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A new set of 4-tert-butyldimethylsiloxy-substituted organocatalysts derived from N-prolylsulfonamide
has been designed and proved to be effective in catalyzing the direct aldol reactions of cyclic ketones with
a series of aromatic aldehydes. Furthermore, to the best of our knowledge, there are no reports on the
aldol reaction generating the products in very good yields (>99%) and with excellent diastereoselectivities
up to >99:1 and enantioselectivities up to >99% by using lower catalyst loadings (only 3 mol %), without
using any additives in a large amount of water under mild conditions.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Over the last decade, asymmetric organocatalysis has become
an important area of research in organic synthesis. Organocata-
lysts, which are metal-free small organic molecules, are able to
function as efficient and selective catalysts making many organo-
catalytic reactions superior to those carried out using more con-
ventional methods;1 among these reactions, the aldol reaction
which is recognized as one of the most powerful carbon–carbon
bond-forming reactions in modern organic synthesis, creating the
b-hydroxy carbonyl structural unit found in many natural products
and drugs, has received much attention in recent years.2,3

Since the early reports in the 1970s that L-proline catalyzed
intramolecular aldol reactions4a,b and the discovery by List et al.
that L-proline could mimic a type I aldolase to enantioselectively
catalyze intermolecular aldol reactions,4c many organocatalysts
have been synthesized with the aim of increasing their reactivity
and stereoselectivity.1a,b,5 However, unlike enzymatic reactions in
nature that occur in water, enantioselective organocatalytic pro-
cesses have typically been carried out in organic solvents, such
as DMSO, DMF, and chloroform, under mild conditions.6 Hence
the main challenge in developing asymmetric catalysis lies in the
mimic of natural enzymes.

Water as a substitute for conventional organic solvents is an
ideal solvent for chemical reactions due to its low cost, safety,
and environmentally benign nature.7,8 However, the vast major-
ll rights reserved.

x: +86 23 6825 4000.
ity of organocatalytic reactions would yield racemic products if
the reactions took place in water,9 because water interferes with
the organocatalysts and disrupts hydrogen bonds as well as
other polar interactions in many cases deteriorating the catalytic
activity and stereocontrol. Hence it should be noted that among
all of the reported systems,6,8,10,13 some use more catalyst load-
ings or work in mixed aqueous organic solvent, or require the
use of additives, and others are supported or dendritic systems,
whose preparation requires chemical manipulation, only a por-
tion of which really seems to work without any additives in
the presence of a large amount of water with lower catalyst
loadings. Therefore, highly efficient catalytic systems, which give
high enantioselectivity for a broad range of substrates in water,
are still limited and currently a sought-after goal in modern
chemistry.

In consideration of the proposed, very efficient, mechanism of
an enamine-based proline of this reaction,4c the electronic and
steric effects of the catalysts and the position of the hydroxyl
moiety could be important in affecting the enantioselectivity.
In addition, inspired by the works of Berkessel and Ley,11a,b here-
in we report a new system of 4-tert-butyldimethylsiloxy-substi-
tuted organocatalysts derived from N-prolylsulfonamides, which
will also result in a functional group of comparable acidity to
the carboxylic acid function of proline (Scheme 1) and in this
Letter water has been found to improve the performance of
the catalysts to catalyze the direct aldol reaction with excellent
diastereoselectivities up to >99:1 and enantioselectivities up to
>99% by using lower catalyst loadings (only 3 mol %) without
any additives.

http://dx.doi.org/10.1016/j.tetasy.2009.09.019
mailto:fxk@swu.edu.cn
http://www.sciencedirect.com/science/journal/09574166
http://www.elsevier.com/locate/tetasy
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Scheme 1. Synthesis of catalysts 1a–d. Reagents and conditions (catalyst 1a is referred to as an example): (a) (Boc)2O, KHCO3; (b) BnBr, TEA; (c) TBS–Cl, TEA; (d) H2, Pd/C,
MeOH, rt; (e) p-toluenesulfonamide, EDCI, DMAP, CH2Cl2, rt; (f) CF3COOH, CH2Cl2, rt. EDCI = 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride, and DMAP = 4-
dimethylaminopyridine.
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2. Results and discussion

Catalysts 1a–d were prepared from the commercially available
trans-4-hydroxy-L-proline and the corresponding p-toluenesulfon-
amide, o-toluenesulfonamide, p-nitrobenzene-sulfonamide, and
benzenesulfonamide according to the synthetic route shown in
Scheme 1. These compounds were purified by flash column chro-
matography and characterized by 1H NMR, 13C NMR, and mass
spectrometry. All the results were in full agreement with the pro-
posed structures.

Initially, the catalytic activities of 1a–b for the direct asymmet-
ric aldol reaction were investigated by performing a model reac-
tion using stoichiometric amounts of 4-nitrobenzaldehyde with
neat cyclohexanone in the presence of 10 mol % catalyst at room
temperature and the results are summarized in Table 1.
Table 1
Direct asymmetric aldol reaction of p-nitrobenzaldehyde catalyzed by 1a–d in neat cycloh

O2N

O

H
+

O

C

Entry Cat. Loading (mol %) T (�C)

1 1a 10 25
2 1b 10 25
3 1c 10 25
4 1d 10 25
5 1b 10 0
6 1c 10 0
7 1b 5 25
8 1c 5 25
9 1b 3 25

10 1c 3 25
11 1b 1 25
12 1c 1 25

a The reaction was performed with p-nitrobenzaldehyde (0.2 mmol) and cyclohexano
b The combined isolated yield of the diastereomers.
c Determined by 1H NMR of the crude product and by HPLC.
d Determined by chiral HPLC.
The anti-aldol products were obtained as the major products in
good to excellent yields with high diastereoselectivities and
enantioselectivities. The best catalytic efficiency was observed
with 1a (entry 1, >99% yield, 97/3 dr, and 97% ee), while catalyst
1d exhibited lower stereoselectivity (entry 4, 71/29 dr and 75%
ee). Although compounds 1b and 1c showed moderate stereoselec-
tivity, 81/17 dr, 91% ee and 92/8 dr, 91% ee, respectively, the reac-
tion time was short, especially catalyst 1b, which completed the
reaction within 2.5 h. When the reactions were carried out at a
lower temperature, both the diastereo- and enantioselectivities
were improved (entries 5 and 6). Interestingly, the reaction gave
a higher stereoselectivity by decreasing the catalyst loadings (en-
tries 7–12). When the loadings of 1b and 1c were reduced to
3 mol %, the anti-aldol products were obtained with excellent
enantioselectivity (97% ee, entries 9 and 10).
exanonea

at.

