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Organocatalytic systems made up of six primary amine organocatalysts, derived from natural primary
amino acids, in combination with 2,4-dinitrophenol (DNP) have proven to be efficient in the presence
of brine without further addition of organic solvents. The system formed by 1f and DNP was the most
efficient one; it can catalyze the direct aldol reaction with a broad range of ketones and aromatic alde-
hydes, giving the corresponding aldol products in high yields with up to nearly perfect diastereo- and
enantioselectivities (up to 99/1 syn/anti, >99% ee).

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

The asymmetric aldol reaction, which is one of the most
important C–C bond forming reactions, has witnessed an explosive
growth in the recent years.1 Stereoselective reactions in water is an-
other important research area,2 mainly due to the low cost, safety
and environmentally benign nature of water, which avoids the prob-
lems of pollution of organic solvents. Water often inhibits the activ-
ity of catalyst or alters enantioselectivity by interfering in the
transition states of the reactions. Previous studies on the aldol reac-
tions using small organic molecules in aqueous medium have gained
limited success.3 It would be a win–win situation from a green chem-
istry perspective if excellent enantioselectivity could be obtained
using small organic catalysts in water.

Recently, Hayashi,4 Barbas,5 Pericas,6 Gong7 and our group8

reported direct asymmetric aldol reactions catalyzed by proline-
derived chiral catalysts with high diastereoselectivities and enanti-
oselectivities in the presence of water. Meanwhile, other successful
examples of chiral catalysts in aqueous solvent were also
described, including tryptophan, small peptides and other pyrroli-
dine-based catalysts.9

However, only a few reports have employed simple primary ami-
no acids as catalysts to perform the aldol reactions,10 which demon-
strated low efficiency (30 mol % loading). Most of the presently
successful enamine organocatalysts utilize secondary amines
instead. Compared with the well-explored pyrrolidine-based organ-
ocatalysts in enamine catalysis, the development of efficient
ll rights reserved.

.

primary amine organocatalysts remains an elusive goal until
recently.11 Luo et al.11c,d,l have reported a highly efficient primary
amine catalyst derived from cyclohexanediamine with a broad range
of linear aliphatic ketones in organic solvent. Barbas et al.11e have
reported that reactions of protected dihydroxyacetone proceeded
in aqueous media without the addition of organic solvents.

Very recently, we12 and Gong13 have designed a family of new pri-
mary amine organocatalysts (Fig. 1) obtained from inexpensive,
commercially available and natural acyclic amino acids. With these
organocatalysts in hand, we reported that 1f and the co-catalyst DNP
composed a high efficient chiral catalytic system, providing highly
diastereo- and enantioselectivities for aldol reactions of aldehydes
with various ketones in organic solvents. Nevertheless, their draw-
backs have been realized. One of the major limitations is the high cat-
alyst loading, along with low conversion and long reaction time.
In addition, it is difficult to find an organocatalytic system that
works both in organic solvents and in water. Due to environmental
concerns, the development of primary amine organocatalysts
which were able to catalyze stereoselective reactions with low
loading in pure water is a real challenge. Herein, we report our
results on this topic and wish to disclose such primary amine
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Scheme 1. Synthesis of the catalysts 1a�f.
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organocatalysts which are very efficient for enantioselective aldol
reaction in water/brine.

2. Result and discussion

The six organocatalysts 1a–f were readily prepared by using the
routine mixed anhydride method to combine the Boc-protected
amino acids 7 with the diphenyl amino alcohols 6a–c, and then
removing the Boc group with TFA (Scheme 1).12

In an initial experiment, a model aldol reaction of cyclohexa-
none and 4-nitrobenzaldehyde was studied by using different cat-
alysts 1a–f in water at room temperature (Table 1). Neither the
catalyst nor the solid aldehyde could be dissolved in water. Hence
the catalyst and aldehyde should be pre-resolved in excessive ke-
tone. After the introduction of water, the reaction mixture gradu-
ally turned emulsive in the stirring course. By working in
dissolved this emulsive mixture, the reactions promoted by 1a–f
were quite slow, affording undesirable ee (25%) and poor dr (Table
1, entry 1). Considering the effects of acidic additives on increasing
the enantioselectivity and yield, 2,4-dinitrophenol (DNP) was used
to improve the activities and enantioselectivities in a previously
reported study.12 As expected, DNP increased the enantioselectiv-
ity and yield drastically, accompanied with a decrease in the reac-
tion time (Table 1, entries 7–12). With the exception of 1b (87% ee),
desirable enantioselectivities (>90% ee) were obtained in all cases.
The results indicated that 1f turned out to be the most efficient cat-
alyst and gave the best result with 97% ee in 4 h (Table 1, entry 12).

