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ABSTRACT

L-Proline-based small peptides have been developed as efficient catalysts for the asymmetric direct aldol reactions of hydroxyacetone with
aldehydes. Chiral 1,4-diols 7, which are disfavored products in similar aldol reactions catalyzed by either aldolases or L-proline, were obtained
in high yields and enantioselectivities of up to 96% ee with peptides 3 and 4 in aqueous media.

The aldol reaction is one of the most powerful methods for
forming carbon-carbon bonds. The great synthetic useful-
ness of the aldol reaction in organic synthesis has driven a
rapid development of numerous highly enantioselective chiral
catalysts.1,2 Direct aldolization is atom economic,3 and thus

it is an attractive method for the synthesis of polyoxygenated
compounds. Several catalysts, including aldolase,2e,4 transi-
tion metal complexes,5,6 and organic molecules,7,8 have been
reported for the direct asymmetric aldol reaction. Some of
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them can also catalyze aldol reactions of hydroxyacetone to
exclusively give 1,2-diols with excellent regio- and enantio-
selectivity.4,8c In sharp contrast, an efficient catalyst for the
asymmetric direct aldol reactions of aldehydes with hydroxy-
acetone at its methyl group to give chiral 1,4-diols has not
yet reported, and thus it is much more difficult to directly
access optically active 1,4-diols than 1,2-diols by aldolization.

Very recently, we8f,9 and other groups10 found that L-
proline amides and dipeptides acted as efficient catalysts for
the asymmetric direct aldol reaction. Synthetic peptides have
proven to be promising organic catalysts for some important
transformations and continue to receive growing interest.11

On the basis of these observations, we reasoned that larger
L-proline-based peptides might be useful as organic catalysts
for direct aldol addition, since they are structurally similar
to L-proline amides but contain more amide units, which are
the same building blocks that constitute enzymes. A chiral

noncovalent bonding environment similar to that of an
enzyme, which is beneficial for stereocontrol, may be created
with an increase in the size of peptides.11 We report here
that L-proline-based peptides1-5 can catalyze the aldol
reactions of hydroxyacetone with aldehydes6 in aqueous
media12 to give 1,4-diols7, the disfavored products, with
either aldolase orL-proline4,8c with high regio- and enantio-
selectivity.

First, we used 20 mol % Pro-Thr-OMe (1a), which
catalyzed the aldol reaction of acetone with 4-nitrobenz-
aldehyde in 67% ee,8f,9 to promote the aldol addition of
4-nitrobenzaldehyde (6a) with hydroxyacetone in THF to
give the normal anti-1,2-diol (8a) with 2.1: 1 dr and 61%
ee. The minor product 1,4-diol (7a) was also isolated in 16%
yield and 60% ee (Table 1, entry 1). A survey of different

solvents such as DMF, methanol, and chloroform revealed
that more polar solvents give better enantioselectivity of 1,2-
diol 8a than less polar solvents (entries 1-4). In DMF, anti-
1,2-diol was obtained with 2.8:1 dr and 72% ee (entry 2). In
a protic solvent, for example, MeOH, 1,4-diol was generated
in 19% yield (entry 3), which was a greater yield than in
nonprotic solvents (entries 1, 2, and 4). Surprisingly, the aldol
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Figure 1. Peptides evaluated in this study.

Table 1. Direct Aldol Reaction of 4-Nitrobenzaldehyde with
Hydroxyacetone Catalyzed by Peptides1-5a

entry catalyst solvent b

% yield
of 7a

ee
(%)c

% yield
of 8a (dr)d

%
eee

1 1a THF 16 60 71 (2.1:1) 61
2 1a DMF 7 55 69 (2.8:1) 72
3 1a MeOH 19 68 76 (1.7:1) 63
4 1a CHCl3 13 69 71 (0.8:1) 23
5 1a DMF/H2O 35 54 17 (0.9:1) 19
6 1a MeOH/H2O 20 54 20 (0.8:1) 10
7 1a THF/H2O 50 62 13 (0.8:1) 28
8 1b THF/H2O 70 67 30 (0.9:1) 37
9 1c THF/H2O 52 52 38 (0.9:1) 16

10 1d THF/H2O 65 56 35 (1.0:1) 25
11 2a THF/H2O 70 68 30 (1.1:1) 33
12 2b THF/H2O 70 68 30 (1.1:1) 32
13 2c THF/H2O 62 56 30 (0.7:1) 22
14 3 THF/H2O 70 75 30 (1.3:1) 35
15 4 THF/H2O 57 76 35 (2.0:1) 41
16 5 THF/H2O 39 78 58 (1.1:1) 29
17 3 THF/H2O 82 82f 18 (1.7:1) 47
18 4 THF/H2O 76 87g 21 (1.6:1) 30

