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(S)-Pyrrolidine sulfonamide catalyzed asymmetric direct
aldol reactions of aryl methyl ketones with aryl aldehydes
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Abstract

A (S)-pyrrolidine sulfonamide catalyzed asymmetric direct aldol reaction of aryl methyl ketones with aromatic aldehydes has been
developed with moderate to good enantioselectivities. The study considerably broadens the substrate scope of chiral amines promoted
aldol processes.
� 2008 Elsevier Ltd. All rights reserved.
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The seminal work by List et al. using L-proline catalyzed
direct intermolecular aldol reactions has triggered a broad
interest in organocatalysis.1 Subsequently, a number of
research groups have developed proline analogues for the
aldol process aimed at improving reactivity, broadening
substrate scope and enhancing stereoselectivity.2,3 Despite
the fact that in many cases, these proline analogues
displayed high catalytic activity and enantio- and diastereo-
selectivity, they suffered from a narrow substrate scope.
For example, it was found that when ketones were used
as donors, they were restricted to ones with alkyl groups
at both ends. In contrast, the use of less reactive aryl alkyl
ketones has created a formidable challenge and the survey
of the literature reveals that only single study was reported
by Saito and Yamamoto.3g The process was catalyzed by
proline-derived tetrazole in low to high yields (35–93%)
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and with moderate to high ees (67–97%), but only worked
out for highly active trichloro- and trifluoroacetaldehydes
as aldol acceptor. Therefore, the general methods mainly
rely on the indirect chiral Lewis acid catalyzed asymmetric
Mukaiyama aldol reaction of preformed silyl enol ethers.4

As a result of this deficiency, we have recently initiated
an investigation aimed at broadening the scope of chiral
amines catalyzed direct cross aldol reactions. In this Letter,
we report the results of a study which has led to the devel-
opment of a (S)-pyrrolidine sulfonamide promoted a direct
aldol reaction of aromatic methyl ketones with aromatic
aldehydes in high efficiency.5,6

To identify active promoters for the activation of less
reactive aryl methyl ketones, our investigation began with
the design of new bifunctional amines and screening of
them including some known organocatalysts (Fig. 1). Our
strategy in the design of more active bifunctional amine
catalysts is the incorporation of acidic groups, which can
effectively activate aldol acceptors. In the recent past, thio-
ureas with the ability of affording two H-bond donors have
been widely used as general acid for effective activation of
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Fig. 1. Organocatalysts evaluated in the direct cross aldol reaction.

Table 1
Asymmetric direct aldol reaction of phenyl methyl ketone with p-
nitrobenzaldehyde catalyzed by organocatalysts 1a–ja

Ph

O OH

NO2

+
CHCl3, rt

cat. (10 mol %)

2a 3a 4a
Ph

O OHC

NO2

Entry Cat t (d) Yieldb (%) eec (%)

1 1a 5 19 6
2 1b 5 16 5
3 1c 5 7 �7
4 1d 5 14 �12
5 1e 5 8 �11
6 1f 5 10 �7
7 1g 5 11 16
8 1h 3 76 21

9 1i 5 20 15
10 1j 5 —d —

a The reaction was carried out with 3a (0.2 mmol) and 2a (1.0 mmol,
5 equiv) in the presence of 10 mol % an organocatalyst in 0.3 mL of CHCl3
at rt.

b Isolated yield.
c Determined by chiral HPLC analysis (Chirapak AD-H column).
d No desired product was obtained.