When the water was replaced with the saturated brine, the
enantio- and diastereoselectivity (anti/syn) were not affected, but
the reaction was effectively abbreviated to 2 h (Table 1, entry
13). Brine (salting-out effect) helps the reaction to proceed faster
Table 1
Direct aldol reaction of cyclohexanone with 4-nitrobenzaldehyde catalyzed by 1a–fa

1a
O

+

O

H

O2N
w

Entry Catalystb (%) Additiveb (%) Time

1 1a (10) — 100
2 1b (10) — 100
3 1c (10) — 100
4 1d (10) — 100
5 1e (10) — 100
6 1f (10) — 100
7 1a (10) DNP (10) 4
8 1b (10) DNP (10) 4
9 1c (10) DNP (10) 4
10 1d (10) DNP (10) 4
11 1e (10) DNP (10) 4
12 1f (10) DNP (10) 4
13f 1f (10) DNP (10) 2
14g 1f (5) DNP (5) 5
15h 1f (5) DNP (5) 7
16i 1f (5) DNP (5) 4
17j 1f (5) DNP (5) 4
18f 1f (5) DNP (5) 3.

a General reaction conditions: 4-nitrobenzaldehyde (0.2 mmol), cyclohexanone (2 m
temperature.

b Data in the parentheses are the amount of the catalyst/additive.
c Isolated yield.
d Determined by chiral HPLC.
e For the anti-isomer.
f The reaction was performed in brine.
g Cyclohexanone (1.0 mmol) was employed in brine.
h Cyclohexanone (0.4 mmol) was employed in brine.
i The solvent was a mixture of brine/water in 3:7.
j The solvent was a mixture of brine/water in 7:3.
because of the concentrated organic phase.14 The transformation
in brine takes place in the more concentrated organic phase envi-
ronment in comparison with water and thus proceeds more
quickly. After the reaction, the mixture automatically separates
into two phases with the upper organic layer just as in water.
Further introduction of water into the saturated brine did not dete-
riorate the enantioselectivity but led to a slightly longer reaction
time and decreased diastereoselectivity (Table 1, entries 16–18).
Similar results were observed with lesser amounts of the ketone;
the enantioselectivity remained the same but at the cost of
decreased yield and diastereoselectivity and longer reaction times
(entries 14 and 15). Interestingly, with 5 mol % catalyst loading, the
desired aldol product was obtained in about 95% yield and with
97% ee (Table 1, entry 18). Replacing the organic solvent cyclohex-
anone with brine improved the activity of the primary amine
organocatalytic system and reduced the loading of the catalyst
from 20 mol % to only 5 mol % to achieve high yields and enanti-
oselectivities. Therefore, this is a successful case of using a very
low loading of primary amine organic catalyst to achieve high
-f, rt
OH O

O2N
ater

2a

(h) Yieldc (%) anti/synd eed,e (%)

56 3:2 25
52 3:2 19
64 3:2 22
40 3:2 3
49 3:1 20
46 2:3 4
80 5:2 95
88 5:2 87
93 7:3 94
84 3:1 96
93 5:2 91
90 5:2 97
92 4:1 97
90 4:1 96
80 7:1 97
89 3:1 96
92 5:1 97

5 95 11:1 97

mol), 1a�f (0.02 mmol) and DNP (0.02 mmol) in water/brine (1 mL) at room



Table 2
Asymmetric aldol reaction of cyclohexanone and aldehydes in brinea

1f (5 mol%), DNP (5 mol%)

brine, rt

O

Ar

OH O

+

O

HAr

2b-o

Entry Ar Time (h) Yieldb (%) drc eec,e (%)

1 3-NO2–Ph 3.5 94 13:1 >99
2f 2-NO2–Ph 0.5 68 62:1 >99
3 2-NO2–Ph 4 92 5:1 >99
4f 2-Cl–Ph 120 26 11:1 91
5 2-Cl–Ph 22.5 78 24:1 98
6 4-Cl–Ph 23 88 3:1d 95
7 3-Cl–Ph 23 89 3:1d 96
8 4-CF3–Ph 10 70 5:2d 96
9 4-Br–Ph 24 89 4:1d 98

