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Abstract: In this review, recent advances in asym-
metric organocatalytic reactions carried out with var-
iable amounts of water, from substoichiometric to a
large excess (reaction medium), are discussed. We
also summarize several proposed mechanisms for the
different possibilities of the action of water both in
the increased activity of the catalyst and in the asym-
metric induction. Finally, the application of this cata-
lytic methodology to the enantioselective synthesis
of valuable compounds through enamine or iminium
catalysis is presented.
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1 Introduction

Asymmetric organocatalysis is receiving great interest
in the last years. Books,[1] special journal issues[2] and
many reviews[3] have been published on this topic.
More recently, efforts have also been devoted to
asymmetric organocatalytic reactions performed using
water as reaction medium. The use of water as reac-
tion medium experienced a great development after
Breslow�s reports on acceleration of the Diels–Alder
reaction performed in water.[4] An interesting discus-
sion appeared in the literature about how to consider
these reactions when water is used as reaction
medium. Sharpless has defined as “on water” reac-
tions a group of organic reactions that take place as
an emulsion and that exhibit a reaction rate accelera-
tion compared to the same reaction in an organic sol-
vent.[5] Hayashi has discussed the use of “in water” or
“in the presence of water” terminology.[6] He pro-
posed to use “in water” when the reactants participat-
ing in the reaction are homogeneously dissolved
whereas “in the presence of water” should be used
for a reaction that proceeds in a concentrated organic
phase with water being present as a second phase that
influences the reaction in the organic phase. While
the observed effect for “on water” reactions is rate
acceleration, the observed effect for “in the presence

of water” reaction is an increased enantioselectivity.
The enhanced activity of organic catalysis “on water”
has been recently theoretically investigated.[7] Free
OH groups of interfacial water molecules play a key
role in catalyzing reactions via the formation of hy-
drogen bonds. Indeed, calculations showed that ap-
proximately one in every four interfacial water mole-
cule has a dangling OH group that protrudes into the
organic phase, then, catalysis is expected when these
OH�s form stronger hydrogen bonds with the transi-
tion state than with the reactants. However, the use
of water in organocatalytic processes has been ques-
tioned by Blackmond.[8] Two questions have been ex-
posed: about the greenness and about the efficiency
of an organocatalytic reaction carried out under aque-
ous conditions. We agree about the idea that combin-
ing the words “aqueous” and “organocatalytic” does
not necessarily provide an environmental and eco-
nomical process, however, we believe that an organo-
catalytic reaction carried out in an aqueous medium
can be a very efficient process.

Since the re-discovery of proline as a useful organo-
catalyst[9] a huge number of papers have appeared in
the literature. Even in the first full paper on organo-
catalytic reactions catalyzed by proline the role of
water was investigated.[10] It was reported that the re-
action of acetone and 4-nitrobenzaldehyde tolerated a
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small amount of water (<4 vol%) without affecting
the enantiomeric excess of the aldol product. Howev-
er, increasing the amount of water severely compro-
mised the enantioselectivity and decreased the rate of
formation of the aldol product.

Later, Ward reported that the presence of 1 equiv.
of water improved the yields while maintaining excel-
lent stereoselectivity in the reaction between thiopyr-
anone and aldehydes in DMF.[11] Pihko reported that
water allowed the use of a smaller excess of the
donor ketone and increased the yield of the aldol
products when cyclic ketones were employed.[12]

Water suppresses the formation of proline-oxazolidi-
none that has been considered as a parasitic spe-
cies.[13] Then, it has been suggested that the role of
water is to prevent deactivation rather than to pro-

mote activity. Further studies were also presented
about the role of water.[14] Such studies, carried out
on the proline-catalyzed reaction between acetone
and 2-chlorobenzaldehyde, allowed one to hypothe-
size a conflicting role of water. Water increases the
total catalyst concentration due to suppression of un-
productive species and decreases the relative concen-
tration of productive intermediates by shifting the
iminium ion back to proline.[14] Seebach and Eschen-
moser have raised doubts about the fact that oxazoli-
dinones are unproductive and parasitic species in pro-
line-catalyzed aldol reactions.[15] Moreover, it has
been reported that Seebach�s proline-derived oxazoli-
dinone overhauls l-proline and is at least as efficient
as (S)-5-(pyrrolidin-2-yl)tetrazole in several organoca-
talytic aldol reactions.[16] In the case of the proline/
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HCO3
�-catalyzed Baylis–Hillman reaction in

DMF:water (9:1), it has been proposed that the cyclic
enamine, formed by intramolecular attack of proline�s
carboxylate moiety on the a,b-unsaturated iminium
ion, is the reactive intermediate.[17]

Rate acceleration in the proline-catalyzed aldol re-
action without negative, or even with a positive effect
on stereoselectivity was observed when water was
used at up to 500 mol% in DMF solution.[12b] On the
other hand, the proline-catalyzed aldol reaction car-
ried out only in water does not take place or takes
place with low enantioselectivity.[10,18] Proline and its
derivatives operate by bifunctional catalysis and play
the role of a simplified version of the type I aldolase
enzymes, promoting the formation of an enamine and
its enantioselective condensation with an aldol accept-
or. In nature, type I aldolases enantioselectively cata-
lyze this reaction in an aqueous environment. Even if
proline acts as a simplified version of the type I aldo-
lase enzymes it does not work in water. This has
prompted researchers to devote their efforts to per-
form such reactions in water. Indeed, small mole-
cules-organocatalyzed reactions in water with useful
asymmetric induction would have immense synthetic
utility. Moreover, amino acids organocatalysis in
water could explain the development of homochirality
in the early Earth.[19]

Recently, two reviews have described selected ex-
amples of organocatalytic reaction in aqueous
media.[20] This review will deal principally with asym-
metric enamine[21] and iminium[22] organocatalysis, in
which water plays a crucial role, then reporting more
detailed examples. As discussed before, we will report
examples in which water both increases activity and
stereoselectivity of the organocatalyst, when used
from a substoichiometric amount to a very large
excess (reaction medium).

2 Aldol Reactions

2.1 Primary Amino Acids as Catalysts

In the past few years a great deal of attention has
been devoted to the naturally occurring amino acids
as organocatalysts due both to its low cost and high
enantiopure availability.[23] Even the simplest chiral
amino acid, l-alanine, was able to catalyze the aldol
reaction in excellent stereoselectivity, but with long
reaction times, when employed in aqueous (10 equiv.)
DMSO (Scheme 1). In such a reaction medium good
results were also obtained with other amino acids,
namely l-valine and l-isoleucine, as well as by using
l-alanine-tetrazole.[24] The addition of water was cru-
cial for the success of the reaction, indeed, in List�s
initial report some primary amino acids failed to cata-
lyze aldol reactions.

Proline was found to be not active as catalyst in
water, whilst the more hydrophobic l-tryptophan
gave good results when was used in such a media
(Figure 1). To explain the stereochemical outcome,

the authors proposed a model for the transition state
in which the enamine attacks the aldehyde from the
Re face and the aromatic side chain of tryptophan fa-
cilitates the formation of a hydrophobic core with
other hydrophobic substrates in water (Figure 1).[25]

Under the same conditions, fair results were shown
also by l-leucine and l-phenylalanine.

