsky×s diene with butyl glyox-
ylate in toluene in the presence of the chiral lanthanide
bis(trifluoromethanesulfonyl)amides Y/L* gave the
corresponding cyclized product in 74% yield and 54%
ee (Scheme 26). Addition of 11 equivalents of water to
the mixture increased the enantioselectivity to 66% ee
and the yield to 88%.[96]

Engberts et al.[97] have also shown the beneficial effect
of water on both the activity and enantioselectivity in
the condensation of cyclopentadiene with an unsatu-
rated ketone in the presence of copper complexes of
various chiral �-amino acids such as valine, leucine,
phenylalanine, etc. (Scheme 27). The Diels±Alder ad-
duct was obtained in yields generally exceeding 90%,
and enantioselectivity of up to 74% ee. This enantio-
selectivity is higher than those observed in organic
solvents, and one reason could be the less efficient
arene-arene interaction in organic solvent than inwater.
It is to be noticed that the catalyst solution can be reused
without any decrease in enantioselectivity.

4.7 Aldol Condensation

The catalytic aldol reaction is a powerful carbon-carbon
bond formation process leading to useful chiral �-
hydroxy ketones and esters. Good chemical and optical
yields (up to 73%ee) have been obtained in the addition
of various silyl enol ethers to aldehydes in wet DMF in
the presence of a palladium(II)-BINAP catalyst.[98]

Kobayashi and co-workers [99,100] carried out catalyzed
asymmetric aldol reactions in aqueous media, the cata-
lyst being obtained bymixing Cu(OTf)2 and a chiral bis-
(oxazoline) (Scheme 28). Very high chemical yields as
well as diastereo- and enantioselectivities (up to 85% ee)
have been obtained at ±10 �C (Scheme 29). Aromatic,
�,�-unsaturated, heterocyclic, and aliphatic aldehydes
reacted smoothly under these reaction conditions.
Pb(OTf)2[101] and more important Ln(OTf)3-crown
ether[102] (Scheme 28) were shown to be very efficient
chiral catalysts for asymmetric aldol reaction in aqueous
media. The desired aldol adducts were obtained in high
yields, with high diastereo- (syn/anti ª 9/1) and enantio-
selectivities (in the range of 47 ± 87% ee) depending on
the structure of the aldehyde (Scheme 29). However,

Ph

O

Py

Ph
CO-Py

N
H

CO2H

NHCH3

+
Cu(NO3)2 + L*

O °C

L* =

H2O 
THF 
EtOH 
CHCl3

74% ee
24% ee
39% ee
44% ee

Scheme 27. Cu(II)-�-amino acids-catalyzed asymmetric
Diels±Alder reaction.
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YTf3 + 2L*

-78 °C

L* =

toluene                74% yield    54% ee
toluene + H2O     88% yield    66% ee

Scheme 26. Asymmetric catalytic Diels±Alder reaction.

Me
OSiMe3

R Ph R

OOH

Me
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Scheme 29. Enantioselectivities observed in aldol condensa-
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N N

OO
O

O

O

O
O

O

N

OO

OO

N

40
41

42

Scheme 28. Some chiral ligands used in aldol reaction.
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slight changes in ionic diameters of the lanthanide
cations greatly affected the diastereo- and enantiose-
lectivities of the aldol adducts, the large cations such as
La, Ce, Pr, and Nd, giving high selectivities, while the
smaller cations such as Sc and Yb showed no enantio-
selection.

5 Conclusions and Outlook

Considerable interest has developed recently in asym-
metric organometallic catalysis in water.One of the first
goals was the recycling of the toxic and often costly
catalyst via the use of a two-phase system water-organic
solvent; the organometallic catalyst is soluble in the
aqueous phase by association with water-soluble li-
gands, while the reactants and the product(s) of the
reaction are soluble in the organic phase. This approach
has resulted in the synthesis of a large number of chiral
water-soluble ligands. The second and more recent goal
was to use a safe, non-toxic, and cheap solvent such as
water in order to realize a green chemical process.
However, this approach needs special techniques in
order to solubilize the catalyst and the products in the
aqueous phase; catalysts also have to be stable under
these conditions and particularly against hydrolysis .
Asymmetric hydrogenation of prochiral substrates

