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ABSTRACT

We have demonstrated that small organic molecules 1 and 2 catalyzed the direct aldol reaction of both acyclic and cyclic ketones with
different aldehydes in an excess of water/brine. Excellent enantioselectivities up to >99% and diastereoselectivities up to 99% with very good
yields were obtained by using much lower catalyst loadings (0.5 mol %).

The enantioselective aldol reaction catalyzed by small
organic molecules is an important C-C bond formation
reaction for which excellent enantioselectivities have been
achieved.1 The reaction is presumed to proceed via an
enamine intermediate, mimicking nature, where the type I
aldolase enzyme2 catalyzes the aldol reaction in water. It
would be a win-win situation from a green chemistry
perspective if high enantiocontrol is achieved using small
organic molecules in water.3,4 Early studies with small
organic molecules in an aqueous medium had limited success

until recently when Barbas5 and Hayashi6 independently
reported efficient proline-derived chiral catalysts which
catalyzed the aldol reaction with high enantiocontrol in the
presence of a large excess of water.7 Most of the studies
have been done with 10 mol % catalyst loading except in
one example where Hayashi has shown that the catalyst
loading can be reduced to 1 mol %, but at the cost of a longer
reaction time (2 days). Therefore, there is a great need for
efficient chiral organocatalysts, which can work at a lower
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loading without affecting the enantioselectivity and the
reaction time. The catalysts should also have a wide substrate
scope, with respect to both ketones and aldehydes. Herein,
we wish to disclose such small organic molecules which are
very efficient for enantioselective aldol reaction in water/
brine.

We have recently reported thatL-proline-derived organo-
catalysts1 and2 (Figure 1) are very effective in an organic

medium for enantioselective direct aldol reaction between
acetone and aldehydes (under neat conditions).8 Due to
environmental concern, water should be an ideal medium
for any organic reaction.9 While working in an area for
development of new water-compatible chiral organocatalysts,
we discovered that catalysts1 and 2 gave extraordinary
results for the direct aldol reaction in an aqueous medium.

At the outset, aldol reaction of acetone (2 mmol) and
benzaldehyde (0.5 mmol) was studied by using different
loading of the catalyst1 (10-0.5 mol %) in 0.5 mL of water/
brine (Table 1). It was observed that yields and ee’s were

superior in brine to those in water. With 2 mol % of the
catalyst in brine at room temperature, the reaction was
complete in 2 h and the product was obtained in 80% yield
and 94% ee (Table 1, entry 4). Reducing the catalyst loading

to 0.5 mol %, the reaction took a little longer time (5 h), but
the ee increased to 97% (entry 6).

It was further observed that the enantioselectivity was
>99% on lowering the temperature to 10°C (entry 7).
Reaction of acetone was studied with a more reactive
aldehyde such as 4-nitro-benzaldehyde (entries 10-12). In
this particular case, we could obtain only up to 87% ee. To
show the practicality of the method, the reaction was tested
at a large scale. Acetone (2.77 mL, 37.7 mmol) was allowed
to react with benzaldehyde (0.955 mL, 9.4 mmol) by using
the catalyst1 (17 mg, 0.5 mol %) in brine (9.5 mL) at-5
°C. The reaction was complete in 24 h, and the aldol product
was obtained in 68% yield and 98.5% ee.

Having optimized the reaction conditions for enantiose-
lective aldol reaction in brine, it was extended to other
substrates using both the catalysts,1 and 2. A variety of
aromatic aldehydes were tested for the reaction using acetone
as a donor (Table 2). In most of the cases, excellent
enantioselectivity (>99% ee) was obtained.

Using cyclohexanone as a donor, high diastereoselectivities
and excellent enantioselectivities (96-99% ee) were obtained
with different aromatic aldehydes (Table 3). Enantioselective
aldol reaction was also extended to other ketones as donors
and aldehydes as acceptors (Table 4). Along with aromatic
aldehydes, aliphatic aldehydes such as isobutyraldehyde and
cyclohexancarboxaldehyde also proved to be better acceptors
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Figure 1. Organocatalysts evaluated in the direct aldol reaction.

Table 1. Optimization of Reaction Conditions

entry
catalyst
mol % solvent

temp
(°C)

time
(h) % yielda % eeb

1 10 water rt 1.5 75 80
2 10 brine rt 2 81 86
3 2 water rt 3 76 77
4 2 brine rt 2 80 94
5 0.5 water rt 8 75 95
6 0.5 brine rt 5 78 97
7 0.5 brine 10 7 75 >99
8 0.5 brine -5 10 72 >99
9 0.5 brine -10 12 70 >99

10c 0.5 brine 10 5 80 67
11c 0.5 brine -5 10 78 86
12c 0.5 brine -10 12 70 87

a Isolated yields.bThe ee’s were determined by HPLC using Chiralpak
AD-H columns.c4-NO2-benzaldehyde was used as substrate.