Amedjkouh employed l-tryptophan (20 mol%) in
water for the same reaction obtaining aldol products
with lower stereoselectivity. The use of l-histidine led
to a reversed enantioselectivity with the formation of
equal amounts of anti and syn isomers, although in a
rather slow reaction. The use of an organic base in-
creased the yield and syn isomer, but the enantiose-
lectivity decreased.[26]

Very recently, l-arginine-catalyzed aldol reactions
in water as reaction medium have been reported.[27]

No reaction took place in common organic solvents.
However, only aromatic aldehydes with electron-with-
drawing groups reacted giving aldol products with no
enantioselectivity and very poor diastereoselectivity.

2.1.1 Modified Primary Amino Acids

Substituted amides derived from primary amino acids,
for istance compound 1, were synthesized and tested
in the aldol reaction with 3-pentanone and aromatic
aldehydes (Scheme 2).[28]

Scheme 1. Aldol reaction catalyzed by l-alanine.

Figure 1. Proposed transition-state for l-tryptophan cata-
lyzed aldol reaction.
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The presence of water (or brine) increased both the
reaction rate and the stereoselectivity when compared
to the reaction carried out under neat conditions.
Brine as reaction medium was employed in the reac-
tion between 4-nitrobenzaldehyde and several aliphat-
ic ketones in the presence of 4-nitrobenzoic acid as
additive. High yields and stereoselectivities were ob-
served. However, no reaction was observed under
aqueous conditions when dihydroxyacetone was used.

Probably, dihydroxyacetone was dissolved in the
aqueous phase and then was isolated from the orga-
nocatalyst. The positive effect of water, when aliphat-
ic ketones were used, was ascribed to the hydrogen
bond formed between a free hydroxy group of surface
water molecules at the hydrophobic interface with the
amide oxygen atom of the organocatalyst (Figure 2).

Such a bond increases the acidity of the amide NH
and then strengthens the related hydrogen bond with
the aldehyde.

Catalyst 2 was used in the aldol reaction between
dihydroxyacetone and aldehydes under non-aqueous
condition (Scheme 3).[29] Such a reaction failed when
carried out in aqueous media. Then, the more hydro-
phobic TBS-protected dihydroxyacetone was em-
ployed. Moreover, protecting groups can have consid-

erable value in multistep synthesis. For this ketone
donor, brine was found to be a suitable reaction
medium, giving aldol products in good yields and high
enantioselectivities.

Since several simple hydrophobic amino acids, such
as tryptophan, were found to be active in aqueous
media, and following Hayashi�s idea of derivatizing
the OH group of hydroxyproline with hydrophobic
silyl groups (vide infra), further studies were carried
out by using silyloxy derivatives of l-serine and l-
threonine. In particular, TBS-protected l-threonine 3
was found to be an active and selective catalyst
(Scheme 4).[30]

2.2 Proline

No enantioselectivity was observed in the proline-cat-
alyzed aldol reactions in phosphate buffer[31] and
aqueous micelles.[32] When proline was used with cam-
phorsulfonic acid as co-catalyst good yields and ste-
reoselectivities were obtained using a 4:1 (v/v)
ketone:water ratio.[33]

The use of proline (30 mol%) as catalyst in the re-
action between dimethyl-1,3-dioxan-5-one and 4-ni-
trobenzaldehyde in DMSO led to low yields and ste-
reoselectivities. Improved performances were dis-
played when 5 equivalents of water were used, fur-
nishing aldol products in high yields and stereoselec-
tivities with a set of aldehydes (Scheme 5).[35]

Two examples of cross-aldol reactions with aqueous
formaldehyde to give a-hydroxymethylated ketones
in high ee values were reported using l-proline (10
mol%) in DMSO.[35]

Scheme 2. Aldol reactions catalyzed by compound 1.

Figure 2. Proposed transition state for aldol reaction cata-
lyzed by 1.

Scheme 3. Aldol reactions catalyzed by compound 2.

Scheme 4. Aldol reactions catalyzed by compound 3.
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In 2007 it was reported that simple proline is able
to catalyze aldehyde-aldehyde and aldehyde-ketone
aldol reactions enantioselectively under dry and wet
conditions. Although this procedure presented some
advantages such as no modification required for pro-
line and a completely organic solvent-free procedure,
reaction times were long and up to 30 mol% of pro-
line was employed. Interestingly, the authors conclud-
ed that since proline may have been present in the
prebiotic era, these results may be an evidence that
proline could have promoted enantioselective aldol
reactions in the presence of water and so created
enantiomerically-enriched organic compounds on the
early Earth.[36]

A simple proline derivative showing similar acidity
was proline-tetrazole 4. Interestingly, it displayed dif-
ferent behaviour when used in water, indeed, while
the use of a high amount of water caused decreased
ee value in the reaction between acetone and 4-nitro-
benzaldehyde,[10] addition of up to 10% water to
DMF led to a small increase in enantioselectivity in
the same reaction when the proline-tetrazole catalyst
was employed.[37]

A similar behaviour was observed in the aldol reac-
tion between cyclopentanone and chloral monohy-
drate. The reaction with l-proline was sluggish while
the reaction with proline-tetrazole 4 and chloral
monohydrate or anhydrous chloral and water (100
mol%) gave high yield and stereoselectivity

(Scheme 6). Addition of a higher amount of water in-
creased the enantioselectivity of the reaction and de-
creased the diastereoselectivity. On the other hand,
the use of a catalytic amount of water (20 or 50
mol%) disabled the catalytic cycle (ca. 5% conver-
sion). The authors hypothesized that water could pre-
vent the formation of the iminium ion from catalyst
and chloral.[38] This reaction was carried out with a set
of ketones giving aldol products in high stereoselec-
tivity.

The same catalyst was also used in the a-hydroxy-
methylation of two ketones under aqueous conditions
(Scheme 7). Although the turnover number was
modest, products were obtained in excellent enantio-
selectivity.

2.3 Prolines Substituted in the 4-Position

As discussed before, proline was found to be not ef-
fective as catalyst when employed in neat water, so
this finding has led several authors to start with the
development of a number of proline derivatives of
general formulae I, II and III (Figure 3) to use for the
asymmetric direct aldol reaction in water.

In 2006, Hayashi and co-workers reported highly
enantioselective aldol reactions in water employing a
TBDPS-protected hydroxyproline (5 in Scheme 8).[39]

They investigated several catalysts in the aldol reac-
tion in the presence of water showing that the most
effective were proline derivatives with a hydrophobic

Scheme 5. d- and l-proline catalyzed aldol reactions be-
tween dimethyl-1,3-dioxan-5-one and aldehydes.

Scheme 6. Proline-tetrazole catalyzed aldol reactions.

Scheme 7. Proline-tetrazole catalyzed aldol reactions.

Adv. Synth. Catal. 2009, 351, 33 – 57 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 37

REVIEWWater in Stereoselective Organocatalytic Reactions

http://asc.wiley-vch.de


moiety such as trans-siloxy-l-proline or cis-siloxy-d-
proline. Water was crucial in affecting the stereoselec-
tivity of the reaction. Indeed, poor results were ob-
tained when neat reaction conditions or dry organic
solvents were employed. The authors carried out also
a detailed study on the effect of the amount of water,
on the amount of catalyst and applied the best condi-
tions to a variety of substrates. Excellent results were
obtained, since they performed several reactions with
only 1 mol% of catalyst. Finally, it was reported that
a large-scale preparation was successful with only 2
equivalents of ketone and 3 equivalents of water,
without any organic solvent.[18]

The same catalyst has been very recently employed
by Zhao in the construction of quaternary carbon
centers through cross-aldol reactions between ketones
and b,g-unsaturated keto esters in water (Scheme 9).
Screening of solvents (DMF, CHCl3, toluene, i-PrOH,
EtOH, MeOH) evidenced that in toluene the reaction
occurred with high stereoselectivity while protic sol-
vents gave a faster reaction. The use of water gave

also a faster reaction and higher yields and stereose-
lectivitity were obtained.[40]

Hayashi also reported the use of 4-substituted acyl-ACHTUNGTRENNUNGoxyproline derivatives, such as compound 6, for the
enantioselective aldehyde cross-aldol reaction with
excellent results without the need of additional co-sol-
vent or additives (Scheme 10).[41] Probably, emulsions

offer an ideal reaction environment in which organic
molecules can be assembled through hydrophobic in-
teractions thus enabling the aldol reaction to proceed
efficiently.