has been one of the most studied reactions under the
above conditions. It occurs in a two-phase system or in
water only in the presence of surfactants with enantio-
selectivities as high as those obtained in organic media;
higher activities and enantioselectivities are sometimes
observed in water in the presence of surfactants.
These approaches have also been successfully applied

to carbonylation, oxidation, alkylation, 1,4-addition,
cyclopropanation, Diels±Alder reaction and aldol con-
densation. If only low enantioselectivities have been
obtained at this time in carbonylation or oxidation, very
high enantioselectivities have been reached in water in
palladium-catalyzed alkylation in the presence of sur-
factants, and in Diels±Alder reaction and aldol con-
densation in the presence of Lewis acids; in these last
examples, higher activities are also observed in water
than in organic solvents.
It is obvious that in the coming years the unique

properties of water will be employed in other asym-
metric organometallic-catalyzed reactions. However, in
order to optimize these processes for fine tuning of
enantioselective control of the reaction, much work has
also to be devoted to the nature of the interactions, such
as hydrogen bonds or hydrophobic interactions, occur-
ring in aqueous media.

References

[1] B. Cornils, W. A. Herrmann, Applied Homogeneous
Catalysis with Organometallic Compounds, VCH, Wein-
heim, 1996.

[2] M. Beller, C. Bolm, Transition Metals for Organic
Synthesis, VCH, Weinheim, 1998.

[3] B. Cornils, W. A Herrmann, Aqueous-Phase Organo-
metallic Chemistry: Concepts and Applications, VCH,
Weinheim, 1998.

[4] R. Noyori, Asymmetric Catalysis in Organic Synthesis,
John Wiley & Sons, New York, 1994, pp. 16 ± 94.

[5] Comprehensive Asymmetric Catalysis, (Eds.: E. N. Ja-
cobsen, A. Pfaltz, H. Yamamoto), Springer, Berlin,
1999.

[6] Catalytic Asymmetric Synthesis, 2nd edn., (Ed.: I.
Ojima), Wiley-VCH, New York, 2000.

[7] E. G. Kuntz (Rho√ne-Poulenc Recherche), Ger. Offen
2,627,354, 1976; Chem. Abstr. 1977, 87, 101944n.

[8] W. A. Herrmann, C. W. Kohlpaintner, Angew. Chem.
1993, 105, 1588 ± 1609; Angew. Chem. Int. Ed. Engl.
1993, 32, 1524 ± 1544.

[9] D. Sinou, in Topics in Current Chemistry, (Ed.: P.
Knochel), 1999, 206, 41 ± 59.

[10] F. Alario, Y. Amrani, Y. Colleuille, T. P. Dang, J. Jenck,
D. Morel, D. Sinou, J. Chem. Soc. Chem. Commun.
1986, 202 ± 203.

[11] Y. Amrani, L. Lecomte, D. Sinou, J. Bakos, I. To¡ th, B.
Heil, Organometallics 1989, 8, 542 ± 547.

[12] K.-T. Wan, M. E. Davies, J. Chem. Soc. Chem. Com-
mun. 1993, 1262 ± 1264.

[13] K.-T. Wan, M. E. Davies, Tetrahedron Asymmetry 1993,
4, 2461 ± 2468.

[14] W. A. Herrmann, G. P. Albanese, R. B. Manetsberger,
H. Bahrmann, P. Lappe, Angew. Chem. 1995, 107, 893 ±
894; Angew. Chem. Int. Ed. Engl. 1995, 34, 811 ± 813.

[15] R. W. Eckl, T. Priermeier, W. A. Herrmann, J. Organo-
met. Chem. 1997, 532, 243 ± 249.

[16] A. E. S. Gelpke, H. Kooijman, A. L. Spek, H. Hiemstar,
Chem. Eur. J. 1999, 5, 2472 ± 2482.

[17] R. Schmid, E. A. Broger, M. Cereghetti, Y. Crameri, J.
Foricher, M. Lalonde, R. K. M¸ller, M. Scalone, G.
Schoettel, U. Zutter, Pure Appl. Chem. 1996, 68, 131 ±
138.

[18] H. Ding, B. E. Hanson, J. Bakos, Angew. Chem. 1995,
107, 1728 ± 1730; Angew. Chem. Int. Ed. Engl. 1995, 34,
1645 ± 1647.

[19] R. Benhamza, Y Amrani, D. Sinou, J. Organomet.
Chem. 1985, 288, C37 ±C39.