rt O2N

OH O

7a

Time (h) Yieldb (%) anti/sync eed (%)

17 >99 97/3 97
2.5 >99 81/19 91
5 >99 92/8 91
3.5 >99 71/29 75
6 >99 87/13 95

10 >99 94/6 95
4 >99 87/13 94
5 >99 93/7 95
6 >99 93/7 97
8 >99 96/4 97

15 >99 96/4 97
15 >99 96/4 96

ne (2 mmol) at room temperature with vigorous stirring.
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Scheme 2. Structure of catalyst 1e (according to the Ref. 11a.).
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In view of the good stereoselectivities in neat cyclohexanone, as
well as the unique properties (there were hydrophilic groups and
hydrophobic groups simultaneously in the molecules12), and to
test the initial focus and find the optimal reaction parameters,
our working hypothesis was that the tert-butyldimethylsiloxy moi-
ety might build a hydrophobic pocket where the reactions would
take place. The catalytic performances of 1b and 1c were evaluated
in the direct asymmetric aldol reaction of cyclohexanone to
p-nitrobenzaldehyde using 3 mol % as a model reaction in water,
and the influence of the amount of water and cyclohexanone on
the direct asymmetric aldol reaction was investigated. The results
are summarized in Table 2.
Table 2
Screening of efficient catalysts in the direct asymmetric aldol reaction of cyclohex-
anone with p-nitrobenzaldehyde in the presence of watera

O2N

O

H
+

O

Cat.

H2O, rt O2N

OH O

7a

Entry Cat. (3%) Water (mL) Time (h) Yieldb (%) anti/sync eed (%)

1 1b 0.1 12 >99 94/6 96
2 1c 0.1 12 >99 97/3 97
3 1b 0.2 12 >99 93/7 97
4 1c 0.2 12 >99 97/3 96
5 1b 0.3 12 >99 95/5 97
6 1c 0.3 12 >99 98/2 96
7 1b 0.4 12 >99 97/3 98
8 1c 0.4 12 >99 98/2 98
9 1b 0.5 12 >99 97/3 99

10 1c 0.5 12 >99 97/3 97
11 1b 0.8 12 96 96/4 98
12 1c 0.8 12 95 97/3 97
13 1b 1.0 12 95 95/5 98
14 1c 1.0 12 93 96/4 97
15 1e 0.5 12 84 93/7 94
16e 1b 0.5 12 91 90/10 95
17f 1b 0.5 12 90 89/11 93

a The reaction was performed with p-nitrobenzaldehyde (0.2 mmol) and cyclo-
hexanone (2 mmol) in the presence of water at room temperature with vigorous
stirring and the reaction time is indicated.

b The combined isolated yield of the diastereomers.
c Determined by 1H NMR of the crude product and by HPLC.
d Determined by chiral HPLC.
e Cyclohexanone (0.103 mL, 5 equiv) and water (0.5 mL) were used in this

reaction.
f Cyclohexanone (0.042 mL, 2 equiv) and water (0.5 mL) were used in this

reaction.
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Scheme 3. Proposed transition state models of aldol reaction.
The aldol products were obtained in the indicated times of the
reactions in different equivalents of water (from 0.1 mL, 28 equiv
to 1.0 mL, 280 equiv). Initial experiments were performed in
0.2 mL:0.1 mL mixture of cyclohexanone and water (entries 1–2)
at room temperature. As expected, catalysts 1b and 1c showed
much better reactivity and higher selectivity (entries 1 and 2) in
water than those in neat cyclohexanone. Increasing the amount
of water (from 0.2 mL to 0.5 mL) allowed the reaction to give prod-
uct 7a with a high enantioselectivitiy of 99% ee (entry 9) and excel-
lent diastereoselectivities ranging from 93/7 to 98/2 (entries 3–10).
When increasing the amount of water from 0.8 mL to 1.0 mL, the
direct aldol reactions catalyzed by the catalysts 1b and 1c took
place smoothly with excellent enantioselectivity, although the
yields and diastereoselectivities did decrease to some extent (en-
tries 11–14). In order to better understand the role of the 4-tert-
butyldimethylsiloxy in catalyzing the direct asymmetric aldol
reaction in water, catalyst 1e was synthesized (Scheme 2) and
evaluated in the model reaction (entry 15). In contrast to the
known reaction using large excess of donor, with only 2 or 5 equiv
of donor to the aldehyde used, the reactions proceeded smoothly to
afford the aldol product in good results but showed a decrease in
stereocontrol (entries 16 and 17).

This fact showed us that the catalysts increased the stereoselec-
tivity of the direct aldol reaction in water more efficiently than in
an organic solvent (neat cyclohexanone) to afford the aldol prod-
ucts with excellent diastereoselectivities up to >99:1 and enanti-
oselectivities up to >99%. Furthermore, we did not use any acids,
surfactants, etc. We considered6,10b,c that the tert-butyldimethylsil-
oxy could mimic the aldolase antibodies to form a pocket, which
shaped the hydrophobic active site in the presence of water and
concentrated the organocatalyst and reactants, assembled sub-
strates, diminished contacts between bulk water and the reaction
transition states, and made the reactions occur in the hydrophobic
pocket. The role of water was to bring the hydrophobic catalyst and
reactants closer together and to form tiny ‘oil’ droplets floating on
water during the vigorous stirring of the reaction mixture.8a–c,10k,13

Furthermore, since we considered transition state model TS 2 of
the aldol reaction possibly as well as TS 1 (Scheme 3),10k,11a,c it
was possible that the reaction efficiencies of catalysts in water
were much better than those in neat cyclohexanone.
In order to broaden the range of substrates, we found the best
catalytic efficiency for the optimized conditions of the reaction
with 1b (entry 9, >99% yields and 99% ee). Thus, direct aldol reac-
tions of various substituted benzaldehydes with cyclohexanone
were carried out in the presence of 3 mol % of 1b under optimum
reaction conditions for the subsequent studies (Table 3).

