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ABSTRACT

Readily tunable and bifunctional L-prolinamides as novel organocatalysts have been developed, and their catalytic activities were evaluated
in the direct asymmetric Aldol reactions of various aromatic aldehydes and cyclohexanone. High isolated yields (up to 94%), enantioselectivities
(up to 99% ee), and anti -diastereoselectivities (up to 99:1) were obtained under the optimal conditions.

Enantioselective organocatalysis has recently provided a
research avenue in which to explore the fundamental
chemical parameters such as reactivity, selectivity, and
mechanism and in doing so has led to the discovery of many
valuable reactions and catalysts.1 In this endeavor, the design
and the development of multifunctional chiral organocatalysts
are of great importance: one catalyst molecule possesses two
or more reaction-promoting functionalities such that activity
and selectivity can be tuned by a simple modification of the
structural motif of the catalyst. Thus, an elegant alignment
of the steric and electronic properties of the catalyst would
determine the reaction efficiency.

The aldol reaction ranks among the most important
carbon-carbon bond-forming reactions in organic synthesis.2

Several efficient asymmetric methodologies for this reaction
using organocatalysts have been developed, of which the
most remarkable advances in the domain of proline and its

derivative catalysts were made by List and Barbas,3 Mac-
Millan,4 Jørgensen,5 Gong,6 and Yamamoto.7 According to
the Houk-List model,8 the catalysts are believed to stabilize
the transition state through hydrogen bonding in proline and
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its derivative-catalyzed Aldol reactions. Therefore, a subtle
change in catalyst structure may change the pKa value of
the catalyst to affect the strength of hydrogen bondings, such
that a dramatic enhancement of the catalytic activity and
selectivity may be anticipated.9 However it is a significant
challenge to realize this goal. Herein, we describe a new
series of tunable and bifunctional organocatalysts in attaining
the direct asymmetric aldol reaction with high efficiency.

A variety of bifunctionalL-prolinamide derivatives1, as
shown in Scheme 1, were prepared from commercially
available L-proline and enantiopure (R,R)-or (S,S)-1,2-

diaminocyclo-hexane. The structures of1 were confirmed
by X-ray crystallographic analysis (see the Supporting
Information). The pKa of the diamide can be readily tuned
by varying the R group (Scheme 1).10 The catalytic activity
of these new catalysts were then evaluated in a direct
asymmetric aldol reaction of 4-nitrobenzaldehyde3a with
cyclohexanone2.

As can be seen from the results summarized in Table 1,
the catalytic activities and the steroselectivities of1a-f were
significantly influenced by the tuning of the amide moiety.
Among the catalytic systems examined,1b with 20 mol %
of acetic acid (AcOH) exhibited excellent catalytic efficiency,
affording 4a in 81% yield and good stereoselectivity (anti/
syn75:25; 86% ee) (Table 1, entry 2).11 Note that1b showed
a superior level of enantiocontrol to its diastereomer1f (Table
1, entry 2 vs entry 6). This indicates that (1R,2R)-diami-
nocyclohexanes can be superior toL-prolines in enhancing
stereochemical control. As solubility is not an issue for our
tunable bifunctional catalysts ofL-prolinamide derivatives,
as compared to that of the proline catalyst, excellent
selectivity (anti/syn96:4; 92% ee) was achieved by decreas-
ing the reaction temperature to-25 °C (Table 1, entry 7).

Significantly, we found that the concentration of AcOH
has a remarkable effect on the catalytic activity and selectiv-
ity. Without adding AcOH, the reaction proceeded slowly
in low selectivity (Table 1, entry 8 vs entry 2). A ratio of
AcOH to 1b of 1:2 enhanced the activity by 24 times with
an improved yield and increased diastereoselectivity, but
decreased enantioselectivity (Table 1, entry 9 vs entry 8),
whereas use of a ratio of AcOH to1b of 2:1 led to similar
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Scheme 1. Tunable and Bifunctional Organocatalysts
Table 1. Enantioselective Direct Aldol Reaction of
4-Nitrobenzaldehyde (3a) and Cyclohexanone (2) under Various
Conditions

entry catalyst time (h) yieldb (%) dr (anti/syn)c eed (%)

1 1a 2 73 84/16 54
2 1b 5 81 75/25 86
3 1c 8 89 76/24 80
4 1d 12 63 77/23 73
5 1e 7 79 73/27 73
6 1f 24 89 79/21 69
7 1b 24 89 96/4 92e

8 1b 120 74 79/21 65f

9 1b 5 83 91/9 57g

10 1b 5 90 85/15 55h

aThe reactions were conducted with1 (20 mol %), AcOH (20 mol %),
3a (0.5 mmol), and2/CHCl3 (1:1) (2 mL) for 6-24 h. b Isolated yield of
mixture of anti/syn.c Determined by chiral HPLC analysis of the mixture
of anti/synproduct.d Determined by chiral HPLC.e At -25 °C. f Without
AcOH, 120 h.g In the presence of 20 mol % of1b and 10 mol % of AcOH.
h In the presence of 20 mol % of1b and 40 mol % of AcOH.
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results in better yield but poorer selectivity (Table 1, entry
10 vs entry 9). We concluded that the 1:1 ratio of AcOH to
1b gave the optimal performance, where the ee value was
the most satisfactory (Table 1, entry 2 vs entries 8-10).