a Unless specified otherwise, the concentration of aldehyde is 0.25 M,
and v/v of hydroxyacetone/solvent is 1/4 (1/5 vol hydroxyacetone).b Organic
solvent/H2O ) 1:1. c Ee values were determined by HPLC, and the
configuration was assigned asR by comparison of the optical rotation with
value in the literature.15 d Anti:syn ratio was determined by HPLC.e Ee
value of anti isomer, determined by HPLC.f Reaction temperature) 0 °C;
v/v of hydroxyacetone/solvent) 1/2 (1/3 vol hydroxyacetone); reaction
time ) 4 days.g Performed with 10 mol % catalyst4; reaction temperature
) 0 °C; v/v of hydroxyacetone/solvent) 1/2 (1/3 vol hydroxyacetone);
reaction time) 6 days.
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reaction preferentially occurred at the methyl group of
hydroxyacetone to give mostly 1,4-diol7a when the same
reaction was conducted in the presence of catalyst1a in an
aqueous media (entries 5-7). These are unprecedented
results compared to those observed in similar reactions
catalyzed by aldolase4 and L-proline.8c Antibody 84G3
preferentially catalyzed the aldolization of methoxylacetone
at the methyl group.13 Direct aldol reactions of siloxy and
alkoxy acetones with aldehydes mediated by TiCl4/Bu3N or
Bu2BOTf also took place regioselectively at the methyl
group, probably due to favorable formation of the less
hindered enamine.14 However, the hydroxyacetone was not
tested as a donor in these cases.13,14In a 1:1 THF/H2O solvent
mixture, 1,4-diol7a was obtained in 50% yield and 62%
ee, whereas 1,2-diol was obtained in only 13% yield (entry
7). An examination of the ability of various dipeptides1b-d
to catalyze the model reaction indicated that peptides with
phenylalanine as a lipophilic residue gave better results and
Pro-Phe-OMe (1b) was more promising for this reaction in
terms of both yields and enantioselectivities (entries 8-10).
Tripeptides2a and 2b gave similar yields and enantio-
selectvities (entries 11 and 12), but2c resulted in a much
lower stereo-outcome (entry 13). A further increase in the
peptide size led to a significant increase in enantioselectivity,
but the regioselection to generate 1,4-diol was gradually
sacrificed (entries 14-16). These results demonstrated that
the peptide size also played an important role in the stereo-
and regiocontrol besides the solvent effect. The yields
increased by increasing the amount of hydroxyacetone from
1/5 to 1/3 reaction volume, and the enantioselectivity was
enhanced by conducting reactions at 0°C (entries 17 and
18). As little as 10 mol %4 is sufficient to catalyze the aldol
reaction, with 76% yield and 87% ee, under optimal
conditions (entry 18). However,L-proline did not catalyze
the reaction, and simpleL-prolinamides gave worse results
than peptides3 or 4 under the optimal conditions (Table S1
in Supporting Information).

The abilities of peptides3 and4 to catalyze the direct aldol
reactions of hydroxyacetone with a variety of aldehydes were
examined under optimal conditions. The results are shown
in Table 2. High yields and entioselectivities of up to 96%
ee were observed for aromatic aldehydes bearing electron-
withdrawing groups (7a-h, entries 1-16). In contrast,
neither3 nor4 catalyzed the aldol reactions of benzaldehyde
and aromatic aldehydes with electron-donating groups under
the optimal conditions, and the aldol reaction with an
aliphatic aldehyde such as cyclohexanaldehyde did not
proceed in the presence of either3 or 4.16 Thus, the present
peptide catalyst seems to be substrate-specific, and its

catalytic activity relies on the electron density of the aromatic
substituents of aldehydes. In general, peptide4 gave a slightly
greater enantioselectivity than3, but with lower yields, and
required a longer reaction time for complete conversion.

In conclusion, we have developed small peptides as
efficient catalysts for the asymmetric direct aldol reactions
of hydroxyacetone with aldehydes. Chiral 1,4-diols7, which
are disfavored products in similar aldol reactions catalyzed
by either aldolases orL-proline,4,8c were obtained in high
yields and enantioselectivities with peptides3 and 4 in
aqueous media. To our knowledge, this reaction is a unique
method for preparing the chiral 1,4-dihydroxyl-2-ones7
directly from aldehydes and 2-hydroxyl ketones. Active
studies on mechanistic aspects and the application of these
catalysts to the synthesis of biologically active compounds
are underway.
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Table 2. Direct Aldol Reactions of Acetone with Aldehydes
by Chiral Organic Catalyst3a or 4b

entry product (R) catalyst yield (%)c ee (%)d

1 4-NO2C6H4 (7a) 3 82 82
2 4 76 87
3 4-CNC6H4 (7b) 3 88 84
4 4 70 84
5 4-CF3C6H4 (7c) 3 82 86
6 4 66 88
7 3-NO2C6H4 (7d) 3 82 85
8 4 80 89
9 3,5-Br2C6H4 (7e) 3 68 91

10 4 59 92e

11 2-ClC6H4 (7f) 3 78 85
12 4 56 86
13 2-NO2C6H4 (7g) 3 83 91
14 4 71 93
15 2,6-Cl2C6H4 (7h) 3 84 96
16 4 73 96

a Reaction time) 4 days, in the presence of 20 mol %3. b Reaction
time ) 6 days, in the presence of 10 mol %4. c Isolated yields based on
aldehydes.d Determined by HPLC.e THF/H2O ) 2:1
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