As can be seen from the results summarized in Table 3, the pro-
cesses proceeded smoothly with 3 mol % loadings of catalyst 1b
which gave rise to enantio-enriched adducts in goods yields rang-
ing from 70% to >99%. Notably, in most cases, the anti-aldol
products were obtained with excellent diastereoselectivity and
enantioselectivity regardless of the electronic nature of the aro-
matic aldehydes. For some benzaldehydes with electron-with-
drawing substrates, the reaction could be completed within 12 h
in high yields and stereoselectivities (entries 1 and 2). In contrast,
the neutral and electron-rich aromatic aldehydes were much less
reactive as seen from the longer reaction times; however, excellent
diastereo- and enantioselectivities were obtained in indicated
times (entries 5–11). When 4-substituted benzaldehydes were
used as the aldol acceptor (entries 1 and 4–8), the aldol products
exhibited excellent stereoselectivity, especially the p-cyanobenzal-
dehyde (entry 4, >99:1 anti/syn ratio and >99% ee) and p-chloro-



Table 3
Results of reaction of various aldehydes with cyclohexanone catalyzed by 1b in
watera

O OH O

+
H

O

rt, water 0.5 ml

3 mol% cat
R R

Entry R Cat.
(%)

Product Time
(h)

Yieldb

(%)
anti/
sync

eed

(%)

1 4-
NO2

3 7a 12 >99 97/3 99

2 3-
NO2

3 7b 12 99 96/4 98

3 2-
NO2

3 7c 48 99 98/2 98

4 4-CN 3 7d 48 70 >99/1 >99
5 4-Cl 3 7e 96 86 >99/1 >99
6 4-CF3 3 7f 96 67 97/3 >99
7 4-

CH3

3 7g 96 72 95/5 >99

8 4-Br 3 7h 96 74 97/3 >99
9 2-Cl 3 7i 96 80 98/2 >99

10 3-Cl 3 7j 96 83 96/4 99
11 H 3 7k 96 75 93/7 98

a The reaction was performed with aldehyde (0.2 mmol), ketone (2.0 mmol), 1b
(3 mol %), and H2O (0.5 mL) at room temperature.

b The combined isolated yield of the diastereomers.
c Determined by 1H NMR of the crude product and by HPLC.
d Determined by chiral HPLC.
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benzaldehyde (entry 5, >99:1 anti/syn ratio and >99% ee). The
results showed that the aldol reactions of para-substituted and
electron-deficient aromatic aldehydes exhibited higher enantiose-
lectivities than those of ortho- and meta-substituted aldehydes. In
fact, catalyst 1b could efficiently catalyze the direct aldol reactions
of cyclohexanone with aromatic aldehydes generating the products
with excellent diastereoselectivity and enantioselectivity on elec-
tron-withdrawing or electron-rich systems, there being no obvious
change in the catalytic activities.

Cyclopentanone was finally explored as an aldol donor with o-
nitrobenzaldehyde and p-nitrobenzaldehyde under the same con-
ditions. As shown in Table 4, the aldol products were obtained in
high yields (94% and 99%, respectively) with excellent enantiose-
lectivities (96% ee and >99% ee), although the diastereoselectivities
decreased, especially product 7m.
Table 4
Reactions of cyclopentanone with o-nitrobenzaldehyde and p-nitrobenzaldehyde
catalyzed by 1ba

R1

O

H
+

3 mol% 1b

H2O, rt

OH

R1

O O

Entry R1 Product Time (h) Yieldb (%) anti/sync eed % (syn)

1 o-NO2 7l 12 94 92/8 96 (82)
2 p-NO2 7m 12 99 88/12 >99 (69)

a The reaction was performed with aldehyde (30 mg, 0.2 mmol), water (0.5 mL),
and ketone (0.2 mL, 10 equiv).

b Combined yields of isolated diastereomers.
c Determined by 1H NMR of the crude product and by HPLC.
d Determined by chiral-phase HPLC analysis of the anti/syn product.
3. Conclusion

Herein we have succeeded in designing a new system of 4-tert-
butyldimethylsiloxy substituted organocatalysts derived from
N-prolylsulfonamides, and studied their catalytic effect on the cor-
responding direct asymmetric aldol reaction in water. Based on the
basic amphiphilic character, catalyst 1b was found to be the best
catalyst for the direct asymmetric aldol reactions of cyclic ketones
with a series of aromatic aldehydes in water under the optimal
reaction conditions, excellent diastereoselectivities up to >99:1
and enantioselectivities up to >99% with very good yields (>99%)
were obtained by using as little as 3 mol % of 1b. It is noteworthy
that we did not use any additives. Further studies focusing on
the mechanistic studies, application to a broader range of sub-
strates, and the extension of 1a–d in other reactions are currently
under investigation and will be reported in due course.

4. Experimental

4.1. General

The starting reagents with the sulfonylamido group used
during the course of preparing organocatalysts 1a–d including p-
toluenesulfonamide, o-toluenesulfonamide, benzenesulfonamide,
and p-nitrobenzenesulfonamide were purchased from the Aldrich
Company. All chemicals were used as received unless otherwise
noted. Reagent grade solvents were distilled prior to use. Reactions
were monitored by thin-layer chromatography (TLC) carried out on
0.25 mm silica gel plates visualized with UV light and/or by stain-
ing with ethanolic phosphomolybdic acid (PMA) and/or ninhydrin
both in ethanol stain. THF was freshly distilled from sodium-ben-
zophenone ketyl radical under an argon atmosphere immediately
prior to use, DMF was distilled after drying over anhydrous MgSO4

and stored over 4 Å molecular sieves. Flash column chromatogra-
phy was performed on silica gel (200–300 mesh). NMR spectra
were recorded on a 300 MHz instrument. Chemical shifts (d) are
given in ppm relative to TMS as the internal reference, coupling
constants (J) in Hz. IR spectra were recorded on a spectrometer.
Melting points were measured on a digital melting point appara-
tus. Mass spectra (MS) were measured with a spectrometer.
Analytical high performance liquid chromatography (HPLC)
was carried out on Agilent 1200 instrument using Chiralpak AD
(4.6 mm � 250 mm), Chiralcel OD-H (4.6 mm � 250 mm), or Chi-
ralcel OJ-H (4.6 mm � 250 mm) columns. Optical rotations were
measured on a JASCO P-1010 Polarimeter at k = 589 nm.