10 4-F–Ph 24 68 4:1d 97
11 3-OCH3–Ph 76 50 25:1d 96

12h Ph 19 50 12:1 93 (66g)
13h 4-CH3–Ph 19 50 10:1 92
14h Cy 10 n.d — —

a The reaction was performed with aldehyde (0.2 mmol), cyclohexanone
(2.0 mmol), 1f (0.01 mmol), DNP (0.01 mmol) and brine (1.0 mL) at room
temperature.

b Isolated yield.
c Determined by chiral HPLC. Dr is anti/syn here.
d Determined by 1H NMR.
e For the anti-isomer.
f Reaction conditions: 4-nitrobenzaldehyde (0.2 mmol), 1f (0.04 mmol) and DNP

(0.04 mmol) in neat cyclohexanone (0.8 mL) at room temperature.
g The reaction was performed with 5 mol % catalyst 1f and 5 mol % DNP.
h The reaction was performed with 20 mol % catalyst 1f and 20 mol % DNP.

Table 3
Asymmetric aldol reaction of cyclic ketones and aldehydes in brinea

brine, rt

O

Ar

OH

+HAr

OO

n n

20% 1f, 20% DNP

3a-j

Entry n Ar Time (h) Yieldb (%) anti/sync eec

1 1 4-NO2–Ph 24 71 2:5d 80e

2g 2 4-NO2–Ph 5.5 76 1:2 >99f

3h 2 4-NO2–Ph 0.5 93 1:2 93f

4g 2 3-NO2–Ph 4.5 80 1:2 96f

5g 2 2-NO2–Ph 5 75 1:1 95f

6 2 4-Cl–Ph 1.5 50 1:1 87f

7 2 4-F–Ph 4 55 2:3 87f

8 2 4-CF3–Ph 4 70 1:4 87f

9 4 4-NO2–Ph 16 65 12:1 72e

10 5 4-NO2–Ph 23 82 2:5d 19e

a The reaction was performed with aldehyde (0.2 mmol), ketone (2.0 mmol), 1f
(0.04 mmol), DNP (0.04 mmol) and brine (1.0 mL) at room temperature.

b Isolated yield.
c Determined by chiral HPLC.
d Determined by 1H NMR.
e For the anti-isomer.
f For the syn-isomer.
g The reaction was performed with 10 mol % catalyst 1f and 10 mol % DNP.
h Reaction conditions: 4-nitrobenzaldehyde (0.2 mmol), 1f (0.04 mmol) and DNP

(0.04 mmol) in neat cyclopentanone (0.8 mL) at room temperature.

Table 4
Asymmetric aldol reaction of symmetrical ketones and aldehydes in brinea

O

R3

O

H+

O OH

brine, rt R3

R2 R2R3 R3

10% 1f, 10% DNP

4a-l

Entry R3 R2 Time (h) Yieldb (%) syn/antic eed (%)

1 H 2-NO2 12 66 — 94
2 H 3-NO2 12 60 — 94
3 H 4-NO2 12 70 — 90
4 H 2-Cl 27 35 — >99
5 H 4-Cl 24 30 — 84
6 H 2-Br 28 45 — >99
7 H 4-Br 27 30 — 91
8 H 3-MeO 28 20 — 93
9 H 2-Naphth 36 30 — 95

10f Me 4-NO2 40 92 6:1 98e

11f Me 3-NO2 40 90 6:1 >99e

12f Me 2-Cl 96 84 99:1 >99e

a The reaction was performed with aldehyde (0.2 mmol), ketone (2.0 mmol), 1f
(0.02 mmol), DNP (0.02 mmol) and brine (1.0 mL) at room temperature.

b Isolated yield.
c Determined by 1H NMR.
d Determined by chiral HPLC.
e For the syn-isomer.
f The reaction was performed with 20 mol % 1f and 20 mol % DNP.
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enantioselectivity and yield in this model asymmetric reaction
under mild reaction conditions.