[20] S. Trinkhaus, J. Holz, R. Selke, A. Bˆrner, Tetrahedron
Lett. 1997, 38, 807 ± 810.

[21] S. Trinkhaus, R. Kadyrov, R. Selke, J. Holz, L. Gˆtze, A.
Bˆrner, J. Mol. Catal. A Chem. 1999, 144, 15 ± 26.

[22] C. Bubert, J. Blacker, S. M. Brown, J. Crosby, S.
Fitzjohn, J. P. Muxworthy, T. Thorpe, J. M. J. Williams,
Tetrahedron Lett. 2001, 42, 4037 ± 4039.

[23] U. Nagel, E. Kingel, Chem. Ber. 1986, 119, 1731 ± 1733.
[24] I. To¡ th, B. E. Hanson, Tetrahedron Asymmetry 1990, 1,

895 ± 912.

Asymmetric Organometallic-Catalyzed Reactions in Aqueous Media REVIEWS

Adv. Synth. Catal. 2002, 344, 221 ± 237 235



[25] T. Lamouille, C. Saluzzo, R. ter Halle, F. Le Guyader,
M. Lemaire, Tetrahedron Lett. 2001, 42, 663 ± 664.

[26] P. Guerreiro, V. Ratovelomanana-Vidal, J.-P. Genet, P.
Dellis, Tetrahedron Lett. 2001, 42, 3423 ± 3426.

[27] T. Hashizume, K. Yonehara, K. Ohe, S. Uemura, J. Org.
Chem. 2000, 65, 5197 ± 5201.

[28] Y.-Y. Yan, T. V. RajanBabu, J. Org. Chem. 2001, 66,
3277 ± 3283.

[29] Y. Amrani, D. Sinou, J. Mol. Catal. 1984, 24, 231 ± 233.
[30] Y. Amrani, D. Sinou, J. Mol. Catal. 1986, 36, 319 ± 327.
[31] J. A. J. Breuzard, M. L. Tommasino, M. C. Bonnet, M.

Lemaire, J. Organomet. Chem. 2000, 616, 37 ± 43.
[32] Q.-H Fan, G.-J. Deng, X.-M. Chen, W.-C. Xie, D.-Z.

Jiang, D.-S. Liu, A. S. C. Chan, J. Mol. Catal. A Chem.
2000, 159, 37 ± 43.

[33] R. Selke, J. Organomet. Chem. 1989, 370, 241 ± 248.
[34] R. Selke, J. Organomet. Chem. 1989, 370, 249 ± 256.
[35] K. Yonehara, T. Hashizume, K. Mori, K. Ohe, S.

Uemura, J. Org. Chem. 1999, 64, 5593 ± 5598.
[36] S. Shin, T. V.RajanBabu, Org. Lett. 1999, 1, 1229 ± 1232.
[37] J. Holz, R. St¸rmer, A. Bˆrner, Tetrahedron Lett. 1999,

40, 7059 ± 7062.
[38] W. Li, Z. Zhang, D. Xiao, X. Zhang, J. Org. Chem. 2000,

65, 3489 ± 3496.
[39] T. Malmstrˆm, C. Andersson, J. Chem. Soc. Chem.

Commun. 1996, 1135 ± 1136.
[40] T. Malmstrˆm, C. Andersson, J. Mol. Catal. A Chem.
1999, 139, 259 ± 270.

[41] T. Malmstrˆm, C. Andersson, J. Mol. Catal. A Chem.
2000, 157, 79 ± 82.

[42] M. Kant, S. Bischoff, R. Siefken, E. Gr¸ndemann, A.
Kˆckritz, Eur. J. Org. Chem. 2001, 477 ± 481.

[43] I. To¡ th, B. E. Hanson, M. E. Davis, Cat. Lett. 1990, 5,
183 ± 188.

[44] I. To¡ th, B. E. Hanson, M. E. Davis, Tetrahedron Asym-
metry 1990, 1, 913 ± 930.

[45] I. To¡ th, B. E. Hanson, M. E. Davis, J. Organomet.
Chem. 1990, 396, 363 ± 373.

[46] D. Sinou, M. Safi, C. Claver, A. Masdeu, J. Mol. Catal.
1991, 68, L9 ±L12.

[47] I. To¡ th, I. Guo, B. E. Hanson, J. Mol. Catal. A Chem.
1997, 116, 217 ± 229.