4.1.1. N-Boc-trans-4-hydroxy-L-proline 2
A solution of trans-4-hydroxy-L-proline (4 g, 30.4 mmol) in

40 mL solvents [V (dioxane)/V (H2O) = 1:1] and satd aq NaHCO3

solution (80 mL) at 0 �C was treated by the dropwise addition of
(Boc)2O (60.8 mmol). The solution was stirred overnight at room
temperature. The pH was maintained at 3 by the addition of 2 M
aq HCl and the reaction mixture was extracted with AcOEt and
dried over Na2SO4. After evaporation of the solvent and flash chro-
matography on silica gel, pure 2 was isolated (6.8 g, 29.4 mmol,
97%). Colorless waxes; FT-IR mmax (neat)/cm�1 3421, 2979, 2361,
1681, 1419, 1160. 1H NMR (CDCl3): 11.0 (br, 1H, COOH), 4.46–
4.36 (m, 1H, CH), 4.16–4.09 and 3.71–3.49 (m, 3H, NCH2 and
CH2CH), 2.32–2.29 (m, 1H), 2.11–2.05 (m, 1H), 1.26 and 1.48 (s,
9H). 13C NMR (CDCl3, cis and trans conformers): 177.0, 175.6,
155.6, 154.4, 81.1, 80.9, 69.5, 69.1, 60.4, 60.4, 57.8, 57.5, 38.7,
37.7, 28.2, 28.1.

4.1.2. N-Boc-trans-4-hydroxy-L-proline benzyl ester 3
Triethylamine (1.87 mL, 13.4 mmol, 1.1 equiv) was added to a

solution of (2S,4R)-1-Boc-4-hydroxyl-L-proline (2.82 g, 12.2 mmol,
1 equiv) and benzyl bromide (1.59 mL, 13.4 mmol, 1.1 equiv) in
tetrahydrofuran (15 mL) at 0 �C. After the mixture was stirred for
18 h at room temperature, the solvent was evaporated in vacuo.
The residue was dissolved in 30 mL of CH2Cl2, washed with HCl
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(1 N), H2O, Na2CO3 (5%), and H2O, and then dried over Na2SO4 over-
night. Evaporation of the solvent under reduced pressure yielded a
light yellow oil, which was almost pure after standing overnight
under high vacuum. It was further purified by flash chromatogra-
phy (eluent, AcOEt/petroleum ether = 1:2) to give 3 as a light yel-
low oil. Yield: 90%. FT-IR mmax (neat)/cm�1 3438, 3034, 1748,
1679, 1413, 1157, 735. 1H NMR (CDCl3): 7.32–7.30 (m, 5H), 5.13–
5.07 (m, 2H), 4.45–4.39 (m, 1H), 4.15 (s, 1H), 3.56 (m, 2H), 2.27–
2.25 (m, 1H, CH2-Ha), 2.02–1.99 (m, 1H, CH2-Hb), 1.43 and 1.31
(s, 9H). 13C NMR (cis and trans conformers): 172.7, 172.4, 154.3,
153.7, 135.2, 134.9, 128.2, 128.0, 127.9, 127.9, 127.7, 127.6, 80.0,
79.8, 69.1, 68.5, 66.3, 57.7, 57.4, 54.2, 54.1, 38.6, 37.8, 27.9, 27.7.

4.1.3. N-Boc-cis-4-tert-butyldimethylsiloxy-L-proline benzyl
ester 414

To a stirred of solution of N-Boc-trans-4-hydroxy-L-proline ben-
zyl ester 3 (3.5 g, 11 mmol, 1 equiv) in DMF (20 mL), NEt3 (1.67 mL,
1.1 equiv) was added, and then under a dry Ar atmosphere,
the mixture was chilled to 0 �C in ice bath, after which 1.641 g
(1 equiv) TBS–Cl was added to the solution, and stirred for 1 h.
Then the solution was allowed to warm up to 50 �C and was stirred
for 2 days. The solution was diluted with 30 mL EtOAC and the
solution was washed by 15 mL distilled water and dried over anhy-
drous Na2SO4 overnight. The solvent was evaporated under re-
duced pressure and the residue was chromatographed (eluent,
AcOEt/petroleum ether = 1:16) to give the N-Boc-cis-4-tert-butyl-
dimethylsiloxy-L-proline benzyl ester 4 as a light yellow oil. Yield:
76%; FT-IR mmax (neat)/cm�1: 2887.32, 2857.84, 1749.73, 1703.90,
1609.54, 1587.87, 1497.79, 1256.15, 1064.94, 754.36, 698.24; 1H
NMR (CDCl3): 7.34 (s, 5H), 5.07–5.27 (m, 2H), 4.34–4.47 (m, 2H),
3.58–3.62 (m, 1H), 3.38–3.41 (m, 1H), 2.14–2.18 (m, 1H), 1.98–
2.02 (m, 1H), 1.36 and 1.45 (s, 9H), 0.85 (s, 9H), 0.03 (s, 6H); 13C
NMR (CDCl3): 172.8, 172.5, 154.4, 153.7, 135.7, 135.4, 128.3,
127.9, 79.8, 69.8, 66.5, 57.8, 54.4, 39.1, 28.1, 25.5, 17.7, �5.0; MS(E-
SI): 458.07 (M+Na)+.

4.1.4. General procedure for the preparation of 6a–d
Compound 6a is referred to as an example: N-Boc-cis-4-tert-

butyldimethylsiloxy-L-proline benzyl ester 4 (3.0 g, 7 mmol,
1 equiv) and 10% Pd/C (0.3 g) in methanol (35 mL) were stirred un-
der an atmosphere of hydrogen at room temperature for 12 h. After
this time, the mixture was filtered through Celite and the filtrate
evaporated in vacuo to give the compound N-Boc-cis-4-tert-butyl-
dimethylsiloxy-L-proline 5 as an off-white wax. The crude product
may be used directly in the next step. Under a dry Ar atmosphere,
to a stirred solution of N-Boc-cis-4-tert-butyldimethylsiloxy-L-pro-
line 5 (400 mg, 1 mmol, 1 equiv), DMAP (42 mg, 0.3 equiv), EDCI
(244 mg, 1.1 equiv), and p-toluenesulfonamide (159 mg, 0.8 equiv)
were dissolved in dichloromethane (10 mL). The resulting mixture
was stirred at room temperature for 2 days. Then the mixture was
concentrated to half the volume in vacuo and the resulting mixture
was partitioned between EtOAc (100 mL) and 1 M aqueous HCl
(50 mL). The organic layer was washed with half-saturated brine
(25 mL), dried (Na2SO4), filtered, and concentrated followed by
flash column chromatography (AcOEt/petroleum ether = 1:6) to
give compound 6a.