Table 2. Screening of Different Aromatic Aldehydes with
Acetone

% yielda % eeb

entry Ar product 1 2 1 2

1 Ph 3a 72 83 >99 >99
2 2-Cl-Ph 3b 78 80 98 >99
3 3-F-Ph 3c 80 85 >99 >99
4 2,5-Di-F-C6H4 3d 75 80 99 >99
5 3-Cl-Ph 3e 73 85 98 99
6 2-Cl-6-F-C6H4 3f 79 84 >99 >99
7 4-F-Ph 3g 75 80 >99 >99
8 3-OMe-Ph 3h 72 85 >99 >99
9 4-NO2-Ph 3i 78 80 86 85

10 4-CF3-Ph 3j 79 84 99 91
11 3-Br-Ph 3k 70 75 99 >99
12 4-OMe-Ph 3l 72 75 97 >99
13 3-Me-Ph 3m 71 72 >99 >99
14 2-naphthyl 3n 73 70 92 84

a Isolated yields.bThe ee’s were determined by HPLC using Chiral
columns.
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(entries 1 and 2). It is gratifying to see that excellent
enantioselectivities (99->99% ee) were obtained in all the
cases.

The stereochemical outcome in the above direct aldol
reaction catalyzed by1 and2 can be explained by a transition
state (Figure 2), which is based on a previous model
supported by DFT calculations.8,10 The aldehyde is activated
by hydrogen bonding with the NH and OH of the catalyst
in a manner such that C-C bond formation takes place from
its re face. The alternativesi face is unfavored due to
nonbonding interaction between the R2 group and the
hydroxyl group. The presence ofgem-diphenyl groups at the
â-carbon restricts the conformation and makes the hydroxyl
group a better hydrogen-bond donor. The model requires
formation of an enamine for which there is enough evidence
in the literature.11,12It has been pointed out that general base
catalysis must be minimized to promote enantioselectivity
by an enamine mechanism in water.3a However, in our case,
it appears that reaction takes place under biphasic basic
conditions. This can be explained by using a hydrophobic
effect where the organocatalyst and substrates assemble in
water and sequester the transition state from water.5 Ag-
gregation of organic molecules excludes water from the
organic phase and drives the equilibrium toward enamine

formation. This is further facilitated by brine (salting-out
effect).13 This helps the reaction to proceed faster because
of the concentrated organic phase.

In summary, we have successfully reported highly efficient
organocatalysts for an asymmetric direct aldol reaction using
both cyclic and acyclic ketones and various aldehydes in an
aqueous medium. In most of the cases, we have achieved
>99% ee by using 0.5 mol % of the catalyst in brine. The
added advantage of the catalyst is that it does not require
any acid additive to achieve high enantioselectivity.
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Table 3. Screening of Different Aromatic Aldehydes with
Cyclohexanone

anti/syna % eeb (anti)

entry Ar product 1 2 1 2

1 Ph 4a 94:6 95:5 >99 >99
2 4-NO2-Ph 4b 86:14 87:13 86 91
3 4-OMe-Ph 4c 98:2 96:4 99 91
4 4-CN-Ph 4d 97:3 94:6 83 85
5 4-CF3-Ph 4e 96:4 98:2 >99 93
6 4-Cl-Ph 4f 99:1 98:2 99 94
7 2-furyl 4g 95:5 97:3 95 96
8 2-naphthyl 4h 92:8 99:1 95 98

a Diastereoselectivities were determined by1H NMR analysis of the
products.bThe ee’s were determined by HPLC using Chiral columns.

Table 4. Screening of Some Other Ketones and Aldehydes

anti/syna % eeb (anti)

entry ketone R2 product 1 2 1 2

1 acetone ipr 5a - - >99 >99
2 acetone cyclohexyl 5b - - 99 >99
3 -CH2CH2CH2- cyclohexyl 5c 94:6 99:1 99 99
4 -CH2OCH2- Ph 5d 97:3 95:5 >99 99
5 -CH2SCH2- Ph 5e 99:1 94:6 >99 99

a Diastereoselectivities were determined by1H NMR analysis of the
products.bThe ee’s were determined by HPLC using Chiral columns.

Figure 2. Transition State Models.
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