An amphiphilic l-proline derivative bearing a long
alkyl chain on the 4-position via an ether bond was
tested as catalyst in the aldol reaction both in organic
solvents and in water. Reactions with cyclohexanone
carried out using water, as reaction medium, gave
better yields and stereoselectivities than those in or-
ganic solvents or neat conditions. Also in this case,
proline derivatization gave a more active catalyst
compared to native proline in water. Interestingly, the
configuration and the ee value of the aldol product
obtained in the reaction between acetone and 4-nitro-
benzaldehyde showed to be dependent on the amount
of water.[42]

Another group reported the use of three 4-substi-
tuted acyloxyproline derivatives, previously reported
by Hayashi for the cross-aldol reaction. It was also
found that organic solvents or neat conditions gave
very poor results while the use of water furnished a
water/oil emulsion giving the aldol product in high
enantioselectivity. The higher yields and stereoselec-
tivities were ascribed to the large interfacial area and
uniformly distributed catalyst molecules in the emul-
sion system.[43]

Water gave a higher stereoselectivity compared to
neat conditions or organic solvents, such as toluene,
CHCl3 and DMSO, when catalyst 7a was used
(Scheme 11).[44] This catalyst gave excellent results at
room temperature in only 2 mol% loading without
the need of an additive. The hydrophobic catalyst 7e

Scheme 8. TBDPSO-Pro catalyzed aldol reactions.

Scheme 9. Cross-aldol reactions between ketones and b,g-
unsaturated keto esters.

Scheme 10. 4-Acyloxyproline-catalyzed aldol reactions.

Figure 3. General formula for substituted prolines.
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was also employed with very good results, while less
hydrophobic catalysts 7b–7d gave poorer results. In-
terestingly, catalyst 7a gave also excellent stereoselec-
tivity even at 50 8C. These results further demonstrat-
ed that, in order to achieve high activity and stereose-
lectivity, it may be sufficient to have the proper
acyloxy substituent in the 4-position of proline with-
out the need of additional chiral backbones in the
molecule.

Again, as in the work of Tao,[42] the configuration
and the ee value of the aldol product obtained in the
reaction between acetone and 4-nitrobenzaldehyde
showed to be dependent on the amount of water.
Moreover, a model for the explanation of the ob-
served stereoselectivities, when water was employed
as reaction medium, was provided (Figure 4). Such a
model could be operative for proline derivatives of
type I.

Hydrophobically modified ionic liquid-based orga-
nocatalysts were also prepared and used in water.
Proline catalyst 8 (Figure 5), which was not soluble in
water, was used in a few aldol reactions with good re-
sults.[45] However, because of the hydrolysis of the PF6

anion,[46] the use in water could affect the results.
On the other hand, a water-soluble organocatalyst

was designed in order to work in the asymmetric
aldol reaction under aqueous biphasic conditions by a
modulation of its partition coefficients in different
aqueous biphasic environments.[47] The cationic
moiety of catalyst 9 (Figure 5) contained three hydro-
philic portions that rendered it very soluble in water.
The highly hydrophobic anion allowed the catalyst to
be transported to the organic phase of the biphasic
ketone-water system where the aldol reaction took
place with high yields and stereoselectivities. The hy-
drophilicity of catalyst 9 allowed also its separation

from products by partitioning them between water
and ether.

2.3.1 Polymer-Supported Prolines

Since highly hydrophobic substituents in the 4-posi-
tion of proline can enhance both activity and stereo-

Scheme 11. 4-Acyloxyproline-catalyzed aldol reactions.

Figure 4. Proposed transition states for the aldol reaction
catalyzed by proline derivative of type I: a) favoured; b)
and c) disfavoured.

Figure 5. Chemical structures of compounds 8 and 9.
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selectivity of catalysts when employed in water, sever-
al researchers developed the use of highly hydropho-
bic supports, such as polystyrene, for proline immobi-
lization. This approach enables the recovery of the
catalyst and, because polystyrene may be regarded as
a large apolar substituent, could favour stereocontrol
of the aldol reaction in water. Peric�s prepared a hy-
droxyproline anchored to a polystyrene support using
a 1,2,3-triazole as linker (10, Figure 6).[48] Water gave

better stereoselectivities compared to DMSO, DMF
or neat conditions. In order to increase the yields Di-
MePEG was used as additive. Aldol products were
obtained in good yields and stereoselectivities
(Scheme 12).

More recently, the same authors reported a new
polystyrene-supported proline that was claimed to
behave as an artificial aldolase because it was able to
swell in water in spite of the hydrophobicity of the
polymer backbone (11, Figure 6). The swollen resin
showed a water content of up to 24% in weight,
building in such a way an aqueous microenvironment.
This material parallels the effect of essential water on

some natural enzymes used in organic media. Indeed,
it was demonstrated that only the water molecules
that had swollen the resin gave the catalytic proper-
ties to this material. This property arose from the for-
mation of a hydrogen-bond network connecting the
proline and the 1,2,3-triazole linker. Catalyst 11 was
used in a 10 mol% loading without any additive to
give aldol products in high stereoselectivity
(Scheme 12).[49]

A different polystyrene-based supported proline
(12, Figure 6) for the aldol reaction between several
ketones and aryl aldehydes with high stereoselectivi-
ties was also reported (Scheme 12). Screening of sol-
vents showed that these reactions take place only
when water was used. This solvent effect, coupled
with the high stereoselectivities observed, was ex-
plained with the formation of a hydrophobic core in
the inner surface of the resin whereas the hydrophilic
proline moiety lies in the interface resin/water
(Figure 7). Such a microenvironment both promoted

the aldol reaction and increased the stereoselectivity.
The authors hypothesized that solvents, such as
DMSO or DMF, do not promote the reaction simply
because they are good solvents. Ketones and alde-
hydes are well dissolved while the catalytic centre is
supported on a material having a very low surface
area. This strongly favours the repartition of the reac-
tants in the liquid phase. When water is used as reac-
tion medium, the reactants are forced in the hydro-
phobic pocket of the resin. In other words, the reac-
tion proceeds in a concentrated organic phase. In this
case the catalyst both promoted “on water” and “in
the presence of water” aldol reactions.[50]

Water both increased yields and stereoselectivities
when used as co-solvent with DMF or in ketone/water
mixtures in the aldol reaction catalyzed by other poly-
styrene-supported proline catalysts.[51]

Figure 6. Structures of polymer-supported proline.

Scheme 12. Polymer-supported proline-catalyzed aldol reac-
tions.

