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A rationally designed 4-phenoxy substituted prolinamide phenols as an efficient hydrophobic organocat-
alyst for direct asymmetric aldol reaction in water has been developed. High yield (up to 99%), diastereo-
selectivity (up to 99:1), and enantioselectivity (up to 97%) were obtained under optimal condition. The
influence of substituent groups on the reactivity of catalysts was studied in detail.
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The aldol reaction is recognized as one of the most powerful dendritic7 systems whose preparation needs chemical manipula-

carbon–carbon bond-forming reactions in modern organic synthe-
sis. It provides an atom-economic approach to b-hydroxyl carbon-
yls, which make up a large family of chiral intermediates for the
synthesis of biologically active substances and natural products.1

Since the early reports in the 1970s that the L-proline catalyzed
intramolecular aldol reactions2a,b and the discovery by List et al.
that L-proline can mimic type I aldolase to enantioselectively cata-
lyze intermolecular aldol reactions,2c interest in organocatalysis
has increased spectacularly in the past few years as a result of both
the novelty of the concept and unique activation modes, because of
the fact that the operational simplicity, ready availability of cata-
lysts, less toxicity, efficiency, and selectivity make many organo-
catalytic reactions attractive method to synthesize complex
structures superior to those carried out using more conventional
methods.3

From a green chemistry perspective, this highly effective and
environmentally benign synthetic methodology is often regarded
as a goal in modern organic chemistry. The use of water with posi-
tive effects in terms of cost, safety, and environmental impact as
reaction solvent instead of organic solvent is preferred to decrease
environmental contamination.4,13

However, it should be noted that among all of the reported
systems most catalysts work in mixed aqueous organic solvent5

or require the use of surfactants,5a,6 and some are supported7 or
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tion besides only two organocatalysts which really seem to work
in the presence of a large amount of water.8 So, the development
of chiral organic molecules that are able to catalyze stereoselective
reactions in a large amount of pure water is the true challenge.

In addition, often a large excess of ketone is employed,5b,6,7b,8b,9

and the catalysts perform in what, even if it is defined as an aque-
ous medium, really is a wet organic system.10 In general, according
to the principles of Green Chemistry, catalysts can reduce the
amount of reagents required and restrict waste generated in a
reaction.

Considering the very efficient mechanism of enamine-based
organocatalysts in various reactions and inspired by the works of
Gong11 and Tang,9 in this Letter, we decided to maintain the pro-
line backbone, to introduce a phenoxy group at the 4-position as
functional group including hydrophobic phenyl which can seques-
ter the transition state from water and enhance the solubility in
the organic reactants8a,12 and an oxygen atom which can play a
greater role than the hydrophobic phenyl effect by hydrogen bond-
ing of water molecules to the substrate in the observed catalysis.
So, three 4-phenoxy substituted prolinamide phenols catalysts
1a–c were synthesized. The aldol reaction with lowering catalyst
loading (0.1 equiv) which has been proved to be a significant chal-
lenging task proceeds efficiently in a large amount of pure water
(115 equiv) and a small excess of ketone (2 equiv). Very high activ-
ity and selectivity of the desired product was observed compared
to the values for the similar prolinamide phenol derivatives re-
ported in the literature.9 And the system has shown good general-
ity and enough activity.
ights reserved.
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Scheme 1. Synthesis of catalysts 1a–c. Reagents and conditions: (a) (Boc)2O, NaHCO3; (b) BnBr, TEA; (c) PhOH, Ph3P, DEAD; (d) H2, Pd/C, MeOH, rt; (e) EDCI, DMAP, CH2Cl2, rt;
(f) CF3COOH, CH2Cl2, rt; DEAD = diethyl azodicarboxylate EDCI = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride. DMAP = 4-dimethylaminopyridine.
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Prolinamides (1a–d) were prepared from the commercially
available L-proline or trans-4-hydroxy-L-proline, and correspond-
ing 2-aminophenol, 2-amino-4-methylphenol, and 2-amino-4-
tert-butylphenol according to the synthetic route shown in
Schemes 1 and 2. In order to compare the activity in water of
catalysts 1a–c versus 1d catalytic systems, catalyst 1d was also
prepared. These compounds were purified by flash column
chromatography and were characterized by 1H NMR, 13C NMR,
and mass spectrometry. All results were in full agreement with
the proposed structures.