4.1.4.1. N-Boc-cis-4-tert-butyldimethylsiloxy-L-proline amide
6a. White solid. Yield: 52%; mp: 175–176 �C; FT-IR mmax (neat)/
cm�1; 3435.39, 3105.33, 2887.87, 1727.61, 1666.69, 1586.26,
1468.41, 1366.38, 1255.22, 1087.76, 776.14, 688.70; 1H NMR
(DMSO): 12.20 (s, 1H), 7.81 (d, 2H, J = 7.0 Hz), 7.41 (d, 2H,
J = 6.9 Hz), 4.14–4.31 (m, 2H), 3.16 (d, 1H, J = 10.4 Hz), 2.37 (s,
3H), 2.02 (d, 1H, J = 7.0 Hz), 1.58–1.71 (m, 1H), 1.32 and 1.10 (s,
9H), 0.80 (s, 9H), 0.00 (s, 6H); 13C NMR (CDCl3): 170.4, 169.1,
157.3, 144.8, 135.9, 129.4, 128.2, 81.7, 69.7, 59.8, 55.0, 39.6, 35.4,
28.2, 255, 21.5, 17.7, �5.1; MS(ESI): 498.84 (M+).

4.1.4.2. N-Boc-cis-4-tert-butyldimethylsiloxy-L-proline amide
6b. Light yellow solid. Yield: 47%; mp: 161–162 �C FT-IR mmax

(neat)/cm�1; 3448.00, 3109.25, 2888.60, 1736.25, 1650.58,
1535.43, 1478.56, 1369.12, 1256.97, 1087.12, 838.29; 1H NMR
(CDCl3):11.01 (s, 1H), 8.37 (d, 2H, J = 8.3 Hz), 8.26 (d, 2H, J =
8.3 Hz), 4.31–4.36 (m, 2H), 3.30–3.37 (m, 2H), 2.37–2.41 (m, 1H),
1.88–1.90 (m, 1H), 1.49 (s, 9H), 0.83 (s, 9H), 0.04 (s, 6H); 13C
NMR (CDCl3): 170.8, 169.4, 157.4, 154.6, 150.6, 144.2, 129.7,
123.9, 82.3, 69.7, 59.1, 55.2, 35.6, 29.4, 25.5, 17.8, �5.0; MS(ESI):
528.19 (M�H)+.

4.1.4.3. N-Boc-cis-4-tert-butyldimethylsiloxy-L-proline amide
6c. Light yellow solid. Yield: 41%; mp: 98–99 �C; FT-IR mmax

(neat)/cm�1: 3378.70, 3108.11, 2887.27, 1685.22, 1649.83,
1566.95, 1474.46, 1367.12, 1255.70, 1094.79, 775.80; 1H NMR
(CDCl3): 10.88 (s, 1H), 8.20 (d, 1H, J = 7.8 Hz), 7.50–7.55 (t, 1H,
J1 = 7.1 Hz, J2 = 7.3 Hz), 7.37–7.42 (t, 1H, J1 = 7.6 Hz, J2 = 7.4 Hz),
7.32 (d, 1H, J = 7.6 Hz), 4.31–4.44 (m, 2H), 3.31–3.41 (m, 2H),
2.68 (s, 3H), 2.42–2.46 (m, 1H), 1.88 (m, 1H), 1.53 (s, 9H), 0.86
(s, 9H), 0.06 (s, 6H); 13C NMR (CDCl3): 168.9, 157.7, 137.7, 133.7,
132.3, 131, 126.2, 82.2, 69.8, 59.1, 55.0, 35.2, 28.2, 25.6, 20.1,
17.8, �4.9; MS(ESI): 397.70 (M�H)+.

4.1.4.4. N-Boc-cis-4-tert-butyldimethylsiloxy-L-proline amide
6d. White solid. Yield: 46%; mp: 151–152 �C. FT-IR mmax (neat)/
cm�1: 3455.33, 3076.64, 2891.30, 1734.88, 1659.99, 1599.43,
1477.96, 1368.92, 1255.16, 1087.92, 838.28; 1H NMR (CDCl3):
8.04 (d, 2H, J = 5.8 Hz), 7.15–7.61 (m, 3H), 4.31 (s, 2H), 3.30–3.49
(m, 2H), 1.86–2.36 (m, 2H), 1.23 and 1.47 (s, 9H), 0.82 (s, 9H),
0.02 (s, 6H), N–H was not determined; 13C NMR (CDCl3): 170.5,
169.1, 157.3, 138.7, 133.6, 128.5, 81.7, 69.7, 59.84, 55.0, 39.6,
35.3, 28.0, 25.5, 17.7, �5.0; MS(ESI): 482.66 (M�H)+.

4.1.5. General procedure for the preparation of 1a–d
Compound 1a is referred to as an example: To a stirred solution

of N-Boc-cis-4-tert-butyldimethylsiloxy-L-proline amide 6a
(430 mg, 1 mmol) in dichloromethane (10 mL), TFA (4.3 mL) was
added and stirred at room temperature for 5 h. After evaporation
of the solvent, the resulting residue was neutralized with 10%
NaOH aqueous solution, and extracted with EtOAc. The organic
layer was dried over Na2SO4, filtered, and concentrated followed
by flash column chromatography on silica gel (MeOH/CHCl3 = 1:10,
v/v) to give 1a as a light yellow solid.

4.1.5.1. cis-4-tert-Butyldimethylsiloxy-L-proline amide 1a. Light
yellow solid. Yield: 89%; mp: 114–115 �C; ½a�20

D ¼ �6:2 (c 0.005,
CHCl3) FT-IR mmax (neat)/cm�1: 3470.53, 3063.88, 2857.05,
1599.67, 1495.82, 1364.06, 1257.25, 1085.19, 837.20; 1H NMR
(CDCl3): 7.8 (d, 2H, J = 5.6 Hz), 7.20 (d, 2H, J = 5.4 Hz), 4.42 (s, 2H),
3.52 (d, 2H), 3.24 (d, 2H, J = 10.8 Hz), 2.38 (s, 3H), 2.28 (s, 2H),
2.00 (s, 2H), 0.83 (s, 9H), 0.03 (s, 6H), N–H was not determined;
13C NMR (CDCl3): 170.8, 142.3, 140.1, 128.1, 126.8, 70.9, 60.8,
53.4, 38.8, 25.6, 20.8, 17.6, �5.1; MS(ESI):399.70 (M+H)+.

