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Direct asymmetric aldol reactions catalyzed by
nanocrystalline copper(II) oxide
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Abstract

The direct asymmetric aldol reactions of aromatic and heteroaromatic aldehydes with acetone to afford chiral b-hydroxy carbonyl
compounds in good yields and good to moderate enantioselectivities are realized using nanocrystalline copper(II) oxide in the presence
of (1S,2S)-(�)-1,2-diphenylethylenediamine at �30 �C. The catalyst can be reused for four cycles with consistent activity and
enantioselectivity.
� 2008 Elsevier Ltd. All rights reserved.
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Direct asymmetric aldol reactions provide one of the
most powerful tools for constructing optically active
b-hydroxy carbonyl compounds. The aldol reaction is
widely used in synthetic organic chemistry to generate
intermediates for anti-hypertensive drugs and calcium
antagonists.1 Chiral b-hydroxy carbonyl compounds can
be readily converted to 1,3-syn- and anti-diols and amino
alcohols, which are the building blocks for antibiotics,
pheromones, and many biologically active compounds.2

The direct aldol reaction, starting from an aldehyde and
an unmodified ketone, is highly atom efficient3 compared
with the process in which the preconversion of a ketone
into a more reactive species such as an enol silyl ether, enol
methyl ether, or ketone silyl acetal as the aldol donor
(Mukaiyama aldol reaction) is required.4,5 Since the con-
trol of stereochemistry during aldol additions is a crucial
problem, the metal catalyzed direct asymmetric aldol reac-
tion of aldehydes with unmodified ketones still remains a
challenge for synthetic chemists.6

Shibasaki et al. achieved the first catalytic asymmetric
aldol reaction between aldehydes and unmodified ketones
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by using heterobimetallic multifunctional catalysts.7,8

Later, direct asymmetric aldol reactions with good to excel-
lent enantioselectivities (ee’s) were accomplished using
transition metal catalysts.9,10 Moreover, the direct asym-
metric aldol reactions catalyzed by aldolase enzymes and
antibodies have been reported.11 List, Barbas, and their
co-workers have explored asymmetric aldol reactions with
excellent enantioselectivities using L-proline12–15 and struc-
tural analogues16 for a-branched aliphatic aldehydes. Only
fair ee’s were observed for the reaction of aromatic alde-
hydes with acetone promoted by L-proline or its derivatives
and structural analogues,17 with the exception of
N-substituted L-prolinamide derivatives.18,19

L-Prolinamide
derivatives from b-amino alcohols gave high ee’s for
p-substituted benzaldehydes.

Although homogeneous catalysts are desirable because
of their high activities and selectivities, the separation of
homogeneous catalysts from the products of the reaction
and/or recovery of the catalysts are problems inherent with
conventional catalysts. Heterogeneous catalysis has advan-
tages, such as easy separations and efficient recycling and
minimization of metal traces in the product. Solid sup-
ported proline-terminated peptides, polystyrene and benzyl
pencillin derivatives in conjunction with proline grafted
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into mesoporous MCM-41 provided moderate ee’s for
the direct asymmetric aldol reaction.20

L-Proline in ionic
liquids and silica-supported ionic liquids also provided
moderate enantioselectivity.21,22

Remarkable success in the direct asymmetric aldol
reaction was achieved with the introduction of in situ
prepared heterobimetallic catalysts, composed of both
Lewis acidic sites and Lewis/Bronsted basic sites.23 Evans
et al. and other groups have explored asymmetric direct
enolate–electrophile reactions catalyzed by Mg and derived
complexes.24,25

Nanocrystalline metal oxides find excellent applications
as active adsorbents for gases and the destruction of hazar-
dous chemicals,26,27 and as catalysts for various organic
transformations.28,29 Recently, we reported asymmetric
epoxidation, Henry, Michael addition, and direct asym-
metric aldol reactions using nanocrystalline MgO30,31 and
asymmetric hydrosilylation using nanocrystalline CuO.32

We report herein direct asymmetric aldol reactions of
aromatic aldehydes with acetone using nanocrystalline cop-
per(II) oxide to afford optically active b-hydroxy carbonyl
compounds in good yields and good to moderate ee’s
(Scheme 1).