[48] M. Laghmari, D. Sinou, A. Masdeu, C. Claver, J.
Organomet. Chem. 1992, 438, 213 ± 216.

[49] L. Lecomte, D. Sinou, J. Bakos, I. To¡ th, B. Heil, J.
Organometal. Chem. 1989, 370, 277 ± 284.

[50] L. Lecomte, D. Sinou, J. Mol. Catal. 1989, 52, L21 ±L24.
[51] J. Bakos, R. Karaivanov, M. Laghmari, D. Sinou,

Organometallics 1994, 13, 2951 ± 2956.
[52] F. Joo¡ , P. Csiba, A. Be¡nyei, J. Chem. Soc. Chem.

Commun. 1993, 1602 ± 1603.
[53] K. Yonehara, K. Ohe, S. Uemura, J. Org. Chem. 1999,

64, 9381 ± 9385.
[54] G. Oehme, E. Paetzold, R. Selke, J. Mol. Catal. 1992, 71,

L1 ±L5.
[55] I. Grassert, E. Paetzold, G. Oehme, Tetrahedron 1993,

49, 6605 ± 6612.
[56] I. Grassert, V. Vill, G. Oehme, J. Mol. Catal. A Chem.
1997, 116, 231 ± 236.

[57] I. Grassert, U. Schmidt, S. Ziegler, C. Fischer, G.
Oehme, Tetrahedron Asymmetry 1998, 9, 4193 ± 4202.

[58] G. Oehme, I. Grassert, S. Ziegler, R. Meisel, H.
Fuhrmann, Catal. Today 1998, 42, 459 ± 470.

[59] T. Dwars, U. Schmidt, C. Fischer, I. Grassert, R. Kempe,
R. Frˆhlich, K. Drauz, G. Oehme, Angew. Chem. 1998,
110, 3033 ± 3035; Angew. Chem. Int. Ed. Engl. 1998, 37,
2851 ± 2853.

[60] G. Oehme, I. Grassert, E. Paetzold, R. Meisel, K.
Drexler, H. Fuhrmann, Coord. Chem. Rev. 1999, 185 ±
186, 585 ± 600.

[61] T. Dwars, J. Haberland, I. Grassert, G. Oehme, U.
Kragl, J. Mol. Catal. A Chem. 2001, 168, 81 ± 86.

[62] I. Grassert, G. Oehme, J. Organomet. Chem. 2001, 621,
158 ± 165.

[63] F. Robert, G. Oehme, I. Grassert, D. Sinou, J. Mol.
Catal. A Chem. 2000, 156, 127 ± 132.

[64] A. Kumar, G. Oehme, J. P. Roque, M. Schwarze, R.
Selke, Angew. Chem. 1994, 106, 2272 ± 2275; Angew.
Chem. Int. Ed. Engl. 1994, 33, 2197 ± 2199.

[65] R. Selke, M. Ohff, A. Riepe, Tetrahedron 1996, 52,
15079 ± 15102.

[66] R. Selke, J. Holz, A. Riepe, A. Bˆrner, Chem. Eur. J.
1998, 4, 769 ± 771.

[67] I. Grassert, K. Schinkowski, D. Vollhardt, G. Oehme,
Chirality 1998, 10, 754 ± 769.

[68] M. Ludwig, R. Kadyrov, H. Fiedler, K. Haage, R. Selke,
Chem. Eur. J. 2001, 7, 3299 ± 3304.

[69] A. Kˆckritz, S. Bischoff, M. Kant, R. Siefken, J. Mol.
Catal. A Chem. 2001, 174, 119 ± 126.

[70] K.-T. Wan, M. E. Davies, J. Catal. 1994, 148, 1 ± 8.
[71] J. Bakos, A. Orosz, B. Heil, M. Laghmari, P. Lhoste, D.

Sinou, J. Chem. Soc. Chem. Commun. 1991, 1684 ± 1685.
[72] C. Lensink, J. G. de Vries, Tetrahedron Asymmetry
1992, 3, 235 ± 238.

[73] C. Lensink, E. Rijnberg, J. G. de Vries, J. Mol. Catal. A
Chem. 1997, 116, 199 ± 207.