4.1.5.2. cis-4-tert-Butyldimethylsiloxy-L-proline amide 1b. Light
yellow solid. Yield: 82%; mp: 125–126 �C; ½a�20

D ¼ �12:4 (c 0.005,
CHCl3); FT-IR mmax (neat)/cm�1: 3452.21, 3105.00, 2857.77,
1605.01, 1528.73, 1469.58, 1260.92, 1087.02, 836.73; 1H NMR
(CDCl3): 8.26 (d, 2H, J = 8.0 Hz), 8.09 (d, 2H, J = 8.1 Hz), 4.50 (m,
2H), 3.57 (d, 1H, J = 10.4 Hz), 3.34 (d, 1H, J = 11.7 Hz), 2.27–2.29
(m, 1H), 1.99–2.02 (m, 1H), 0.82 (s, 9H), 0.04 (s, 6H), N–H was not
determined; 13C NMR (CDCl3): 174.1, 149.4, 148.5, 27.9, 123.7,
71.2, 62.0, 54.7, 39.2, 25.5, 17.8, �5.0; MS(ESI): 428.01 (M�H)+.
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4.1.5.3. cis-4-tert-Butyldimethylsiloxy-L-proline amide 1c. Light
yellow solid. Yield: 79%; mp: 131–132 �C; ½a�20

D ¼ �2:54 (c 0.005,
CHCl3) FT-IR mmax (neat)/cm�1: 3428.82, 3061.41, 2857.29,
1601.43, 1470.08, 1363.60, 1257.22, 1064.35, 756.70; 1H NMR
(CDCl3): 7.90–7.99 (m, 1H), 7.33–7.38 (m, 1H), 7.25 (d, 2H,
J = 7.6 Hz), 4.40–4.47 (m, 2H), 3.47 (d, 1H, J = 11.4 Hz), 3.16 (d, 1H,
J = 12.0 Hz), 2.68 (s, 3H), 2.28–2.34 (m, 1H), 1.92–1.96 (m, 1H),
0.85 (s, 9H), 0.05 (s, 6H), N–H was not determined; 13C NMR
(CDCl3): 173.2, 141.2, 137.0, 131.9, 131.5, 127.7, 125.5, 71.1, 61.7,
54.3, 39.7, 25.7, 20.6, 17.9, �4.9; MS(ESI): 397.72 (M�H)+.

4.1.5.4. cis-4-tert-Butyldimethylsiloxy-L-proline amide 1d. Light
yellow solid. Yield: 82%; mp: 106–107 �C; ½a�20

D ¼ �8:6 (c 0.005,
CHCl3); FT-IR mmax (neat)/cm�1: 3444.37, 3065.66, 2857.12,
1603.00, 1470.07, 1364.47, 1258.91, 1086.61, 753.88, 719.49; 1H
NMR (CDCl3): 7.91 (d, 2H, J = 6.4 Hz), 7.43 (d, 2H, J = 7.4 Hz), 4.40–
4.48 (m, 2H), 3.47 (d, 2H, J = 9.9 Hz), 3.19 (d, 2H, J = 11.6 Hz),
2.28–2.30 (m, 1H), 1.96–2.05 (m, 1H), 0.83 (s, 9H), 0.04 (s, 6H);
13C NMR (CDCl3): 173.7, 143.0, 131.5, 128.4, 126.4, 71.2, 61.8,
54.3, 39.4, 25.6, 17.9, �4.9; MS(ESI): 383.21 (M�H)+.

4.2. General procedure for the preparation of aldol products

4.2.1. General procedure for the aldol reaction of cyclohexa-
none with aldehydes
4.2.1.1. Reactions in neat ketone. Cyclohexanone (0.206 mL)
was added to a mixture of 0.2 mmol of aldehyde and catalyst.
After being stirred for the indicated time, the mixture was trea-
ted with saturated ammonium chloride solution and extracted
with ethyl acetate. The organic layer was dried over MgSO4, fil-
tered, and concentrated to give pure aldol product after thin flash
column chromatography (silica gel, petroleum ether/ethyl ace-
tate). The absolute configuration of aldol products was extrapo-
lated by comparison of the HPLC data with known literature
values.

4.2.1.2. Reactions in water. To a mixture of catalyst (7.15 mg,
0.02 mmol) and aldehyde in water (0.2 mL), the ketone was added
under air in a closed system. After being stirred at room tempera-
ture for the indicated time, the mixture was treated the same man-
ner as shown above.

4.2.2. (2S, 10R)-2-(Hydroxy-(4-nitrophenyl) methyl) cyclohexan-
1-one 7a
½a�25

D ¼ þ12:8 (c 1.85, CHCl3), 99% ee. 1H NMR (300 MHz, CDCl3):
d 8.21 (d, 2H, J = 8.7 Hz), 7.51 (d, 2H, J = 8.7 Hz), 4.90 (dd, 1H, J = 8.4,
3.0 Hz), 4.09 (d, 1H, J = 3.0 Hz), 2.65–2.45 (m, 2H), 2.36 (td, 1H,
J = 13.2, 5.7 Hz), 2.17–2.06 (m, 1H), 1.87–1.78 (m, 1H), 1.67–1.51
(m, 3H), 1.45–1.31 (m, 1H). IR (film): 3730, 2924, 1699, 1519,
1346, 854 cm�1. Enantiomeric excess was determined by HPLC
with a Chiralpak AD column (hexane/2-propanol = 80/20), 21 �C,
254 nm, 0.5 mL/min; major enantiomer tR = 41.9 min and minor
enantiomer tR = 32.4 min.