Table 2
Effects of solvents and additives on the asymmetric direct aldol reaction of
phenyl methyl ketone and p-nitrobenzaldehyde catalyzed by 1ha

Ph

O OH

NO2

+
additive (0.1 eq)

 solvent, 3d

1h (10 mol %)

2a 3a 4a
Ph

O OHC

NO2

Entry Solvent Additive Yieldb (%) eec (%)

1 CHCl3 None 76 21
2 Toluene None 30 25
3 Dioxane None 46 30
4 THF None 38 47
5 MeCN None 72 51
6 i-PrOH None 46 11
7 H2O None 67 50
8 DMF None 71 70
9 DMSO None 74 82

10 DMSO AcOH 37 81
11 DMSO PhCO2H 41 82
12 DMSO CF3CO2H <5 nde

13 DMSO H2O (0.5 equiv) 81 82
14 DMSO H2O (1.0 equiv) 86 82
15 DMSO H2O (5.0 equiv) 72 81
16d DMSO H2O (1.0 equiv) 45 90

a Unless stated otherwise, the reaction was carried out with 1.0 mmol
(0.12 mL, 5 equiv) 2a and 0.2 mmol 3a in the presence of 10 mol % catalyst
in 0.3 mL of solvent and stirred at rt for 3 d.

b Isolated yield.
c Determined by chiral HPLC analysis.
d 0 �C, 2.0 mmol (0.24 mL, 10 equiv) 2a was used, 5 d.
e Not determined.
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carbonyl groups with a great success.7 Furthermore, we
have found that acidic sulfonamides are also strong activa-
tors for electrophiles.5 On the other hand, recently, chiral
primary amines have gained a great deal of interest in
organocatalysis.8 They have been shown to serve as effec-
tive activators for facilitating the forming enamines from
ketones and aldehydes. In particular, Jacobsen and
co-workers have demonstrated that primary amine thio-
ureas can efficiently catalyze aromatic alkyl ketones to
produce enamines for a highly enantioselective conjugate
nitroalkene addition process.8d With these considerations
in mind, we designed and synthesized chiral bifunctional
trans-cyclohexanediamine-based organic catalysts 1a–g,
which consist of these functional groups.9

To explore their catalytic ability of these organocata-
lysts for aldol process, a model reaction between phenyl
methyl ketone 2a and p-nitrobenzaldehyde 3a was per-
formed in chloroform at room temperature in the presence
of 10 mol % an organocatalyst (Table 1). As revealed in
Table 1, their catalytic activities varied significantly.
Disappointingly, these new organocatalysts 1a–g exhibited
poor catalyst activity for the aldol reaction (entries 1–7).
Poor reaction yields (8–19%) and low enantioselectivities
(5–16% ee) were obtained with long reaction times (5 d).
A similar trend was observed for catalyst (S)-pyrrolidine
thiourea 1i (entry 9). No desired product was formed when
(S)-proline was used and only a by-product bicyclic 1,3-
oxazolidine10 resulted from the reaction of the catalyst with
p-nitrobenzaldehyde isolated in 58% yield based on (S)-
proline (entry 10). Among the organocatalysts probed, it
was found that (S)-pyrrolidine sulfonamide 1h5 displayed
high catalytic activity for the aldol reaction in a good yield
(76%), but the enantioselectivity was low (21% ee, Table 1,
entry 8). Subsequently, catalyst 1h was selected for further
condition optimizations mainly aimed at improving enantio-
selectivity of the aldol process.

We first investigated the solvent effect on the cross aldol
reaction. As shown in Table 2, the reaction yields and
enantioselectivities were highly solvent dependent. Lower
enantioselectivity was observed when less polar aprotic
solvents were used (entries 1–5), while more polar ones
afforded aldol adduct 4a with significant improved ees
(entries 8 and 9). Notably, a high level of enantioselectivity
(82% ee, entry 9) was achieved with DMSO (analytic
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grade). Protic solvents such as i-PrOH and water tested
seemed to have an adverse influence on enantioselectivity
(entries 6 and 7). A possible reason for the aprotic polar
solvent DMSO afford the best results was due to its ability
of stabilizing the charged transition state, while protic sol-
vents disrupted the transition state. The effect of additives
in DMSO on enantioselectivity was also probed. Acid
additives such as AcOH, PhCO2H and CF3CO2H retarded
the process and the reaction yields dropped dramatically
but without affecting ee values (entries 10–12); it was found
that water could increase the yield slightly, but it did not
deteriorate the enantioselectivity either (Table 2, entry
13–15). Scrutinizing the amount of water implied that the
use of 1.0 equiv was optimal in terms of reaction yield
and enantioselectivity (entry 14). Finally, lowering the tem-
perature to 0 �C increased the ee of the product from 82%
to 90% but the yield decreased significantly from 86% to
45% (Table 2, entry 14 vs entry 16).