Figure 7. Proposed structure of the polystyrene-supported
proline in the presence of water.
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2.4 Prolinamides

Molecules of the types I–III are insoluble in water
then, according to Hayashi, they will give reactions
“in the presence of water”. In order to have a reac-
tion “in water” Hayashi and co-workers investigated
the self-aldol reaction of propanal in water using sev-
eral amino acids, amino amides or dipeptides. They
found that simple prolinamide catalyzed the reaction
“in water” with good enantioselectivity.[52]

Four BINAM-prolinamides (13–15) were tested as
catalysts in the aldol reaction between acetone, 2-bu-
tanone and cyclohexanone and several aldehydes
(Figure 8).[53] The best reaction conditions were found

when water was used as a 1:1 mixture with DMF.
However, reaction times were rather long. Later, the
BINAM-prolinamide 14 was found to be an effective
catalyst for the reaction between 4-nitrobenzaldehyde
and several ketones in DMF:water or in neat water.
In addition, the presence of benzoic acid as additive
decreased sensitively the reaction time.[54] The same
additive and catalyst were used in the aldol reaction
with four a-substituted ketones.[55] Reactions were
carried out in DMSO or DMF. The presence of water
as co-solvent or as the sole reaction medium gave de-
creased stereoselectivities except in the reaction with
an SMe-substituted ketone.

Catalyst 14 was also employed by another research
group. In this case only water was used as reaction
medium in the presence of 20 mol% of benzoic or
stearic acid as additive, with good results.[56]

Prolinamide 16 was used in water in the presence
of TFA, as additive, in the aldol reaction between cy-
clohexanone or acetone and four aryl aldehydes with
excellent stereoselectivity.[57]

In 2007 Jiang demonstred that NOBIN-prolinamide
17 (Figure 9) in the presence of TFA as additive give
rise to aldol products in good yields and stereoselec-

tivities.[58] Nevertheless, protection of the hydroxy
group of catalyst 17 with a CH3 gave similar results
indicating that the OH group had little influence in
the transition state. Probably, the NH hydrogen bond-
ing and p-p interaction may play a role for the ob-
served selectivity.

Also Lattanzi and co-workers employed 17 finding
high stereoselectivities with dioxane as solvent at 4 8C
and using only 1.1 equiv. of water.[59] Interestingly
they reported that the methoxy derivative showed a
lower ee, then they pointed out the important role
played by the OH group. The different stereochemical
outcome with respect to the previous work could be
due to the different medium employed (water vs. di-
oxane:water).

Simple prolinamide derivatives were found to be
active as catalysts in the aldol reaction between ace-
tone and several aromatic aldehydes in water. Howev-
er, although in some case the reaction was completed
in 30 min, enantioselectivities were low.[60]

Good results were obtained without the need of an
additional chiral backbone in the amide moiety by

Figure 8. Prolinamides 13–16.

Figure 9. a) Proposed TS for the aldol reaction in water. b)
Proposed TS for the reaction in dioxane.
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using N-(2-hydroxyphenyl)-prolinamides. Several de-
rivatives were prepared and the best results were ob-
served with 18 (Scheme 13). Such a catalyst was em-
ployed both in CHCl3 and water. Improved enantiose-
lectivities, with the expense of yield, were observed
when the reaction medium was changed from CHCl3

to water.[61]

l-Prolinamide-based catalysts were tested by Gong
in the aldol reactions of aldehydes with hydroxyace-
tone or fluoroacetone (Scheme 14).[62] Using 20–30
mol% of catalyst 19, excellent enantioselectivities and
high regioselectivities, in favour of the usually disfav-
oured 1,4-diol, were observed for hydroxyacetone.
Also fluoroacetone gave good regioselectivities and
high enantioselectivities. Theoretical studies on the
transition states by using a microsolvatation model re-
vealed that the role of water in controlling the regio-
selectivity arises from the hydrogen bonds formed be-
tween water and the amide oxygen of the proline
amide and the hydroxy group of hydroxyacetone.

On the other hand, when R was a TBSO group (20
in Scheme 14), the reaction between acyclic and cyclic
ketones and several aromatic aldehydes in water at
25 8C, gave high stereoselectivities with only 1 mol%
of catalyst.[63] Coupling the use of water with the
highly hydrophobic catalyst 20 gave increased stereo-

selectivity compared the use of the less hydrophobic
catalyst 19 in CHCl3 at �25 8C. For istance, the aldol
product formed in the reaction of cyclohexanone and
4-nitrobenzaldehyde was obtained in 94% ee and
>99:1 dr using 20 in water compared to 79% ee and
95:5 dr using 19 in CHCl3.

[64]

Prolinamides 21 and 22 gave high enantioselectivi-
ties in the reaction between acetone and several aro-
matic aldehydes when used under neat conditions at
�40 8C in 5 or 10 mol% loadings.[65] Interestingly, the
same catalysts were found to be very active when
used in brine as reaction medium. High to excellent
stereoselectivities were observed when they were em-
ployed at �5 or �10 8C in 0.5 mol% loading without
any acid additive (Scheme 15).[66]

The excellent results obtained with prolinamides 21
and 22 prompted us to investigate if these organocata-
lysts were active when immobilized. With this in
mind, two polystyrene-based supported prolinamides
23 and 24 were prepared and successfully tested in
the asymmetric direct aldol reaction using both cyclic
and acyclic ketones and various aryl aldehydes
(Scheme 16).[67]

The use of organic solvents such as CHCl3, CH2Cl2,
tetrahydrofuran, toluene and diethyl ether gave very
low yields while the reaction took place, with high ee
values, when the above solvents were used as a 1:2ACHTUNGTRENNUNG(v/v) water/solvent mixture. The optimal reaction con-
ditions were found with a 1:2 (v/v) water/chloroform
mixture. This mixture was the best compromise be-
tween the good swelling properties of chloroform and
the formation of a concentrated organic phase due to
the presence of water (Figure 10). The enantioselec-
tivities obtained when employing acetone as the
ketone were, to the best of the authors knowledge,
the highest achieved with a supported proline deriva-
tive.

Brine was used as reaction medium for several pro-
linamide derivatives 25a–e (Figure 11).[68] Prolinamide
25e was chosen as the most promising catalyst. It was
used in 20 mol% with AcOH (40 mol%) as additive

Scheme 13. Aldol reactions catalyzed by prolinamide 18.

Scheme 14. Aldol reactions catalyzed by prolinamides 19 and 20.
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at 0 8C. The same catalyst gave similar results when
used in CHCl3 at �25 8C.[69]

More recently, several substituted prolinamides de-
rived from chiral enantiopure aziridines, of general
formula 26, were used in aldol reactions. Optimization
of the reaction conditions with cyclic ketones showed
that no product was formed when the reaction was
carried out in organic solvents such as CHCl3 and
DMF. Optimal conditions were found when brine was
employed as reaction medium at �5 8C
(Scheme 17).[70] Aldol products were obtained from
good to high enantioselectivities. These conditions
were also used in the reaction with acetone giving
good enantioselectivities. Screening of organic sol-
vents showed that, differently from cyclohexanone,
the reaction took place but with lower enantioselec-
tivity. The reaction between acetone and benzalde-
hyde showed that ee value was high whatever the con-
figuration of the R3 and R4 carbon atoms when the re-
action was carried out in brine, while when it was car-
ried out in neat acetone the ee value was lower when
the R4 carbon atom had an S configuration. A model,

explaining the role of water, for this outcome was
given. In particular, when the reaction was carried out
in an aqueous medium, the water molecules form H-
bonding with the amide groups and the aldehyde as

Scheme 15. Aldol reactions catalyzed by prolinamides 21
and 22.

