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ABSTRACT

We have demonstrated that a new class of L-proline-based organic compounds catalyzed the direct aldol reaction between aldehydes and
acetone to provide â-hydroxy ketones in good yields. The reaction is efficient, and 5 −10 mol % of the catalyst and excellent enantioselectivities
(97−99% ee) were obtained in both aromatic and aliphatic aldehydes. The presence of a gem-diphenyl group at the â-carbon is necessary for
high enantioselectivity.

An enantioselective C-C bond formation reaction catalyzed
by chiral organic molecules (asymmetric organocatalysis)1

has become an important area of research in organic
synthesis. Aldol is one such reaction where a great emphasis
has been given to the design of new chiral organocatalysts2

where, besides avoiding transition metals, the reaction can
directly be done by taking an aldol donor and acceptor.3 In
this direct aldol reaction, there is no need for preactivation
of carbonyl compounds as is done in the Mukaiyama aldol
reaction.4,5 The major breakthrough came from a finding by
List,6 Barbas III,7 and co-workers thatL-proline could act
as a catalyst in intermolecular direct aldol reaction where

L-proline functions as a “microaldolase” similar to the Type
I aldolase enzyme.8 Since then,L-proline9 and its derivatives10

have been evaluated for use in enantioselective direct aldol
reaction. The reaction is presumed to proceed via an enamine
intermediate. Initially, the enantiofacial selectivity was
explained with a metal-free version of the Zimmerman-
Traxler-type transition-state model having a tricyclic hydrogen-
bonded framework.6a Later, on the basis of computational
study, it was postulated that the nitrogen ofL-proline may
not participate in hydrogen bonding with the carboxylic
hydrogen.11 According to the model for proline and its
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derivatives, the transition state is stabilized through other
hydrogen bondings. Therefore, a small change in the pKa

value of organic compounds will affect its catalytic activity
and selectivity. It is a great challenge to organic chemists to
find a suitable compound with an optimal pKa so that
excellent enantioselectivity can be obtained. We have
designed a small class ofL-proline-based chiral organic
molecules having agem-diphenyl group which played a key
role in realizing the goal. Herein, we report that these organic
compounds can be used with low catalyst loading (5 mol
%) to give an excellent enantioselectivity (>99% ee) in the
direct aldol reaction.

The organic molecules1a-1m (Figure 1) were synthe-
sized fromL-proline and correspondingâ-amino alcohols

by a standard reaction sequence (see Supporting Information).
These were evaluated for direct aldol reaction between
benzaldehyde and acetone (Table 1). The compounds1a-
1g had different substituents (R) with (S)-configuration at
theR-carbon while keeping agem-diphenyl group constant
at theâ-carbon. These organic compounds were used in 10
mol %, and the reaction was studied at different temperatures.
The compound1a (R ) H), devoid of chirality at both the
R- and â-carbon atoms, catalyzed the aldol reaction quite
effectively, and 89% ee was obtained at-40 °C (entry 1).
The catalyst1b (R ) Me) induced higher enantioselectivity
(92% ee) under the same conditions (entry 3). However, at
room temperature, although the reaction was complete in 3
h, the ee was slightly lower (entry 2). The catalyst1c (R )
i-Pr) was found to be insensitive to temperature as the ee’s
did not vary much (89-93% ee) from room temperature to
-40 °C (entries 4-6). The catalyst1d (R ) i-Bu) was found
to be superior as the reaction was complete in 3 h atroom
temperature (entry 7) with modest yield (68%) and high
enantioselectivity (93% ee).

At 0 °C, the same reactions took 14 h for completion, but
the yield and ee of both could be improved (entry 8; 72%

yield, 98% ee). On lowering the temperature further to-40
°C, more than 99% ee was obtained in the same reaction
(entry 9). The enantioselectivity was moderate with the
compound1e (R ) s-Bu; entries 10 and 11) and high with
1f (R ) Bn; entries 12 and 13). The compound1g (R ) Ph)
catalyzed the reaction very efficiently and gave the aldol
product in 77% yield and 99% ee at-40 °C (entry 16). The
advantage of this catalyst is that it is effective even with
low catalyst loading (5 mol %).