Having established optimized conditions for the model
reaction, we next probed the generality of this asymmetric
direct aldol reaction with a wide range of aromatic ketones
and aryl aldehydes (Table 3). Aromatic methyl ketones
bearing various substituents were first investigated as aldol
donors with p-nitrobenzaldehyde (Table 3, entries 1–7).
The neutral (entry 1), electron-withdrawing (entries 2–4),
-donating (entries 5–6), and heterocyclic (entry 7) groups
could be tolerated in the 1h-promoted aldol processes.
Table 3
Scope of catalyst 1h catalyzed asymmetric aldol reactions of aryl methyl
ketones with aryl aldehydesa

10 mol % 1h
H2O (1.0 eq)

DMSO, rt
Ar1 + Ar2

2 3

H

O

Ar1

O

Ar2

OH

4

O

Entry Ar1 Ar2 t (d) Yieldb (%) eec (%)

1 Ph p-NO2C6H4 3 4a, 74 82
2 p-NO2C6H4 p-NO2C6H4 2 4b, 91 70
3 p-ClC6H4 p-NO2C6H4 3 4c, 74 76
4 2,4-Cl2C6H3 p-NO2C6H4 3 4d, 47 80
5 p-MeOC6H4 p-NO2C6H4 3 4e, 65 79
6 p-MeC6H4 p-NO2C6H4 3 4f, 77 87
7 o-Thienyl p-NO2C6H4 5 4g, 51 62
8 Ph o-NO2C6H4 3 4h, 68 87
9 Ph m-NO2C6H4 3 4i, 45 81

10 Ph p-FC6H4 5 4j, 32 73
11 Ph p-BrC6H4 5 4k, 26 80
12 Ph o-BrC6H4 5 4l, 31 76
13 Ph Ph 5 4m, 18 80
14 p-NO2C6H4 m-NO2C6H4 2 4n, 87 71
15 p-NO2C6H4 o-NO2C6H4 2 4o, 83 80
16 p-MeOC6H4 m-NO2C6H4 4 4p, 51 80
17 p-MeOC6H4 o-NO2C6H4 3 4q, 57 91

a Unless stated otherwise, the reaction was carried out with 0.2 mmol 3

and 1.0 mmol (5 equiv) 2 in the presence of 10 mol % organocatalyst 1h

and water (1 equiv) in 0.3 mL of DMSO at rt.
b Isolated yield after chromatographic purification.
c Determined by chiral HPLC analysis (Chirapak AD, AS or OD-H

column).
Moderate to good yields (47–91%) and moderate to high
ees (62–87%) were observed. The study in a variation of
aldol donors revealed that the reaction yields varied signif-
icantly, but the enantioselectivity was not affected much
with achieving moderate to high levels of enantioselectivity
(71–87% ee, entries 8–17). Low reaction yields were
attained when phenyl methyl ketone was used as aldol
donor (entries 8–13). Similar observation was noticed with
p-MeO-benzaldehyde (entries 16–17). However, p-NO2-
benzaldehyde afforded aldol adducts with higher yields
(83–87%, entries 14 and 15).

The absolute configuration of aldol products was deter-
mined to be R by comparison of the optical rotation value
and sign of 4m with those of the literature reported.11

In conclusion, we have developed a (S) pyrrolidine sulf-
onamide 1h catalyzed asymmetric aldol reaction of aro-
matic methyl ketones with aromatic aldehydes. Moderate
to good enantioselectivities were obtained under the opti-
mized reaction conditions. The study considerably widens
the substrate scope of chiral amine promoted direct aldol
processes by allowing the use of difficult aromatic methyl
ketones for aldol reaction with aromatic aldehydes. A full
scope of investigation of the strategy is underway in our
laboratory.
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