Scheme 16. Aldol reactions catalyzed by polymer supported-
prolinamides 23 and 24.

Figure 10. a) Proposed unswelled catalyst structure in the
presence of water. b) Proposed swelled catalyst structure in
the presence of chloroform/water mixture.

Figure 11. Structures of catalysts 25a–e.
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shown in TS-1. When the reaction was carried out
without water the ee value decreased because of the
favourable C�H-p interaction between the phenyl
group and hydrogen of the aromatic ring of the benz-
aldehyde (TS-2) (Figure 12).

Also N-prolylsulfonamides have been checked as
organocatalysts for the aldol reaction. In 2006 Wang
tested six different catalysts in water (27a–f,
Figure 13).[71] The dendritic catalysts bearing more hy-
drophobic groups 27d–f gave higher reactivity and
stereoselectivity than catalysts with less hydrophobic
groups. In particular, the second generation catalyst
27e provided the best results.

Very recently, Carter described that the addition of
one equivalent of water increased the diastereoselec-
tivity of the aldol reaction between cyclohexanone

and 4-nitrobenzaldehyde catalyzed by sulfonamide 28
(20 mol%) in ClCH2CH2Cl.[72] These conditions were
applied to other substrates giving aldol products in
high stereoselectivity (yield: 16–91%; dr : 29/1–99/1;
ee : 59–>99%). Moreover, the reaction can be carried
out with a catalyst loading as low as 2 mol% under
neat conditions. However, a single equivalent of
water was still added to improve the reaction rate and
selectivity.

Water, as the sole reaction medium, was employed
in the aldol reaction catalyzed by camphor-containing
thiourea-amine catalysts 29–33 with dodecylbenzene-
sulfonic acid as additive (Figure 14).[73] Stereoselectiv-
ities were high but the reaction times were long.

Water was found to be a suitable reaction medium
also for the aldol reaction of several cyclic ketones
with aromatic aldehydes using l-prolinethioamide 34
as catalyst (Figure 14). Such a catalyst was effective
for electron-deficient aldehydes and in the presence
of Cl2CHCOOH as additive.[74]

Scheme 17. Aldol reactions catalyzed by prolinamides 26.

Figure 12. Proposed transition states (ref.[70]).

Figure 13. Structures of catalysts 27a–f and 28.

Figure 14. Structures of catalysts 29–34.
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2.5 Dipeptides and Small Peptides as Catalyst

In addition to simple amino acids also simple dipepti-
des were found to be useful in the direct asymmetric
aldol reaction. In 2005, C�rdova reported that l-Ala-
l-Ala (30 mol%) enantioselectively catalyzed the
aldol reaction in DMSO:water (10 equiv.).[75] The
same authors reported that also other simple dipep-ACHTUNGTRENNUNGtides, such as l-Val-l-Phe and l-Val-l-Val, catalyzed
successfully the aldol reaction in DMSO:water 1:1 or
MeOH:water 1:1.[76] More detailed examples were
subsequently reported both using simple amino acids
or dipetides.[77] In every case, the solvent of choice
was DMSO:water (10 equiv.). Interestingly, for the l-
Ala-l-Ala dipeptide, when dry DMSO was used,
lower enantioselectivity and reversed diastereoselec-
tivity were obtained. In addition, l-valine-tetrazole
gave an aldol product with high stereoselectivity
when used in water as reaction medium.

As previously seen, prolinamides were found to be
able to catalyze the aldol reaction, also several dipep-
tides were investigated using water as reaction
medium. The dipeptide Pro-Trp was found to be the
most efficient for cyclic and acyclic ketones and vari-
ous aldehydes. However, in order to reach good activ-
ity and stereoselectivities, reactions were carried out
in the presence of additives (NMM/SDS or DABCO/
PEG400) at 0 8C.[78]

The use of water was crucial in controlling the re-
gioselectivity of aldol reactions of aldehydes with hy-
droxyacetone. The reactions were catalyzed by l-pro-
line-based small peptides such as 35 (Scheme 18).

When the reactions were carried in aqueous media,
chiral 1,4-diols, which are disfavoured products in
similar aldol reactions catalyzed by aldolases or l-pro-
line, were obtained as the major products.[79]

2.6 Pyrrolidine-Based Derivatives

In 2005, Janda reported a Hammett correlation of
nornicotine analogues in the aqueous aldol reaction

showing that arylpyrrolidines bearing electron-with-
drawing substituents exhibited greater activity than
other pyrrolidine-based catalysts in water. These find-
ings were interpretated as a promise for the develop-
ment of improved aldol catalysts in aqueous media.[80]

In 2006 Barbas and Takabe reported highly enan-
tioselective aldol reactions in water.[81] They used a
TFA salt of a pyrrolidine derivative bearing long
alkyl groups as catalyst in 10 mol% loading at room
temperature obtaining good yields and diastereoselec-
tivities (36, Scheme 19).

Water was also found to be a better reaction
medium with respect to DMSO or neat conditions in
the reaction between cyclohexanone and aromatic al-
dehydes catalyzed by fluorous (S)-pyrrolidine-sulfon-ACHTUNGTRENNUNGamide 37 (Scheme 19). Reactions carried out with 10
mol% of catalyst at 0 8C gave aldol products with
good stereoselectivities.[82]

2.7 Miscellaneous

A different approach for the organocatalytic aldol re-
action in water was reported by Cheng. Simple
mixing of chiral amines and surfactants with Brønsted
acids such as p-dodecylbenzenesulfonic acid (DBSA)
led to highly effective and selective catalysts in water.
In particular, amine 38 and DBSA gave aldol prod-
ucts from cyclohaxanones and aromatic aldehydes in
high yields and stereoselectivities (Scheme 20).

The data obtained allowed one to hypothesize that
DBSA contributed to the enhanced activity and enan-
tioselectivity most likely by protonating the pyridinyl
ring that consequentely activated the amide hydro-
gen-bond donor in hydrophobic micellar media.[83]

Primary amine organocatalysts 39a, b bearing cen-
tral and axial chiral elements were found to be very
stereoselective catalysts in the aldol reaction between
several ketones and aromatic aldehydes
(Scheme 21).[84] Water as reaction medium and TfOH
as additive were used at room temperature with low

Scheme 18. Aldol reactions catalyzed by oligopeptide 35.

Scheme 19. Aldol reactions catalyzed by pyrrolidines 36 and
37.
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catalyst loading (3.5 mol%). The chiral binaphthyl
group of the organocatalyst facilitates the formation
of a hydrophobic core, thus promoting the reaction in
water. The two chiral elements in 39a are matched,
indeed catalyst 39b gave lower stereoselectivity (dr
and ee values).

Very recently, simple chiral amine-polyoxometalate
hybrids were prepared and used, with a very low load-
ing (0.33 mol%), in the aldol reaction under either
neat or aqueous conditions. Aldol products were ob-
tained from low to high yields (21–98%) and high ste-
reoselectivity (anti/syn : 47:53–99:1, ee : 23–98%).[85]

3 Michael Reactions

Barbas found that catalyst 36, described for the asym-
metric aldol reaction in water,[81] worked also very
well in the Michael reaction of ketones and aldehydes
with nitrostyrenes (Scheme 22).