4.2.3. (2S, 10R)-2-(Hydroxy-(3-nitrophenyl) methyl) cyclohexan-
1-one 7b
½a�24

D ¼ þ32:5 (c 1.35, CHCl3), 98% ee. 1H NMR (300 MHz, CDCl3):
d 8.12 (s, 1H), 8.16 (d, 1H, J = 7.8 Hz), 7.68 (d, 1H, J = 7.5 Hz), 7.53 (t,
1H, J = 7.8 Hz), 4.90 (dd, 1H, J = 8.7, 3.0 Hz), 4.15 (d, 1H, J = 3.0 Hz),
2.68–2.58 (m, 1H), 2.54–2.46 (m, 1H), 2.38 (td, 1H, J = 12.3, 5.4 Hz),
2.17–2.07 (m, 1H), 1.87–1.78 (m, 1H), 1.67–1.53 (m, 3H), 1.46–1.31
(m, 1H). IR (film, cm�1): 3512, 2939, 1701, 1529, 1351, 736.
Enantiomeric excess was determined by HPLC with a Chiralpak
AD column (hexane/2-propanol = 90/10), 20 �C, 254 nm, 0.5 mL/
min; major enantiomer tR = 49.2 min and minor enantiomer tR =
63.2 min.
4.2.4. (2S, 10R)-2-(Hydroxy-(2-nitrophenyl) methyl) cyclohexan-
1-one 7c
½a�24

D ¼ þ19:8 (c 1.60, CHCl3), 98% ee. 1H NMR (300 MHz, CDCl3):
d 7.84 (d, 1H, J = 8.1 Hz), 7.77 (d, 1H, J = 7.8 Hz), 7.63 (t, 1H,
J = 7.5 Hz), 7.43 (t, 1H, J = 7.8 Hz), 5.45 (d, 1H, J = 6.6 Hz), 3.90 (br,
1H), 2.82–2.70 (m, 1H), 2.50–2.40 (m, 1H), 2.34 (td, 1H, J = 12.3,
5.7 Hz), 2.15–2.06 (m, 1H), 1.90–1.55 (m, 4H). IR (film, cm�1):
3512, 2940, 1699, 1526, 1351, 855 cm�1. Enantiomeric excess
was determined by HPLC with a Chiralpak OD column (hexane/2-
propanol = 95/5), 20 �C, 254 nm, 0.5 mL/min; major enantiomer
tR = 37.9 min and minor enantiomer tR = 45.7 min.

4.2.5. (2S, 10R)-2-(Hydroxy-(4-cyanophenyl) methyl)
cyclohexan-1-one 7d
½a�22

D ¼ þ23:3 (c 1.55, CHCl3), >99% ee. 1H NMR (300 MHz,
CDCl3): d 7.65 (d, 2H, J = 8.1 Hz), 7.45 (d, 2H, J = 8.1 Hz), 4.85 (dd,
1H, J = 8.1, 3.0 Hz), 4.11 (d, 1H, J = 3.0 Hz), 2.65–2.44 (m, 2H),
2.37 (td, 1H, J = 12.9, 6.0 Hz), 2.17–2.06 (m, 1H), 1.88–1.77 (m,
1H), 1.72–1.47 (m, 3H), 1.44–1.31 (m, 1H). IR (film, cm�1): 3509,
2932, 2227, 1701, 1609, 841 cm�1. Enantiomeric excess was deter-
mined by HPLC with a Chiralpak AD column (hexane/2-propanol =
80/20), 21 �C, 254 nm, 0.5 mL/min; major enantiomer tR = 34.8 min
and minor enantiomer tR = 27.9 min.

4.2.6. (2S, 10R)-2-(Hydroxy-(4-chlorophenyl) methyl)
cyclohexan-1-one 7e
½a�25

D ¼ þ21:7 (c 1.00, CHCl3), >99% ee. 1H NMR (300 MHz, CDCl3):
d 7.29 (dd, 4H, J = 20.4, 8.4 Hz), 4.76 (dd, 1H, J = 8.7, 2.7 Hz), 3.99 (d,
1H, J = 3.0 Hz), 2.61–2.44 (m, 2H), 2.35 (td, 1H, J = 12.9, 5.4 Hz),
2.15–2.05 (m, 1H), 1.85–1.75 (m, 1H), 1.70–1.50 (m, 3H), 1.37–
1.20 (m, 1H). IR (film, cm�1): 3491, 2934, 1698, 1489, 830. Enantio-
meric excess was determined by HPLC with a Chiralpak AD column
(hexane/2-propanol = 90/10), 21 �C, 220 nm, 0.5 mL/min; major
enantiomer tR = 39.9 min and minor enantiomer tR = 33.6 min.

4.2.7. (2S, 10R)-2-(Hydroxy-(4-(trifluoromethyl) phenyl) methyl)
cyclohexan-1-one 7f
½a�25

D ¼ þ2:3 (c 1.00, CHCl3), >99% ee. 1H NMR (300 MHz, CDCl3):
d 7.74–7.55 (m, 3H), 7.40 (t, 1H, J = 7.2 Hz), 5.30 (d, 1H, J = 9.3 Hz),
4.03 (t, 1H, J = 3.0 Hz), 2.81–2.69 (m, 1H), 2.55–2.45 (m, 1H), 2.37
(td, 1H, J = 12.9, 4.8 Hz), 2.15–2.03 (m, 1H), 1.81–149 (m, 3H),
1.48–1.23 (m, 1H). IR (film, cm�1): 3512, 2943, 1701, 1453, 1312,
768 cm�1. Enantiomeric excess was determined by HPLC with a
Chiralpak AD column (hexane/2-propanol = 90/10), 21 �C, 254
nm, 0.5 mL/min; major enantiomer tR = 34.4 min and minor enan-
tiomer tR = 26.9 min.

4.2.8. (2S, 10R)-2-(Hydroxy-(4-tolyl) methyl) cyclohexan-1-one
7g
½a�24

D ¼ þ12:9 (c 0.17, CHCl3), >99% ee. 1H NMR (300 MHz, CDCl3):
d 7.18 (dd, 4H, J = 17.1, 8.4 Hz), 4.75 (dd, 1H, J = 9.0, 2.7 Hz), 3.91 (d,
1H, J = 2.7 Hz), 2.66–2.54 (m, 1H), 2.51–2.43 (m, 1H), 2.35 (td, 1H,
J = 13.2, 6.0 Hz), 2.34 (s, 3H), 2.14–2.03 (m, 1H), 1.82–1.72 (m, 1H),
1.70–1.50 (m, 3H), 1.38–1.18 (m, 1H). IR (film, cm�1): 3513, 2926,
1701, 1449, 820. Enantiomeric excess was determined by HPLC with
a Chiralpak AD column (hexane/2-propanol = 90/10), 21 �C, 220 nm,
0.5 mL/min; major enantiomer tR = 32.7 min and minor enantiomer
tR = 44.5 min.