[74] T. Thorpe, J. Blacker, S. M. Brown, C. Bubert, J. Crosby,
S. Fitzjohn, J. P. Muxworthy, J. M. J. Williams, Tetrahe-
dron Lett. 2001, 42, 4041 ± 4043.

[75] B. Cornils, W. A. Herrmann, R. W. Eckl, J. Mol. Catal.
A Chem. 1997, 116, 27 ± 33.

[76] B. Cornils, E. G. Kuntz, J. Organomet. Chem. 1995, 502,
177 ± 186.

[77] B. Cornils, E. Wiebus, CHEMTECH 1995, 33 ± 38.
[78] M. D. Miquel-Serrano, A. M. Masdeu-Bulto, C. Claver,

D. Sinou, J. Mol. Catal. A Chem. 1999, 143, 49 ± 55.
[79] F. A. Rampf, M. Spiegler, W. A. Herrmann, J. Organo-

met. Chem. 1999, 582, 204 ± 210.
[80] M. D. Miquel-Serrano, A. Aghmiz, M. Dieguez, A. M.

Masdeu-Bulto, C. Claver, D. Sinou, Tetrahedron Asym-
metry 1999, 10, 4463 ± 4467.

[81] Y. Uozumi, H. Danjo, T. Hayashi, Tetrahedron Lett.
1998, 39, 8303 ± 8306.

[82] Y. Uozumi, K. Shibatomi, J. Am. Chem. Soc. 2001, 123,
2919 ± 2920.

[83] C. Rabeyrin, C. Nguefack, D. Sinou, Tetrahedron Lett.
2000, 41, 7461 ± 7464.

REVIEWS Denis Sinou

236 Adv. Synth. Catal. 2002, 344, 221 ± 237



[84] Y. Takaya, M. Ogasawara, T. Hayashi, Tetrahedron Lett.
1999, 40, 6957 ± 6961.

[85] M. Kuriyama, K. Tomioka, Tetrahedron Lett. 2001, 42,
921 ± 923.

[86] T. Hayashi, T. Senda, Y. Takaya, M. Ogasawara, J. Am.
Chem. Soc. 2001, 123, 11591 ± 11592.

[87] A. El-Qisairi, O. Hamed, P. M. Henry, J. Org. Chem.
1998, 63, 2790 ± 2791.

[88] O. Hamed, P. M. Henry, Organometallics 1998, 17,
5184 ± 5189.

[89] A. El-Qisairi, P. M. Henry, J. Organomet. Chem. 2000,
603, 50 ± 60.

[90] S. Iwasa, F. Takezawa, Y. Tuchiya, H. Nishiyama, Chem.
Commun. 2001, 59 ± 60.

[91] D. E. Ward, Y. Gai, Tetrahedron Lett. 1992, 33, 1851 ±
1854.

[92] S. Otto, F. Bertoncin, J. B. F. Engberts, J. Am. Chem.
Soc. 1996, 118, 7702 ± 7707.

[93] L. Yu, D. Chen, P. G. Wang, Tetrahedron Lett. 1996, 37,
2169 ± 2172.

[94] T.-P. Loh, J. Pei, M. Lin, Chem. Commun. 1996, 2315 ±
2316.

[95] Z. Zhu, J. H. Espenson, J. Am. Chem. Soc. 1997, 119,
3507 ± 3512.

[96] K. Mikami, O. Kotera, Y. Motoyama, H. Sakaguchi,
Synlett 1995, 975 ± 977.

[97] S. Otto, G. Boccaletti, J. B. F. N. Engerts, J. Am. Chem.
Soc. 1998, 120, 4238 ± 4239.

[98] M. Sodeoka, K. Ohrai, M. Shibasaki, J. Org. Chem.
1995, 60, 2648 ± 2649.

[99] S. Kobayashi, S. Nagayama, T. Busujima, Chem. Lett.
1999, 71 ± 72.

[100] S. Kobayashi, S. Nagayama, T. Busujima, Tetrahedron
1999, 55, 8739 ± 8746.

[101] S. Nagayama, S. Kobayashi, J. Am. Chem. Soc. 2000,
122, 11531 ± 11532.

[102] S. Kobayashi, T. Hamada, S. Nagayama, K. Manabe,
Org. Lett. 2001, 3, 165 ± 167.

Asymmetric Organometallic-Catalyzed Reactions in Aqueous Media REVIEWS

Adv. Synth. Catal. 2002, 344, 221 ± 237 237