Subsequent studies were focused on other substrates such as
various substituted benzaldehydes using cyclohexanone as a
donor. As shown in Table 2, high diastereoselectivities and excel-
lent enantioselectivities (95% to >99% ee) were obtained with
different aromatic aldehydes, which possess either electron-donat-
ing (Table 2, entry 11) or electron-withdrawing (Table 2, entries 1–
10) groups. However, the benzaldehyde with 5 mol % catalyst
afforded an undesirable anti-product in only 66% ee. With
20 mol % catalyst loading, good results were observed with an
enhanced enantioselectivity (93% ee) and shorter reaction time
(Table 2, entry 12). It should be noted that the aldol products were
attainable with nearly perfect enantioselectivities in these reac-
tions, exceeding those obtained with other primary amine organo-
catalysts in aqueous media without the addition of organic
solvents.15 For the sake of comparison with the reaction in cyclo-
hexanone (Table 2, entries 2 and 4),12 when the reaction was per-
formed in brine, it became faster and employed the largely reduced
loading of the catalyst without an apparent loss in enantioselectiv-
ities; in many cases, the enantioselectivities were increased. The
reaction of 4-nitrobenzaldehyde and cyclohexanecarboxaldehyde
in brine was next investigated (Table 2, entry 14). No reaction pro-
gress was detected under the aqueous condition.

To examine the generality of the current procedure, aldol reac-
tions between electron-deficient benzaldehydes and different cyclic
ketones were tested (Table 3). When using cyclopentanone as a
donor, enantioselectivities ranged from 87% to >99%. With 10 mol %
catalyst loading, cyclopentanone achieved excellent enantioselectiv-
ity (>99% ee) with the predominant syn-products in water under pri-
mary amine organocatalysts (Table 3, entry 2). When the reaction
was carried out in neat, the enantioselectivity decreased (93% ee,
entry 3). The results show that aldehydes with strong electron-with-
drawing groups react fast and afford high enantioselectivities. When
the substituents on the phenyl ring such as halogen reduced their
strength by withdrawing the electrons, the reactions give decreased
yields and enantioselectivities. The aldol reactions of other cyclic
ketones such as cyclobutanone and cycloheptanone, have not been
reported with primary organic catalysts in aqueous medium. Herein,
we tested the aldol reactions with these cyclic ketones in brine under
primary amine organocatalysts.10,11,15 In contrast with cyclohexa-
none and cyclopentanone, the aldol reaction between other cyclic ke-
tones and 4-nitrobenzaldehyde were very slow and gave lower
enantioselectivities (Table 3, entries 1, 9 and 10); the expanded cyclo
ketone sharply decreased the enantioselectivity.

Acetone and 3-pentanone were finally explored as aldol donors.
The results are listed in Table 4. When acetone was examined as a
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substrate in brine, the catalytic system showed high enantioselec-
tivities ranging from 90% to >99% (Table 4, entries 1–9). Only in the
case of 4-chlorobenzaldehyde which gave 84% ee. Excellent enanti-
oselectivities (up to >99% ee) were obtained, but with low yields.
We are the first to successfully demonstrate the highest enantiose-
lectivity of the reaction of acetone in aqueous media promoted by
primary amine organocatalysts to date.

When 3-pentanone was taken as another aldol donor, all the aldol
products (Table 4, entries 10–12) were attainable with excellent
diastereo- and enantioselectivities (98% ee to >99% ee) in brine,
exceeding the results obtained by Luo11d and Gong.13b 2-Chloro-
benzaldehyde afforded an unprecedented diastereo- and enantiose-
lectivity (99/1 syn/anti, up to >99% ee) under primary amine
organocatalysts in brine.12,13 This is the highest enantioselectivity
of the reaction of 3-pentone and aldehydes in water up to now.

3. Conclusion

In conclusion, we have successfully demonstrated that asym-
metric direct aldol reactions could be highly catalyzed by primary
amine catalysts in aqueous media with addition of the efficient
cocatalyst DNP but without addition of any organic solvent. In
comparison with the disclosed corresponding organic solvents,
using brine as a reaction medium could effectively enhance the
activity of the catalytic systems made up of the primary amine
organocatalyts 1a–f and the cocatalyst DNP, as well as reducing
the reaction time, and reducing the reported catalyst loading with-
out a loss in enantioselectivity or yield. The highest efficient cata-
lytic system with primary amine catalyst 1f and DNP could be used
in the asymmetric Aldol reactions with cyclo or linear ketones as
substrates and gave very high enantioselectivities and yields. With
the substrates of cyclohexanone, cyclopentanone, acetone and 3-
pentanone, the reactions all gave the highest over 99% enantiose-
lectivities. To the best of our knowledge, this result represents
the highest ee value in the asymmetric aldol reactions of cyclohex-
anone, cyclopentanone, acetone and 3-pentanone with arylalde-
hydes catalyzed by primary amine organocatalysts in aqueous
reaction medium to date.
4. Experimental