We initially studied the direct asymmetric aldol reaction
of p-nitrobenzaldehyde (2a) with acetone (1) using nano-
CuO in the presence of different chiral ligands and the
results are summarized in Table 1. It is important to note
that diphenylethylenediamine ligands were crucial for the
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Scheme 1. Direct asymmetric aldol reactions of aromatic aldehydes with
acetone using nanocrystalline copper(II) oxide.

Table 1
The effect of the ligand on the asymmetric aldol reaction between 1 and 2a ca

Entry Ligand

1 (1R,2R)-(+)-1,2-Diphenylethylenediamine
2 (1S,2S)-(�)-1,2-Diphenylethylenediamine
3 (1R,2R)-(�)-1,2-Diaminocyclohexane
4 (1S,2S)-(+)-1,2-Diaminocyclohexane
5 (S)-(�)-1,10-Binaphthyl-2-20-diamine
6 (R)-(�)-1,10-Binaphthyl-2-20-diamine
7 (R)-BINAP
8 (S)-BINAP
9 (R)-(�)-BINOL

10 (S)-(�)-BINOL
11 (+)-Diethyl-L-tartrate
12 (�)-Diethyl-L-tartrate
13 [R(R*,R*)]-(+)-2,20-Isopropylidenebis (4-benzyl-2-oxazoline
14 2,20-Isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline]

a Reaction conditions: 2a (1.0 mmol), 1 (13.7 mmol), nano-CuO (0.150 g), d
b Isolated yields.
c The % ee was determined by HPLC analysis using a chiral column (Chira
d Absolute configurations were assigned by comparison of the sign of specifi
e Using commercial CuO.
catalytic activity of nano-CuO in terms of both yield and
ee (Table 1, entries 1 and 2). The use of diphosphine
ligands gave higher yields but poor ee’s were obtained.
Moreover, the bidentate oxygen-based ligand BINOL pro-
duced only trace amounts of the product despite a pro-
longed reaction time.

The asymmetric aldol reaction between 1 and 2a in
the presence of (1S,2S)-(�)-diphenylethylenediamine
with commercial CuO afforded a 38% yield of the desired
product with 4% ee at room temperature. Nano-CuO with
a higher surface area (136 m2/g) and smaller crystal size
(7–9 nm)33 than commercial CuO (SA: 1.952 m2/g) dis-
played higher activity. The higher enantioselectivity corre-
lated to the smaller crystal size, which complexes effectively
with the chiral ligand.

In the process of optimization of the reaction condi-
tions, we explored the use of different solvents and different
temperatures (Table 2).

From Table 2 it is evident that toluene is the best solvent
in terms of both yield and ee. A significant increase in ee
was observed by decreasing the reaction temperature. The
solvent toluene and a temperature of �30 �C resulted in
optimum enantioselectivity. When the reaction was con-
ducted with 0.050 g of catalyst, the aldol product was
obtained in low yield in a longer reaction time, but no
change in ee was observed (Table 2, entry 7).

Cordova et al. reported that a-amino acids, b-amino
acids, and chiral amines containing a primary amine func-
tionality catalyze the direct asymmetric intermolecular
aldol reaction with high enantioselectivities.34 To evaluate
the importance of our catalytic system, we carried out the
aldol reaction with (1S,2S)-(�)-1,2-diphenylethylene-
diamine (20 mol %), 1 mmol of 2a, and 1 mL of 1 in the
absence of nano-CuO at room temperature. The aldol
adduct (3a) was formed in 20% yield and the ee was 0%.
When the reaction was conducted in the absence of both
talyzed by nano-CuO at room temperaturea

Time (h) Yieldb (%) eec (%)

6 92 (S)d 18
6 92, 38e (R)d 25, 4e

6 90 0
6 90 4
6 88 0
6 88 0
6 92 0
6 92 5

24 Trace 0
24 Trace 0
24 No reaction —
24 No reaction —

) 36 No reaction —
36 No reaction —

ry toluene (3 mL), ligand (0.02 mmol).

lpak AS-H).
c rotations relative to the literature values.