The reaction of cyclohexanone and 2-nitrobenzaldehyde was
selected as a model in terms of chemical activity. The application
of these compounds 1a–c as catalysts to the aldol reaction of cyclo-
hexanone with 2-nitrobenzaldehyde in a large amount of pure
water made the reaction proceed efficiently. Initially, various con-
ditions were examined at room temperature using 1c as a catalyst.
Without any additives, the reaction afforded moderate yield,
enantioselectivity, and good diastereoselectivity (Table 1, entry
5) in water. The addition of a catalytic amount of TFA could in-
crease dramatically both the yield and enantioselectivity (Table
1, entry 3). However, when 0.3 equiv of TFA was used in the reac-
tion, the catalytic activity decreased dramatically (Table 1, entry 6).
Acetic acid can also accelerate the reaction and slightly increase
the diastereo-, and enantioselectivity (Table 1, entry 7). The reac-
tion can proceed in brine affording good yield, diastereo- and
enantioselectivity (Table 1, entry 8), but the efficiency of the reac-
tion is lower. The reaction can also proceed in THF, affording good
results (Table 1, entry 13).

To our surprise, compounds 1a–d exhibited almost the same
performance in terms of enantioselectivity (96–97% ee) (Table 1,
entries 1–4). However, the different structures of compounds 1a–
d influenced catalytic efficiency and diastereoselectivity remark-
ably. By running the reaction in the presence of a large amount
of water, catalyst 1c was proved to be superior to catalyst 1d in
terms of efficiency and diastereoselectivity (Table 1, entries 3
and 4). After only 12 h at room temperature, catalyst 1c promoted
the aldol condensation in 99% yield, 99/1 anti/syn ratio, and 97% ee
for the anti isomer (Table 1, entry 3). The activity of 1d is very poor.
This fact suggests that a 4-phenoxy group at 4-position of prolina-
mide phenols derivatives is very essential to attain good yield,
diastereoselectivity and enantioselectivity.

By comparing the entries 1–3 (Table 1), it was found that the
catalytic results of the catalyst 1c with the tert-butyl group are bet-
ter than those of 1b with methyl group and those of 1a without
substituent group. The best catalytic efficiency was observed with
1c (Table 1, entry 3). The reason for the higher diastereoselectivity
is possibly due to the most maximal steric hindrance of tert-butyl
group. What is more, the catalyst 1c has improved solubility in ke-
tones due to their introduction of tert-butyl group, which increase
the reaction rate to a certain extent. So, this kind of catalysts has



Table 2
Results of reaction of various aldehydes with cyclohexanone catalyzed by 1c in watera

R H

O

+

O
Cat. 1c/TFA
 (0.1 equiv)

H2O, rt

O

R

OH

Entry R Product Time (h) Yieldb (%) anti:sync eed (%)

1 4-O2NC6H4– 7a 12 99 99:1 94
2 3-O2NC6H4– 7b 24 97 97:3 95
3 2-O2NC6H4– 7c 24 99 99:1 97
4 4-F3CC6H4– 7d 12 98 95:5 93
5 4-NCC6H4– 7e 48 93 94:6 93
6 4-ClC6H4– 7f 72 94 95:5 89
7 3-ClC6H4– 7g 72 95 95:5 89
8 2-ClC6H4– 7h 72 92 98:2 91
9 4-BrC6H4– 7i 72 96 93:7 90

10 C6H5– 7j 72 72 92:8 84
11 4-MeC6H4– 7k 72 65 90:10 97

a The reaction was performed with aldehyde (30 mg, 0.2 mmol), water (0.4 mL),
catalyst (0.02 mmol), TFA (0.02 mmol)and cyclohexanone (0.4 mmol) at room
temperature with vigorous stirring.

b Combined yields of isolated diastereomers.
c Diastereoselectivity was determined by HPLC and by 1H NMR of the crude

product.
d Determined by chiral-phase HPLC analysis of the anti-product.

Table 1
Screening of efficient catalyst in the direct asymmetric aldol reaction of cyclohex-
anone with 2-nitrobenzaldehydea

O

H
+

O

Cat.