4.1. General information

All reagents were commercial products. The reactions were
monitored by TLC (thin layer chromatography). The column and
preparative TLC purification were carried out using silica gel. Melt-
ing points were measured on X-4 melting point apparatus without
correction. Optical rotations were recorded on a polarimeter. 1H
NMR spectra were recorded on 200 MHz and 400 MHz spectrome-
ters. The chemical shifts were reported in ppm with TMS as an
internal standard. Data were reported as follows: chemical shift,
multiplicity (s = single, d = doublet, t = triplet, q = quartet,
br = broad, m = multiplet), coupling constants (Hz). 13C NMR spec-
tra were recorded on 400 MHz. HRMS were measured with ESI
mass spectrometer. IR spectra were obtained by FT-IR. The ee value
determination was carried out using chiral HPLC with OD-H, AS-H,
OJ-H or AD-H column.

4.2. General procedure for the preparation of diphenyl
aminoalcohols 6a–c16

The freshly prepared Grignard reagent PhMgBr 60 mL (2.5 M,
150 mmol) in ether was cooled to 0 �C under an argon atmosphere,
15 mmol hydrochloride of methyl ester of amino acid 5 was added
in 10 portions (addition of too much methyl ester hydrochloride in
one portion would make the reaction too violent on account of the
rapid reaction of HCl with PhMgBr). The reaction was then natu-
rally warmed to room temperature and allowed to stir overnight.
When the reaction was completely checked by TLC, the mixture
was slowly poured into 60 mL stirring ice water, then 0.25 mmol
concentrated HCl was added. The mixture was stirred for an hour,
filtered and washed thrice with water to afford a yellow solid. The
yellow solid was introduced with NaOH (55 mL, 0.25 mmol), stir-
red for another 30 min, and then extracted thrice with ether. The
ether layers were combined and concentrated in vacuo, and the
resulting solid was recrystallized from ethyl acetate or ethanol to
yield the amino alcohols 6a–c.

4.2.1. (S)-Diphenyl phenylglycinol 6a16a

Yield 55%; mp 121–123 �C; ½a�20
D ¼ �242 (c 1.0, CHCl3); 1H NMR

(400 MHz, CDCl3) d 7.74–7.76 (d, 2H, J = 7.6 Hz), 7.38–7.42 (t, 2H,
J = 7.2 Hz, J = 8.4 Hz), 7.26 –7.30 (t, 1H, J = 8.0 Hz, J = 6.8 Hz), 7.00
–7.25 (m, 10 H), 5.01 (s, 1H), 1.61 (br, 1H).

4.2.2. (S)-Diphenyl phenylalaninol 6b16c

Yield 53%; mp 145–146 �C; ½a�20
D ¼ �73 (c 1.0, CHCl3); 1H NMR

(400 MHz, CDCl3) d 7.59–7.66 (dd, 4H, J = 8.4 Hz, J = 8.0 Hz), 7.28–
7.35 (m, 6H), 7.17–7.25 (m, 5H), 4.16–4.20 (dd, 1H, J = 2.6 Hz,
J = 10.6 Hz), 2.62–2.66 (dd, 1H, J = 2.0 Hz, J = 14.0 Hz), 2.41–2.47
(dd, 1H, J = 10.8 Hz, J = 13.6 Hz).

4.2.3. (S)-Diphenyl leucinol 6c16c

Yield 51%; mp 121–123 �C; ½a�20
D ¼ �96 (c 1.0, CHCl3); 1H NMR

(400 MHz, CDCl3) d 7.60�7.62 (d, 2H, J = 7.6 Hz), 7.47�7.48 (d,
2H, J =7.2 Hz), 7.14�7.33 (m, 6H), 3.97�3.99 (dd, 1H, J = 2.0 Hz,
J = 10.0 Hz), 1.55�1.62 (m, 1H), 1.21�1.30 (m, 2H), 0.89�0.90 (d,
3H, J = 6.4 Hz), 0.86�0.87 (d, 3H, J = 6.8 Hz).