Table 2
The effect of solvent and temperature on the asymmetric aldol reaction
between 1 and 2a catalyzed by nano-CuO in the presence of (1S,2S)-(�)-
1,2-diphenylethylenediamine as chiral liganda

Entry Solvent Temp (�C) Time (h) Yieldb (%) eec

1 THF 25 6 62 5
2 DMSO 25 6 60 0
3 CHCl3 25 6 5 0
4 Acetone 25 6 80 0
5 Acetone �30 24 65 0
6 Toluene 25 6 92 25
7 Toluene 0 6 85 38
8 Toluene �30 24 80 72
9d Toluene �30 48 55 72

a Reaction conditions: 2a (1.0 mmol), 1 (13.7 mmol), (1S,2S)-(�)-1,2-
diphenylethylenediamine (0.02 mmol), nano-CuO(0.150 g), solvent
(3 mL).

b Isolated yields.
c The % ee was determined by HPLC analysis using a chiral column

(Chiralpak AS-H).
d Using nano-CuO (0.050 g).
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the catalyst and the chiral auxiliary, no product was
obtained even after a long reaction time. Nano-CuO was
tested in the direct asymmetric aldol reaction of various
substituted aromatic and heteroaromatic aldehydes
(Table 3).

The nano-CuO catalyst could be reused for four cycles
without loss of activity and selectivity. No reaction
occurred when the reaction was conducted with the filtrate
obtained after removal of the solid catalyst. This supported
the observation that the active catalyst species did not leach
from the solid catalyst. The absence of copper in the filtrate
was also confirmed by AAS studies. The X-ray powder dif-
Table 3
Direct asymmetric aldol reaction of aromatic aldehydes and acetone with
nano-CuOa
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Entry Ar Product Time (h) Yieldb (%) eec (%)

1 (2a) 4-NO2-C6H4 3a 24 80, 75d 72, 70d

2 (2b) 4-Cl-C6H4 3b 24 75 66
3 (2c) 4-Br-C6H4 3c 24 78 70
4 (2d) 4-CN-C6H4 3d 24 70 64
5 (2e) 4-F-C6H4 3e 24 80 66
6 (2f) 2-NO2-C6H4 3f 24 70 64
7 (2g) 3-NO2-C6H4 3g 24 70 34
8 (2h) C6H5 3h 24 60 66
9 (2i) 4-CH3-C6H4 3i 36 50 62

10 (2j) 2-Pyridyl 3j 36 70 28
11 (2k) 2-Naphthyl 3k 24 80 75

a All reactions were performed on 1 mmol of substrate in 1 mL
(13.7 mmol) of acetone using 150 mg of nano-CuO in dry toluene (3 mL).

b Isolated yields.
c The % ee was determined by HPLC analysis using a chiral column

(Chiralpak AS-H, OJ-H).
d Fourth cycle.
fraction patterns of fresh and used nano-CuO did not differ
in the range 2h = 0–80�, which confirmed the fact that the
structure and morphology of the catalyst remained the
same during the course of the reaction.

In conclusion, nano-CuO is an active, reusable catalyst
for the production of chiral b-hydroxy carbonyl com-
pounds through direct asymmetric aldol reaction with
good yields and good to moderate enantioselectivities in
the presence of (1S,2S)-(�)-1,2-diphenylethylenediamine.

A typical procedure: A mixture of 1 (1 mL, 13.7 mmol),
(1S,2S)-(�)-1,2-diphenylethylenediamine (0.02 mmol, 45 mg)
and a catalyst (150 mg) was introduced into a 25 mL
round-bottomed flask containing dry toluene (3 mL) at
�30�C and stirred for 30 min under a nitrogen atmosphere.
To the reaction mixture, aldehyde (1 mmol) was added at
that temperature and stirring was continued. After comple-
tion of the reaction (monitored by TLC), the reaction
mixture was centrifuged to separate the catalyst and was
washed several times with ethyl acetate. The combined
organic layers were dried over Na2SO4 and the solvent
was removed under reduced pressure. After purification
by column chromatography on silica gel using 10% ethyl
acetate in petroleum ether, the aldol adduct was obtained.
The (1S,2S)-(�)-1,2-diphenyl ethylenediamine can be
recovered quantitatively with no observable change in
enantiomeric purity from the same chromatographic col-
umn by increasing the proportion of ethyl acetate in the
eluent.
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