H2O, rt

OH ONO2 NO2

Entry Catalyst Water
(lL)

Additives Time
(h)

Yieldb

(%)
anti:sync eed

(%)

1 1a 400 TFA 72 94 90:10 96
2 1b 400 TFA 36 96 96:4 97
3 1c 400 TFA 24 99 99:1 97
4 1d 400 TFA 72 80 85:15 95
5 1c 400 None 24 42 80:20 51
6e 1c 400 TFA 24 30 86:14 83
7 1c 400 CH3COOH 24 95 90:10 87
8f 1c 400 TFA 48 98 95:5 96
9 1c 500 TFA 24 96 97:3 95

10 1c 300 TFA 24 98 96:4 95
11 1c 150 TFA 24 97 95:5 96
12 1c 50 TFA 24 99 94:6 95
13g 1c None TFA 24 80 94:6 89

a The reactions were conducted with o-nitrobenzaldehyde (0.2 mmol), cyclo-
hexanone (0.4 mmol) catalyst (0.02 mmol), TFA (0.02 mmol) and water.

b Isolated yield.
c Determined by 1H NMR analysis.
d Determined by chiral-phase HPLC analysis for anti-products.
e 0.3 Equiv of TFA was used in this reaction.
f The reaction was carried out in saturated brine.
g The reaction was carried out in THF.
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the ability to fine tune their reactivity. Similar results were ob-
served with the different amounts of water in the reaction, but
the optimized amount of water is 0.4 mL. At last, we were de-
lighted to find the optimized conditions of the reaction.

According to the above results (Tables 1–3) and the work of
Tang,9 we depicted the models of the transition state. Based on
our working hypothesis, and phenoxy of catalyst designed 1a–c
is at the same side of prolinamide group, there exits such promi-
nent transition state model TS c in such aldol reaction possibly be-
sides TS b (Scheme 3). Due to the point (Scheme 3 TS a vs Scheme 3
TS c), activity of catalyst 1c is superior to that of 1d. The role of
water is to bring the catalyst and reactants closer together by
hydrogen bonding to accelerate the reaction.13 In addition, hydro-
phobic interaction is also the driving force bringing together the
substrate aldehydes and the ketone. So, the aldol reaction can effi-
ciently proceed in a large amount of pure water (115 equiv) and a
Table 3
Reaction of various ketones with aldehyde catalyzed by 1ca

R1

O

H
+

R2

O

R3

Cat. /
 (0.1 e

H2

Entry R1 R2 R3 Product

1 4-O2N- –(CH2)3– 7l
2 2-O2N- –(CH2)3– 7m
3 4-O2N- CH3– H 7n
4 4-O2N- –(CH2)5– 7o

a The reaction was performed with aldehyde (30 mg, 0.2 mmol), water (0.4 mL), catalys
with vigorous stirring.

b Combined yields of isolated diastereomers.
c Diastereoselectivity was determined by HPLC and by 1H NMR of the crude product.
d Determined by chiral-phase HPLC analysis of the anti-product.
small excess of ketone (2 equiv). And the system has shown good
generality and enough activity without using any organic solvent.

In order to broaden the range of substrates, we investigated
cyclohexanone as an aldol donor with a series of aldehydes using
catalyst 1c/TFA in water at room temperature under the optimized
reaction conditions. As revealed in Table 2, the processes pro-
ceeded smoothly with 10 mol % of catalyst and gave rise to highly
enantio-enriched adducts in good yields regardless of the elec-
tronic nature of the aromatic aldehydes. In most cases, reactions
afforded anti-aldol products in high yield with high enantioselec-
tivity and excellent diastereoselectivity. For the electron-deficient
aromatic aldehydes, the reaction could complete within 24 h, at
times even within12 h (Table 2, entries 1–4). For the neutral and
electron-rich aromatic aldehydes, the much longer reaction time
was required (Table 2, entries 5–11).

The catalytic system also worked out for the challenging sub-
strate cyclopentanone in order to expand the scope of the reaction
under the same conditions. In this instance, the aldol process pro-
ceeded smoothly in high yield (92%) with good enantioselectivity
(94% ee) (Table 3, entry 2).
R2

OH

R3

O

R1

TFA
quiv)

O, rt

Time (h) Yieldb(%) anti:sync eed (%) (syn)

24 90 55:45 91 (41)
24 89 62:38 94 (34)
72 90 80
48 55 71:29 63

t (0.02 mmol), TFA (0.02 mmol)and cyclohexanone (0.4 mmol) at room temperature
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In conclusion, we have developed highly 4-phenoxy substituted
prolinamide phenols organocatalyst, which can promote the direct
asymmetric aldol reaction of aldehydes and ketones with high dia-
stereo- and enantioselectivities in large amount of water. Further
efforts are currently underway in this direction. This approach is
also particularly attractive in view of the green chemistry. Further
studies focusing on the full scope of this and related systems
including mechanistic studies, generality of more substrates and
the application of 1a–c in other reactions are in progress and will
be reported in due course in our laboratory.
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