4.3. General procedure for the preparation of catalysts 1a�f12

At first ClCOOiBu 0.67 mL (5.1 mmol) was slowly introduced
dropwise into a solution of 5.1 mmol Boc-protected amino acid 7
(Boc-Leu) and 0.56 mL NMM (5.1 mmol) in 25 mL dry THF under
an argon atmosphere at �15 �C. Five minutes later, amino alcohol
6 was added dropwise into the mixture. After stirring for 30 min,
the reaction was continued at room temperature until it was com-
pletely checked by TLC. Then THF was evaporated in vacuo, and the
residue was re-dissolved with CH2Cl2, washed successively with
dilute HCl, water, 10% NaHCO3, water and a little brine, dried with
anhydrous Na2SO4, and then condensed in vacuo. It was recrystal-
lized from ethyl acetate and petroleum ether to give a crystal or
solid. The solid was re-dissolved with CH2Cl2 and cooled to 0 �C,
then TFA in CH2Cl2 (TFA/CH2Cl2 = 1:1) was added dropwise. The
mixture was stirred for 1–2 h until the reaction was completely
checked by TLC, and then condensed to dryness in vacuo. The res-
idue was re-dissolved with CH2Cl2 and NH3�H2O was added to
adjust the solution pH to 10.0 or so. The organic layer was sepa-
rated, and the aqueous layer was re-extracted thrice with CH2Cl2.
Then the combined organic layers were washed with a little brine,
dried with anhydrous Na2SO4, condensed to dryness in vacuo. The
residue was recrystallized from ethyl acetate and petroleum ether
to give the catalyst 1.

4.3.1. (S,S)-2-Amino-N-(2-hydroxy-1,2,2-triphenylethyl)propan-
amide 1a

Yield 50%; mp 236�237 �C; ½a�20
D ¼ �190 (c 1.0, DMSO); FT-IR

3430, 3389, 3299, 1643, 1515,1495, 1448, 1156, 1061, 752, 735,
700 cm�1; 1H NMR (400 MHz, DMSO-d6) d 8.44 (d, 1H, J = 9.6 Hz),
7.50 (d, 2H, J = 7.6 Hz), 7.27 (t, 2H, J = 7.6 Hz), 6.97�7.22 (m,
11H), 6.08 (s, 1H), 5.79 (d, 1H, J = 8.8 Hz), 3.10�3.15 (m, 1H),
0.79 (d, 3H, J = 6.8 Hz); 13C NMR (100 MHz, DMSO-d6) d 174.6,
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146.4, 145.2, 139.7 129.2, 127.7 127.3, 126.8, 126.5 126.2, 126.1
126.0 80.1 58.5, 50.1, 21.5; HRMS calcd for (C23H24N2O2+H)+

361.1911, found 361.1904. Anal. Calcd for C23H24N2O2: C, 76.64;
H, 6.71; N, 7.77. Found: C, 76.68; H, 6.80; N, 7.71.

4.3.2. (S,S)-2-Amino-N-(1-hydroxy-1,1,3-triphenylpropan-2-
yl)propanamide1b

Yield 53%; mp 203�204 �C; ½a�20
D ¼ �18 (c 1.0, DMSO); FT-IR

3405, 3290, 1711, 1645, 1524, 1447, 1154, 1061, 752, 699 cm�1;
1H NMR (400 MHz, DMSO-d6) d 7.77 (d, 1H, J = 9.6 Hz), 7.62 (d,
2H, J = 7.2 Hz), 7.53 (d, 2H, J = 7.6 Hz), 7.35 (t, 2H,
J = 7.4 Hz),7.07�7.21 (m, 9H), 6.23 (s, 1H), 5.08 (t, 1H, J = 9.0 Hz),
2.86�2.91 (dd, 1H, J = 6.8 Hz, J = 13.2 Hz), 2.58�2.71 (m, 2H),
1.46 (s, 2H), 0.62 (d, 3H, J = 6.8 Hz); 13C NMR (100 MHz, DMSO-
d6) d 174.8, 146.5, 146.3, 139.2, 129.2, 128.2, 127.8, 127.4, 126.3,
126.1, 125.8, 125.7, 125.5, 80.1, 56.1, 50.0, 36.0, 21.2; HRMS calcd
for (C24H26N2O2+H)+ 375.2067, found 375.2061. Anal. Calcd for
C24H26N2O2: C, 76.98; H, 7.00; N, 7.48. Found: C, 77.05; H, 7.21;
N, 7.54.