A representative selection of aldehydes was evaluated
under the optimized conditions and the results obtained are
summarized in Table 2. The reactions of various substituted

benzaldehydes, which bear an electron-withdrawing group
on the benzene ring, proceeded smoothly in excellent
diastereoselectivities (up to 99:1) and enantioselectivities (up
to 97%) to furnish the Aldol adducts4a-g(Table 2, entries
1 and 3-9), while the stereoselectivities of the reactions with
benzaldehyde andp-tolualdehyde were somewhat lower
possibly due to their electron-rich character (Table 2, entries
10 and 13). Similarly, other aromatic aldehydes, such as
1-naphthaldehyde and 2-furaldehyde, underwent clean reac-
tions as well, and gave the corresponding adducts in 90 and
93% ee, respectively (Table 2, entries 11 and 12). Further-
more, it is noteworthy that even with as little as 2 mol %
catalyst loading of1b and 2 mol % AcOH, the reaction took
place in high diastereoselectivity, although there was a slight
decrease in enantioselectivity (Table 2, entry 1 vs entry 2).
Very recently, Gong et al. reported a highly efficient

organocatalyst for the same reaction as entries 1 and 2. They
achieved a 83% yield with a diasteomeric ratio of anti/syn
) 95:5 and an ee (anti) of 79%.6

The reaction of 4-nitrobenzaldehyde with butanone was
also investigated (eq 1) to examine the scope of the Aldol
donors. Significantly, the reaction preferentially occurred at
the C-3 position to afford the Aldol product6 as the major
product in remarkably high diastereoselectivity (95:5) and
enantioselectivity (99% ee). Interestingly, we noticed that
with Gong’s catalyst yields of 56% for5 and 42% for6
were obtained.6

Based on theL-proline catalysis model,8 we believe that
the two N-H groups of the diamide group play a key role
in stabilizing the transition state, where these two tunable
functionalities not only activate the aldol acceptor but also
locate there-face of the acceptor proximate to the attack by
the enamine. AcOH also plays an important role, as it may
provide a proton to accelerate the formation of enamine;
whereas the excessive AcOH may have a negative effect on
the hydrogen bonding of diamide, which in turn depresses
the catalytic efficacy.

In conclusion, we have developed a series of novel
L-prolinamide organocatalysts with readily tunable bifunc-
tionalities. Their catalytic activities were evaluated for the
direct asymmetric Aldol reactions of various aromatic
aldehydes and cyclohexanone. High isolated yields (up to
94%), enantioselectivities (up to 99% ee), and anti-diaste-
reoselectivities (up to 99:1) were obtained using our catalytic
system. Studies directed to the extension of this tunable
hydrogen bonding-Lewis base dual-activation strategy to
other reactions as well as the mechanistic aspects are
currently underway.
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Table 2. Scope of the Aldehydes3 for the Direct Aldol
Reaction with Cyclohexanone2 under Optimal Conditionsa

entry R product
yieldb

(%)
dr

(anti/syn)c

ee
(%, anti)d

1 4-NO2C6H4 4a 89 96/4 92
2 4-NO2C6H4 4ae 83 97/3 87
3 4-NO2C6H4 4af 81 98/2 97
4 2-NO2C6H4 4b 94 99/1 96
5 3-NO2C6H4 4c 78 96/4 94
6 4-CNC6H4 4d 89 97/3 92
7 4-CLC6H4 4e 88 96/4 94
8 2-CLC6H4 4f 83 97/3 92
9 4-BrC6H4 4g 76 98/2 97
10 Ph 4h 73 83/17 87
11 1-naphthyl 4l 41 97/3 90
12 2-furfuryl 4jf 53 87/13 93
13 4-MeC6H4 4k 53 80/20 77

a The reactions were conducted with1b (20 mol %), AcOH (20 mol
%), 3 (0.5 mmol), and2/CHCl3 (1:1) (2 mL) for 24-72 h (see the
Supporting Information) at-25 °C. b Isolated yield of the mixture ofanti/
syn.c Determined by analysis of the mixture ofanti/synproduct.d Deter-
mined by HPLC.e In the presence of 2 mol % of1b and 2 mol % of AcOH.
f In the presence of 20 mol % of1d and 20 mol % of AcOH at-40 °C.
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