It was shown that brine, as reaction medium, im-
proved yield and stereoselectivity compared to reac-
tion in organic solvent or water. The authors claimed
that, due to hydrophobic interactions, aldehyde or
ketone donors assembled in brine. Catalyst 36 with its
hydrophobic chains and the acceptor molecule dis-
solved in the liquid organic phase. This aggregation
excluded water from the organic phase and drove the

equilibrium towards enamine formation. This was fur-
ther facilitated by a salting-out effect. Then, Michael
reactions occurred quickly in this concentrated organ-
ic phase.[86]

Instead of water or brine, as the sole reaction
medium, water was used as additive (10 equiv.) in
order to increase the efficiency and circumvent the
need of adding an acidic additive. In addition, water
would facilitate hydrogen bonding and proton transfer
that could improve the enantioselectivity. Then, using
N-methylpyrrolidone:DMSO as solvent and water as
additive, simple dipeptides, such as l-Ala-l-Ala (40a)
and l-Ala-d-Ala (40b), catalyzed the Michael addi-
tion of ketones to nitrostyrenes with high yields and
stereoselectivities (Scheme 23).[87]

Small amounts of water (10 equiv.) were also used
in order to significantly accelerate as well as improve
the stereoselectivity of Michael addition of ketones to
nitrostyrenes carried out in N-methylpyrroli-ACHTUNGTRENNUNGdone:DMSO. These reactions were catalyzed by 41 to
give products in high stereoselectivities
(Scheme 23).[88]

Following Barbas� findings, more papers dealt with
the use of pyrrolidine-based organocatalysts using
water as reaction medium. The chiral pyrrolidine-tri-ACHTUNGTRENNUNGazole catalyst 42 gave high stereoselectivities in the
Michael addition of cyclohexanone or acetone to ni-
trostyrenes (Table 1). The reactions proceeded

Scheme 20. Aldol reactions catalyzed by compound 38.

Scheme 21. Aldol reactions catalyzed by primary amines
39a, b.

Scheme 22. Michael reaction catalyzed by 36·TFA salt.

Scheme 23. Michael reactions catalyzed by dipeptides 40a, b
or by 41.
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Table 1. Performances of compounds 37–38, 42–52 as catalysts in the Michael reaction.

Catalyst mol% Solvent Additive Yield
[%]

dr (syn:-
anti)

ee
[%]

Ref.

42 10 water – 89–99
9:1–
>99:1

65–
>99

[89]

43 10 water
DiMePEG (10
mol%)

40–85
89:11–
>99:1

26–
>99

[90]

44 :
R=CF3 10 water – 68–93 16:1–50:1

68–
>95

[92]37: R= n-
C4F9

45 10 brine TFA 70–98 94:6–99:1 82–99 [93]

46 20 water –
64–
>99

94:6–99:1 91–98 [94]

47 10 water benzoic acid 72–98
87:13–
>99:1

79–
>99

[95]

38 15 water DBSA 67–99 94:6–99:1 81–87 [83]

48 5 water – 79–99 93:7–96:4 86–88 [85]

49 15
CHCl3/H2O (15
mol%)

– 33–94 – 57–96 [96]

50 15
toluene/H2O (200
mol%)

AcOH (15
mol%)

85–93 – 84–92 [97]

51 15
toluene/H2O (200
mol%)

AcOH (15
mol%)

82–99
14:86–
83:17

90–
>99

[98]

52 20
CH2Cl2/H2O (500
mol%)

– 34–98
2.1:1–
>50:1

92–99 [99]
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smoothly both in CHCl3 and water. However, the
aqueous medium promoted the process more effi-
ciently pushing the reactions to completion within a
shorter time. Each reaction was carried out in both
reaction media showing that water generally gave
better reactivity and enantioselectivity.[89]

A polymer-supported version of the above catalyst,
43, was later reported for the same reactions. Also in
this case, water was the reaction medium of choice
while the use of DiMePEG as additive led to a great-
er improvement both in conversion and in stereose-
lectivity.[90]

Whereas (S)-pyrrolidine trifluoromethanesulfon-ACHTUNGTRENNUNGamide 44 served as an effective catalyst for the Mi-
chael addition of aldehydes to nitrostyrenes in i-
PrOH,[91] the more hydrophobic analogue 37 dis-
played great activity in water as a result of the en-
hanced aggregation between the catalyst and the sub-
strates in the aqueous environment. High yields and
stereoselectivities were obtained.[92]

The highly hydrophobic chiral diamine 45 (Table 1)
was also employed in the same reactions. Screening of
solvents showed that brine, with TFA as additive, was
the best reaction medium. Other solvents such as
DMSO or toluene gave poor enantioselectivity, while
high yields and stereoselectivities were obtained with
organic solvents such as MeCN, CHCl3, CH2Cl2,
MeOH, EtOH and i-PrOH. Again, high yields and
stereoselectivities in aqueous medium were explained
by the hydrophobic environment created by the bi-
naphthyl group.[93]

Water was used as reaction medium for the Michael
addition of cyclohexanone to nitrostyrenes without
any organic solvents or additional additives. As cata-
lyst the ionic liquid-type compound 46 having the p-
dodecylbenzenesulfate (DBS) anion was chosen. This
surfactant-type organocatalyst gave high yields and
stereoselectivities under these conditions. It was sug-
gested that the reaction should occur through interfa-
cial catalysis and results could be rationalized by con-
sidering the hydrophobic effect in an aqueous micel-
lar system. Interestingly, the Michael products could
be separated from the bulk water without using any
organic solvent.[94]

Also the simple pyrrolidine-thiourea catalyst 47
(Table 1) was found to be active in the asymmetric
Michael addition of cyclohexanone to nitrostyrenes
when the reactions were carried out in water with
benzoic acid (10 mol%) as additive at 35 8C.[95]

Using the same strategy reported for aldol reac-
tions, Cheng investigated the Michael addition of cy-
clohexanone to nitrostyrenes using pyrrolidine orga-
nocatalysts in the presence of surfactant Brønsted
acids in water as reaction medium. In this case high
diastereoselectivities and good enantioselectivities
were obtained using catalyst 38.[83]

Catalyst 48 was used both under neat and aqueous
conditions. Much less cyclohexanone was used under
the latter conditions, showing the advantage of the
aqueous system.[85]

Good results were also obtained with primary
amine catalysts. In these cases, however, organic sol-
vents were employed and water was used in low
amount (from 15 to 500 mol%), but its presence al-
lowed significant improvements. The enantioselective
addition of ketones to nitrostyrenes was developed by
using the novel bifunctional sulfonamide primary
amine catalyst 49 (Table 1). No reaction took place
when water was used as reaction medium. The best
solvent was CHCl3. However, addition of water in-
creased the yield and enantioselectivity, probably be-
cause it increased the catalyst turnover due to facili-
tating the release of the primary amine catalyst from
the imine. Moreover, the authors reported an explan-
ation about the role of water in the enhancement of
enantioselectivity.[96]

Finally, three different primary thiourea-based cata-
lysts, 50–52, were also used with very good re-
sults.[97–99]

Also a,a-disubstituted prolinols 53–57 (Figure 15)
were succesfully used in water. Catalyst 53 worked
well in the Michael addition of tert-butyl 3-oxobutyric
ester with a,b-unsaturated aldehydes under neat con-
ditions or using water as reaction medium
(Scheme 24).[100]

Even Carlsberg beer worked very well as reaction
medium. Also in this case, it was proposed that re-
agents and the catalyst “cluster together” in H2O and
the reaction probably occurred in the organic phase

Figure 15. Structure of a,a-disubstituted prolinols 53–57 em-
ployed in Michael reaction.