4.3.3. (S,S)-2-Amino-N-(1-hydroxy-4-methyl-1,1-diphenylpentan-
2-yl)propanamide 1c

Yield 46%; mp 172�173 �C; ½a�20
D ¼ �54 (c 1.0, DMSO); FT-IR

3428, 3307, 2956, 2930, 1645, 1525, 1449, 1140, 1061, 750,
702 cm�1; 1H NMR (400 MHz, DMSO-d6) d 7.55 (d, 1H, J = 9.6 Hz),
7.45�7.47 (m, 4H), 7.25 (t, 2H, J = 7.4 Hz), 7.03�7.17 (m, 4H),
5.88 (d, 1H, J = 3.6 Hz), 4.91 (t, 1H, J = 9.6 Hz), 2.94�2.96 (m, 1H),
1.55 (s, 2H), 1.43�1.49 (m, 2H), 0.89�0.94 (m, 1H), 0.81 (d, 3H,
J = 5.6 Hz), 0.73 (d, 3H, J = 6.4 Hz), 0.72 (d, 3H, J = 5.6 Hz); 13C
NMR (100 MHz, DMSO-d6) d 175.5, 146.9, 146.3, 128.0, 127.4,
126.2, 126.0, 125.6, 125.3, 80.2, 52.4, 50.1, 24.1, 21.6; HRMS calcd
for (C21H28N2O2+H)+ 341.2224, found 341.2218. Anal. Calcd for
C21H28N2O2: C, 74.08; H, 8.29; N, 8.23. Found: C, 73.94; H, 8.61;
N, 8.17.

4.3.4. (S,S)-2-Amino-N-(1-hydroxy-4-methyl-1,1-diphenylpentan-
2-yl)-3-methylbutanamide 1d

Yield 51%; mp 177�178 �C; ½a�20
D ¼ �49 (c 1.0, DMSO); FT-IR

3428, 3383, 3325, 2956, 2928, 2871, 1645, 1511, 1447, 1165,
1063, 747, 700 cm�1; 1H NMR (400 MHz, DMSO-d6) d 7.68 (d, 1H,
J = 9.2 Hz), 7.49�7.53 (m, 4H), 7.28 (t, 2H, J = 7.4 Hz), 7.05�7.20
(m, 4H), 5.96 (s, 1H), 4.94�4.99 (t, 1H, J = 10.0 Hz), 2.71 (s, 1H),
1.67�1.70 (m, 1H), 1.48�1.54 (m, 2H), 1.43 (s, 2H), 0.92�0.98
(m, 1H), 0.85 (d, 3H, J = 6.0 Hz), 0.75 (d, 3H, J = 6.4 Hz), 0.65 (d,
3H, J = 6.8 Hz), 0.50 (d, 3H, J = 6.4 Hz); 13C NMR (100 MHz,
DMSO-d6) d 174.1, 146.9, 146.4, 128.0, 127.5, 126.1, 126.0, 125.6,
125.3, 80.1, 59.7, 52.7, 39.2, 30.6, 24.2, 24.1, 21.5, 19.5, 16.1; HRMS
calcd for (C23H32N2O2+H)+ 369.2537, found 369.2529. Anal. Calcd
for C23H32N2O2: C, 74.96; H, 8.75; N, 7.60. Found: C, 75.07; H,
8.92; N, 7.48.

4.3.5. (S,S)-2-Amino-N-(2-hydroxy-1,2,2-triphenylethyl)-4-
methylpentanamide 1e

Yield 56%; mp 204�205 �C; ½a�20
D ¼ �155 (c 1.0, DMSO); FT-IR

3400, 3330, 3298, 2953, 2926, 1643, 1516, 1448, 1161, 1061,
748, 734, 699 cm�1; 1H NMR (400 MHz, DMSO-d6) d 8.40 (d, 1H,
J = 9.6 Hz), 7.52 (d, 2H, J = 8.0 Hz), 7.25�7.28 (t, 2H, J = 7.2 Hz,
J = 8.0 Hz), 7.17�7.20 (t, 3H, J = 7.2 Hz, J = 6.0 Hz), 6.98�7.08 (m,
8H), 6.08 (s, 1H), 5.80 (d, 1H, J = 8.8 Hz), 2.96�3.00 (dd, 1H,
J = 5.2 Hz, J = 8.8 Hz), 1.53 (br, 1H), 1.39�1.46 (m, 1H), 1.01�1.08
(m, 1H), 0.92�0.93 (m, 1H), 0.68 (d, 3H, J = 6.4 Hz); 13C NMR
(100 MHz, DMSO-d6) d 146.4, 145.2, 139.7, 129.2, 127.7, 127.3,
126.7, 126.4, 126.2, 126.0, 80.1, 63.4, 58.6, 44.0, 40.1, 23.8, 23.0,
21.7; HRMS calcd for (C26H30N2O2+H)+ 403.2380, found 403.2378.
Anal. Calcd for C26H30N2O2: C, 77.58; H, 7.51; N, 6.96. Found: C,
77.82; H, 7.69; N, 7.06.
4.3.6. (S,S)-2-Amino-N-(1-hydroxy-4-methyl-1,1-
diphenylpentan-2-yl)-4-methylpentanamide 1f