4.2.9. (2S,10R)-2-(Hydroxy-(4-bromophenyl) methyl)
cyclohexan-1-one 7h
½a�24

D ¼ þ22:6 (c 0.70, CHCl3), >99% ee. 1H NMR (300 MHz,
CDCl3): d 7.47 (d, 2H, J = 8.1 Hz), 7.20 (d, 2H, J = 8.7 Hz), 4.75 (dd,
1H, J = 8.7, 2.7 Hz), 3.99 (d, 1H, J = 3.0 Hz), 2.61–2.44 (m, 2H),
2.35 (td, 1H, J = 12.9, 6.3 Hz), 2.15–2.04 (m, 1H), 1.85–1.75 (m,
1H), 1.70–1.50 (m, 3H), 1.37–1.20 (m, 1H). IR (film, cm�1): 3361,
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2928, 1692, 1460, 825. Enantiomeric excess was determined by
HPLC with a Chiralpak AD column (hexane/2-propanol = 90/10),
21 �C, 220 nm, 0.5 mL/min; major enantiomer tR = 43.1 min and
minor enantiomer tR = 35.5 min.

4.2.10. (2S,10R)-2-(Hydroxyl (2-chlorophenyl)methyl)
cyclohexan-1-one 7i

>99% ee. 1H NMR (300 MHz, CDCl3) 1.53–1.84 (m, 5H), 2.05–
2.13 (m, 1H), 2.31–2.39 (m, 1H), 2.46–2.49 (m, 1H), 2.65–2.71
(m, 1H), 3.88 (s, 1H), 5.35 (d, J = 8.0 Hz, 1H), 7.20–7.34 (m, 3H),
7.56 (d, J = 8.4 Hz, 1H); Enantiomeric excess was determined by
HPLC with Chiralcel OD-H (hexane/i-PrOH = 95/5), 21 �C, 220 nm,
flow rate 1.0 mL/min, major enantiomer tR = 10.5 min and minor
enantiomer tR = 13.7 min.

4.2.11. (2S,10R)-2-(Hydroxyl (3-chlorophenyl) methyl)
cyclohexan-1-one 7j

99% ee. 1H NMR (300 MHz, CDCl3) 1.31–2.08 (m, 6H), 2.30–2.45
(m, 3H), 4.80 (d, J = 8.8 Hz, 1H), 7.20–7.29 (m, 3H, Ar), 7.37 (s, 1H,
Ar); Enantiomeric excess was determined by HPLC with Chiralcel
OD-H (hexane/i-PrOH = 96/4), 21 �C, 220 nm, flow rate 1.0 mL/
min, major enantiomer tR = 14.8 min and minor enantiomer tR =
21.2 min.

4.2.12. (2S, 10R)-2-(Hydroxy (phenyl) methyl) cyclohexan-1-one
7k
½a�22

D ¼ þ23:3 (c 1.55, CHCl3), 98% ee. 1H NMR (300 MHz, CDCl3):
d 7.50–7.24 (5H, m), 4.80 (d, 1H, J = 9.0 Hz), 4.00 (m, 1H), 2.70–2.56
(m, 1H), 2.55–2.44 (m, 1H), 2.34 (td, 1H, J = 12.3, 5.4 Hz), 2.16–2.03
(m, 1H), 1.87–1.73 (m, 1H), 1.72–1.50 (m, 3H), 1.40–1.22 (m, 1H).
IR (film, cm�1): 3508, 2932, 1697, 1451, 702. Enantiomeric excess
was determined by HPLC with a Chiralpak OD-H column (hexane/
2-propanol = 90/10), 20 �C, 220 nm, 0.5 mL/min; major enantiomer
tR = 19.6 min and minor enantiomer tR = 30.6 min.

4.2.13. (2S, 10R)-2-(Hydroxy(2-nitrophenyl)methyl)
cyclopentan-1-one 7l

Anti-isomer: 96% ee. 1H NMR (300 MHz, CDCl3): 1.70–2.03 (m,
4H), 2.19–2.38 (m, 2H), 2.68 (d, J = 7.6 Hz, 1H), 2.90 (br, 1H), 5.21
(d, J = 7.2 Hz, 1H), 7.44 (t, J = 8.0 Hz, 1H, Ar–H), 7.66 (t, J = 8.0 Hz,
1H, Ar–H), 7.89 (d, J = 8.0 Hz, 1H), 8.00 (dd, J = 8.0, 0.8 Hz, 1H);
Enantiomeric excess was determined by HPLC with a Chiralpak
OD-H column (hexane/2-propanol = 95/5), 20 �C, 254 nm, 1.0 mL/
min; major enantiomer tR = 27.4 min, minor enantiomer tR =
22.9 min, syn-isomer: 82% ee. Enantiomeric excess was deter-
mined by HPLC with a Chiralpak OD-H column (hexane/2-propa-
nol = 95/5), 20 �C, 254 nm, 1.0 mL/min; major enantiomer tR =
20.3 min and minor enantiomer tR = 17.2 min.

4.2.14. (2S, 10R)-2-(Hydroxy-(4-nitrophenyl) methyl)
cyclopentan-1-one 7m
½a�22

D ¼ �30:6 (c 0.56, CHCl3), anti-isomer: >99% ee. 1H NMR
(300 MHz, CDCl3): d 8.21 (d, 2H, J = 8.7 Hz), 7.54 (d, 2H, J = 9.0 Hz),
4.85 (d, 1H, J = 9.0 Hz), 4.74 (s, 1H), 2.54–2.18 (m, 3H), 2.08–1.95
(m, 1H), 1.81–1.48 (m, 3H). IR (film, cm�1): 3442, 2966, 1737,
1604, 1519, 1347, 857 cm�1. Enantiomeric excess was determined
by HPLC with a Chiralpak AD column (hexane/2-propanol = 95/5),
20 �C, 254 nm, 1.0 mL/min; major enantiomer tR = 59.8 min, minor
enantiomer tR = 56.8 min. syn-isomer: 69% ee. Enantiomeric excess
was determined by HPLC with a Chiralpak AD column (hexane/2-
propanol = 95/5), 20 �C, 254 nm, 1.0 mL/min; major enantiomer
tR = 31.1 min and minor enantiomer tR = 44.7 min.
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