Scheme 24. Michael reaction catalyzed by a,a-disubstituted
prolinol 53.
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constituted by the aldehyde, the b-keto ester and the
formed product.

Enantioselective syntheses of tetrasubstituted dihy-
dropyrones were accomplished in water media by
using catalyst 54 (Scheme 25).[101]

The same catalyst was, more recently, used in the
addition of aldehydes to 3-nitroacrylates and aryl-

and alkyl-substituted nitroalkenes (Scheme 26).[102]

Water was the reaction medium of choice with benzo-
ic acid as additive to improve the reaction rate and
diastereoselectivity. Under these conditions high ste-
reoselectivities were observed.

Following the idea of the favourable role played by
hydrophobic alkyl chains in water-compatible enam-
ine-mediated catalysis and the assumption that for ef-
fective control of iminium geometry and face shield-
ing a bulky group should be located near the hydro-
gen atom of the catalyst, catalyst 55 was successfully
employed in several reactions. High stereoselectivities
were observed when 55 was used in water, with ben-
zoic acid as additive, in the addition of nitromethane
or benzyl malonate or aldehydes to a,b-unsaturated
aldehydes (Scheme 27).[103]

Also the direct vinylogous Michael addition reac-
tion of vinylmalononitriles to a,b-unsaturated alde-
hydes was carried in aqueous medium. Screening of
five dialkyl-(S)-prolinols showed that catalyst 57 gave
high yields and ee values when employed in brine at
0 8C with 4-nitrobenzoic acid as additive
(Scheme 28).[104]

A different organocatalyst, not based on amino
acid derivatives, was successfully employed in the
asymmetric addition of malonate to nitrostyrenes
(Scheme 29). Reactions catalyzed by sodium deme-
thylquinine salt proceeded in either organic solvent
(THF or toluene) or water giving the product in high

Scheme 25. Synthesis of tetrasubstituted dihydropyrones cat-
alyzed by 54.

Scheme 26. Michael reaction catalyzed by a,a-disubstituted
prolinol 54.

Scheme 27. Addition reactions between a,b-unsaturated aldehydes and a) nitromethane, b) benzyl malonate, c) aldehydes
catalyzed by 55 or 56.
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yield. However, water gave higher enantioselectivity
than organic solvent. Moreover, enantioselectivity de-
pended significantly on the concentration of the sub-
strate in water. Catalyst 58 was used for a set of sub-
strates in only 1 mol% loading giving the products in
moderate to high ee.[105]

4 Mannich Reactions

There are several examples reporting the use of varia-
ble amounts of water in the organocatalyzed enantio-
selective Mannich reaction.

Water was found to affect the stereoselectivity of
the products between 9-tosyl-3,4-dihydro-b-carboline
and ketones in the presence of l-proline as a catalyst
in DMSO (Scheme 30).[106] This effect was also ob-
served in CH2Cl2 and acetone.

An aqueous solution (36%) of formaldehyde was
successfully employed in the proline-catalyzed reac-
tion of ketones and aromatic amines in DMSO as sol-
vent to give the direct a-aminomethylation with high
ee values (Scheme 31).[107]

High stereoselectivities were observed in the cata-
lytic reaction of aqueous tetrahydro-2H-pyran-2,6-diol
with preformed N-PMP aldimines in DMSO to give
tetrahydropyridines through a cascade Mannich-type/

intramolecular cyclization reaction (Scheme 32).
Screening of catalysts showed that proline was the
catalyst of choice.[108]

Wet DMSO was used in the reaction between ke-
tones and imines catalyzed by acyclic b-amino acids,
such as b-homovaline 59. Under these conditions,

Scheme 28. Addition reaction of vinylmalononitriles to a,b-
unsaturated aldehydes catalyzed by 57.

Scheme 29. Addition of malonate to nitrostyrenes catalyzed by sodium demethylquinine 58.

Scheme 30. l-Proline-catalyzed reaction between 9-tosyl-3,4-
dihydro-b-carboline and ketones.

Scheme 31. l-Proline-catalyzed three-component Mannich
reaction.

Scheme 32. Cascade Mannich-type/intramolecular cycliza-
tion reaction.
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Mannich products were obtained with high stereose-
lectivities (Scheme 33).[109]

More recently, a few reports dealt with the use of
water as the sole reaction medium. An autocatalytic

asymmetric Mannich reaction was observed in an
aqueous environment. In contrast with organic sol-
vents, water had a significant impact on enantioselec-
tivity. A buffer solution at pH 7 provided better re-
sults.[110]

A three-component Mannich reaction of O-benzyl
hydroxyacetone with p-anisidine and aldehydes was
carried out using the TBDPS-protected l-threonine
catalyst 60a, which gave the best results among a
series of catalysts investigated (Scheme 34).[111] Such a
reaction was carried out for the first time using water
as the sole reaction medium with good to high stereo-
selectivities. In the absence of water the ee value was
lower.

The high stereoselectivities observed were rational-
ized by means of the transition state depicted in
Figure 16. The authors stated that the geometry of the
enamines resulting from the O-benzyl hydroxyacetone
and O-(tert-butyldiphenylsilyl)threonine was Z, prob-
ably due to the hydrophobic interactions of hydropho-
bic moieties or p-p staking of the aromatic compo-
nents (Figure 16). Later a TBDPS-protected l-serine
catalyst 60b was used in the same conditions for the
above reactions giving good stereoselectivities.[112] It is
interesting to note that reversed diastereoselectivity
was displayed (syn vs. anti) when cyclohexanone was

used as the ketone (yield: 71–86%; dr syn:anti : 72:28–
84:16; ee : 74–86%).

5 Diels–Alder Reactions

The reversible formation of iminium ions with chiral
imidazolidinone 61 under aqueous condition is a val-
uable platform for the development of enantioselec-
tive Diels–Alder reactions (Figure 17).

MacMillan showed that aqueous methanol, in the
presence of HCl as additive, was a suitable reaction

Scheme 33. b-Homovaline-catalyzed Mannich reaction.

Scheme 34. Three component Mannich reaction catalyzed by 60a, b.

Figure 16. Proposed transition-state for Mannich reaction
catalyzed by TBDPS-protected l-threonine 60a.

Figure 17. Structures and performances of catalysts 61–63 in
the Diels–Alder reaction.
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medium for the stereoselective Diels–Alder reaction
between dienes and a,b-unsaturated aldehydes. This
was the first example of a highly enantioselective or-
ganocatalytic Diels–Alder reaction.[113] Only water, in
the presence of HClO4, was used in the same reaction
catalyzed by compound 62, where a,b-unsaturated ke-
tones were employed.[114] Nitromethane:water was
used in the first example of an enantioselective orga-
nocatalytic 1,3-dipolar cycloaddition between nitrones
and a,b-unsaturated aldehydes in the presence of cat-
alyst 63,[115] while THF:water was used in the first
enantioselective organocatalytic Friedel–Crafts alkyla-
tion.[116] In this latter case, as catalyst, compound 61
was used as its TFA salt.

Pro-chiral cyclohexanones were selectively pre-
pared with pyrrolidine catalysis in water.[117] These re-
sults opened the way for further investigations using
different organocatalysts under wet conditions.