It is worth mentioning here that when the configuration
of the phenyl substituent at theR-carbon was changed to
(R) as in the case of1h and the reaction was compared with
1gat room temperature, the enantioselectivity dropped from
84% to 24% (entry 14 vs entry 17). To see the effect of
gem-diphenyl groups (R1) at the â-carbon of 1g, it was
replaced by ethyl (1i) and H (1j) and then evaluated for the
aldol reaction. These turned out to be poor in inducing
asymmetric induction in the reaction (entries 18 and 19, 64%
ee with1i; 42% ee with1j). The importance ofgem-diphenyl
groups at theâ-carbon is further seen in compounds1k
(R1 ) Et) and1l (R1 ) Bn) which gave poor asymmetric
induction (entries 20-23; 36-43% ee) compared to1c
(R1 ) Ph) that gave 89-93% ee (entries 4-6) in the same
reaction. On having an electron-donating group in the para
position of the phenyl groups as in the case of1m, the

(9) For other references onL-proline-catalyzed aldol reaction, see: (a)
Casas, J.; Engqvist, M.; Ibrahem, I.; Kaynak, B.; Cordova, A.Angew. Chem.,
Int. Ed.2005, 44, 1343-1345. (b) Nyberg, A. I.; Usano, A.; Pihko, P. M.
Synlett2004, 1891-1896. (c) Northrup, A. B.; MacMillan, D. W. C.J.
Am. Chem. Soc. 2002, 124, 6798-6799. (d) Bogevig, A.; Kumaragurubaran,
N.; Jørgensen, K. A.Chem. Commun. 2002, 620-621. (e) Darbre, T.;
Machuqueiro, M.Chem. Commun. 2003, 1090-1091. (f) Wu, Y.-S.; Chen,
Y.; Deng, D.-S.; Cai, J.Synlett2005, 1627-1629.

Figure 1. Organocatalysts evaluated in the direct aldol reaction.

Table 1. Direct Aldol Reaction Catalyzed by Organocatalysts
1a-1ma

a The reaction was carried out in neat acetone (1 M conc.) using 10 mol
% of the catalyst except for the catalysts1g, 1i, and1j which were used in
5 mol %. b The ee was determined by HPLC on chiral columns.
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effectiveness of the catalyst is lost (entry 24; 59% ee). These
results indicate that it is not essential that phenyl groups at
theâ-carbon atom should have any particular stereochemistry
to obtain high enantioselectivity.

The stereochemical outcome in the above direct aldol
reaction catalyzed by1 can be explained by a transition state
(Figure 2), which is based on a previous model supported

by DFT calculations.10a The aldehyde is activated by
hydrogen bonding with the NH and OH of the catalyst in a
manner that C-C bond formation takes place from itsre
face. The alternativesi face is unfavored due to a nonbonding
interaction between the R2 group and the hydroxyl group.
The presence ofgem-diphenyl groups at theâ-carbon restricts
the conformation and makes the hydroxyl group a better
hydrogen-bond donor. It also enhances solubility of the
ligand in organic solvents.

From Table 1, it became clear that the organic compounds
1d and 1g are more efficient in inducing asymmetric
induction in the aldol reaction of benzaldehyde and acetone.
To increase the scope of the methodology, the aldol reaction
was extended to several aromatic and aliphatic aldehydes
and the results are summarized in Table 2. In all the cases,
we got excellent enantioselectivities (97-99% ee). The
catalyst1d appeared to be slightly superior to1g for inducing
enantioselectivity in all the cases, especially in the case of
an aliphatic aldehyde (entry 15).

In summary, we have demonstrated that a new class of
L-proline-based organic compounds catalyzed the direct aldol
reaction between aldehydes and acetone to provideâ-hydroxy
ketones in good yields. The reaction is efficient with 5-10
mol % of the catalyst used, and excellent enantioselectivity
(97-99% ee) was obtained in both aromatic and aliphatic
aldehydes. The presence of agem-diphenyl group at the
â-carbon is necessary for high enantioselectivity. It is not
essential to have a stereogenic center at theâ-carbon atom
as even unsubstituted catalyst1agave high ee in the reaction.
Other substituents (R) such as Me,i-Pr, i-Bu, s-Bu, Bn, and
Ph with (S)-configuration did not show much difference in
ee and chemical yield of the product. Among all these,1d
(R ) i-Bu) and1g (R ) Ph) were found to give the best
results.
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Figure 2. Transition-state models.

Table 2. Direct Aldol Reaction between Various Aldehydes
and Acetone with Organocatalysts1d and1ga

a The reaction was carried out in neat acetone with 1 M conc. at-40
°C for 24-48 h (see Supporting Information).b Isolated yield.c Determined
by HPLC on chiral columns.
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