Yield 54%; mp 180�182 �C; ½a�20
D ¼ �44 (c 1.0, DMSO); FT-IR

3389, 3347, 2953, 2297, 2868, 1643, 1518, 1447, 1167, 1135,
1062, 745, 699 cm�1; 1H NMR (400 MHz, DMSO-d6) d 7.63 (d, 1H,
J = 9.6 Hz), 7.50 (d, 4H, J = 7.6 Hz), 7.29 (t, 2H, J = 7.6 Hz),
7.12�7.20 (m, 3H), 7.06�7.09 (t, 1H, J = 7.2 Hz), 5.91 (s, 1H),
4.93�4.98 (m, 1H), 2.86�2.89 (dd, 1H, J = 5.6 Hz, J = 8.8 Hz),
1.49�1.54 (m, 4H), 1.33�1.39 (m, 1H), 0.98�1.04 (m, 2H),
0.89�0.97 (m, 1H), 0.87 (d, 3H, J = 6.8 Hz), 0.76 (d, 3H, J = 6.4 Hz),
0.68 (d, 6H, J = 7.2 Hz); 13C NMR (100 MHz, DMSO-d6) d 175.4,
146.9, 146.4, 128.0, 127.4, 126.1, 125.9, 125.6, 125.3, 80.1, 53.0,
52.5, 44.1, 39.2, 24.1, 23.8, 23.1, 21.7, 21.6; HRMS calcd for
(C24H34N2O2+H)+ 383.2693, found 383.2696. Anal. Calcd for
C24H34N2O2: C, 75.35; H, 8.96; N, 7.32. Found: C, 75.49; H, 9.11;
N, 7.24.

4.4. General procedure for the aldol reaction

The following procedure for the reaction of cyclohexanone with
4-nitrobenzaldehyde in brine is representative.

In a typical experiment, a mixture of 4-nitrobenzaldehyde
(0.2 mmol), 1f (usually 5 mol %), cyclohexanone (2.0 mmol) and
DNP (usually 5 mol %) were stirred in brine (1.0 mL) at room tem-
perature until the reaction was completed as judged by TLC. This
solution was quenched in aqueous NH4Cl (4 mL) and extracted
thrice with AcOEt (4 mL). Then the organic layers were combined,
dried with anhydrous Na2SO4, concentrated to dryness under
reduced pressure, purified by preparative TLC or column to achieve
the aldol product. The absolute configuration was analyzed with
HPLC and 1H NMR.

All the known aldol adducts matched the reported characteris-
tics.9,11,12,14,17 Characterization data for selected examples are
given below.

4.4.1. (2S,1R)-2-[Hydroxy-(4-nitrophenyl)-methyl]-cyclohexan-
1-one 2a

Yield 95%; ½a�20
D ¼ þ37 (c 1.0, CHCl3); 1H NMR (200 MHz, CDCl3)

d 8.19�8.24 (m, 2H), 7.46�7.52 (m, 2H), 4.89�4.93 (d, 1H,
J = 8.4 Hz), 4.1 (s, 1H), 2.29�2.47 (m, 3H), 2.08�2.18 (m, 1H),
1.48�1.86 (m, 5H). anti/syn = 11/1, determined by chiral HPLC.
Ee = 97%. The enantiomeric excess was determined by HPLC with
an AD-H column (hexane/i-PrOH = 80/20), 0.5 mL/min; tR = 24.71
(minor), tR = 31.52 (major).

4.4.2. (R)-4-Hydroxy-4-(4-nitrophenyl)butan-2-one 4a
Yield 70%; ½a�20

D ¼ þ45 (c 1.0, CHCl3); 1H NMR (200 MHz, CDCl3)
d 8.16�8.23 (m, 2H), 7.52�7.58 (m, 2H), 5.24�5.30 (m, 1H), 3.62
(br, 1H), 2.84�2.88 (m, 2H), 2.23 (s, 3H). Ee = 90%, determined by
chiral HPLC with AS-H column (hexane/i-PrOH = 70/30), 1.0 mL/
min, tR = 14.4 (major), tR = 19.9 (minor).
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