1,2-Diamino-1,2-diphenylethane 64 was used in the
reaction between crotonaldehyde and cyclopenta-
diene. The reaction was optimized with the use of 5
mol% of catalyst in dioxane:water (95:5) in the pres-
ence of HCl (64a). Using more than 10% (by volume)
of water both enantio- and stereoselectivity de-
creased. Salt 64b·(DBSA: p-dodecylbenzenesulfonic
acid, which acted both as Brønsted acid and surfac-
tant) was found to be a good catalyst for the cycload-
dition in water, but the stereocontrol was less effec-
tive than that obtained with salt 64a in wet dioxane.
Similar results were obtained with catalyst 64c
(Figure 18).[118]

A catalytic amount of water promoted the Diels–
Alder reaction of dienes with a-acyloxyacroleins cata-
lyzed by a diammonium salt of chiral 1,1’-binaphthyl-
2,2’-diamine and trifluoromethanesulfonimide (65).[119]

Cyclic hydrazide catalysts 66·HClO4, 66·TfOH[120]

and 67·TfOH[121 gave good results when employed in
water (Figure 19). Catalyst 66·HClO4 was also used in

a variety of aqueous solvent mixtures and optimal cat-
alyst performance was noted in water.

Also aziridin-2-ylmethanols 68 were tested as cata-
lysts in the Diels–Alder reaction between cyclopenta-
diene and a,b-unsaturated aldehydes. The 68·HCl
salts were generally used in MeOH:water while the
68·HClO4 salts were used in water. However, only
low to moderate ee values were obtained.[122]

The pyrrolidine-based organocatalyst 69 was used,
with TFA as additive, for the stereoselective [3 +2] cy-
cloaddition of azomethine imines with a,b-unsaturat-
ed aldehydes. In this case the solvent of choice was
THF and water was employed as additive. Indeed, in
the absence of water the reaction rate was considera-
bly decreased. The authors claimed that the addition
of water could be helpful for hydrolysis of the imini-
um intermediate after the cycloaddition reaction
(Figure 20).[123]

Figure 18. Structures and performances of catalysts 64a–c
and 65 in the Diels–Alder reaction.

Figure 19. Structures and performances of catalysts 66–68 in
the Diels–Alder reaction.

Figure 20. Structures and performances of catalysts 69 and
53·HClO4 in the Diels–Alder reaction.
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Catalyst 53·HClO4 was successfully employed in the
reaction between dienes and a,b-unsaturated alde-
hydes. In this case water was found to be the best re-
action medium and its amount was important for the
outcome of the reaction. Studies on water effects indi-
cated that the reaction proceeded in the organic
phase and did not proceed at the interface between
the water and the organic phase and a small amount
of water dissolved in the organic phase accelerated
the reaction and affected the transition state.[124]

Also immobilized versions of organocatalysts for
the Diels–Alder reaction were employed using varia-
ble amounts of water. Water was used in the presence
of ionic liquids such as [bmim]PF6 and [bmim]OTf. A
high ee value was obtained with [bmim]PF6:water
95:5 while for [bmim]OTf, in order to reach a moder-
ate yield and ee value, the amount of water was in-
creased to 20% (volume). However, it is probable
that hydrolysis of the anion could play an important
role.[125]

The fluorous imidazolidinone derivative 70 was suc-
cessfully used in CH3CN:water 95:5 (Figure 21).[126]

Acetonitrile:water mixtures were also used for the re-
action between dienes and a,b-unsaturated aldehydes
with imidazolidinones supported on JandaJel (71),
silica (72)[127] and poly(ethylene glycol) (73)[128] or en-
trapped into montmorillonite 74 (Figure 21).[129]

6 Conclusions

As can be seen from the data reported in this review,
water plays a central role both in achieving higher ac-
tivity and selectivity of catalysts. Beneficial effects of
water can be observed from catalytic amounts to truly
aqueous conditions. However, its function depends on
the amount used.

A catalytic amount of water may be helpful in pro-
moting the reaction because it may avoid poisoning
of the catalyst, for instance, it could prevent the for-
mation of unproductive iminium ion from catalyst
and reactive aldehydes such as chloral or suppress the
formation of proline-oxazolidinone that is believed to
be a parasitic specie. On the other hand, water could
increase the efficiency of the process because it may
release the catalyst by hydrolyzing the final iminium
species formed in the organocatalytic reaction, for in-
stance, after the cycloaddition reaction between an
a,b-unsaturated iminium ion and a dienophile or by
releasing an amine catalyst from the corresponding
imine. Then, a catalytic water and acid might acceler-
ate the reaction by facilitating the interconversion of
the different intermediates of the catalytic cycle.

The use of a higher amount of water is correlated
with the use of more hydrophobic catalysts, both in
the presence of acid additives or in their absence.

Figure 21. Structures and performances of supported catalysts 70-74 in the Diels–Alder reaction.
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Janda argued that the need for an acid additive in
the case of the aldol reaction catalyzed by pyrrolidine
derivative 36 suggested the occurrence of a general
base mechanism.[130] The presence of TFA in a stoi-
chiometric amount offered a buffered system that
minimized the above mechanism in favour of an en-
amine catalysis and, on the other hand, increased the
amphiphilic character of the catalyst. The increased
amphiphilic character can cause the formation of mi-
celles, then catalysis could occur in a concentrated or-
ganic phase in which the hydrophobic catalyst may se-
quester the reactive intermediate from water and the
corresponding transition states, leading to different
stereisomers, may experience higher differences with
respect to those in a truly organic environment.

In the case of several amides, it is also reasonable
that a certain amount of catalyst can be disactivated
by excess of ketone with formation of the correspond-
ing unreactive imidazolidinone.[131] Therefore, the
presence of an acid additive can help the hydrolysis
of the imidazolidinone regenerating the catalytic
active species.

Looking at the examples reported, it could be seen
that acid additives were usually added when no acid
protons were present in the catalyst structure, while
when acid protons, such as carboxylic, tetrazolic, sul-
fonamidic protons, were present no acid additives
were added. However, in some cases, in which no acid
protons were present, (for example, prolinamide de-
rivatives) the combination of a highly hydrophobic
catalyst and the presence of water avoided the use of
acid additives. In these cases, the positive effect of
water could also be ascribed to the fact that it may re-
inforce the acidity of the amide NH bond, because of
the hydrogen bond formed between a free hydroxy
group of surface water molecules at the hydrophobic
interface with the amide oxygen atom of the organo-
catalyst.

When highly hydrophobic catalysts were employed
in the presence of water, reactions may be predis-
posed to favour transition states that optimize hydro-
phobic interactions.[132] In this context one can regard
the transition states, reported for example, in
Figure 1, Figure 4 and Figure 16, of reactions that pro-
ceeded in a concentrated organic phase. However, the
absence of water could also favour hydrophobic inter-
actions, depending on the stereochemistry of the cata-
lyst, that can give a decreased stereoselectivity (see
Figure 12). Water plays a role also in the case of im-
mobilized catalysts. In this case its function depends
on the structure and morphology of the support and/
or the linker. Finally, the possibility that small organic
molecules could act as enantioselective catalyst in ho-
mogeneous aqueous solution such as in the case of
prolinamide-catalyzed self-condensation of propanal,
should be remembered .[52] This aspect has not been
so explored to date and, in our point of view, consti-

tutes an exciting field for further interesting investiga-
tions.

Whether or not these reactions are carried out with
a catalytic amount of water or in truly aqueous
medium, the most important aspect was that water in-
creased the efficiency and stereoselectivity of the cat-
alyst, and this is, in our opinion, extremely interesting
from a synthetic point of view. On the other hand a
deeper understanding of the role of water, whatever
the amount employed, can help in the design of more
active and selective organocatalysts.
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