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A chiral modified MCM-41-Cu(salen) complex has been prepared and characterized by SEM, powder XRD,
and EDX techniques as well as FT-IR and EPR spectroscopic methods. This new catalytic system was
examined in the asymmetric Henry reaction between various aldehydes and nitromethane at room tem-
perature. Aromatic, aliphatic, and heterocyclic aldehydes have been converted into the corresponding
nitro alcohols in 60�92% yields with 60�90% ee. Several factors concerning the reactivity and enantiose-
lectivity are also discussed. This catalyst was separated by filtration and reused several times without a
significant loss of reactivity or enantioselectivity.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

The importance of chirality in life science and new materials has
been growing rapidly, which makes the manufacturing of chiral
molecules an important topic in the modern fine chemical indus-
try. Asymmetric synthesis, under certain conditions, allows the
production of enantiomerically pure compounds, which have a
wide range of applications in the chemical industry.1 There is also
increasing interest in developing catalytic asymmetric C–C bond
forming processes.2 The nitroaldol (Henry) reaction is a valuable
and atom economic C–C bond-formation reaction between a nitro-
alkane and a carbonyl compound to furnish a 1,2-nitro alcohol.3

Since the nitro group can be easily transformed into an amino
group as well as into carbonyl or carboxylic compounds via a Nef
reaction, the asymmetric Henry reaction has attracted much atten-
tion. Shibasaki et al. reported the first asymmetric nitroaldol reac-
tion catalyzed by a BINOL derived heterometallic complex.4 Since
then, much effort has been devoted to this area because the facile
reduction of the enantioenriched 1,2-nitro alcohols readily pro-
vides chiral 1,2-amino alcohols, which are ubiquitous segments
in natural products, pharmaceuticals, synthetic intermediates,
and chiral ligands.5 A highly enantioselective nitroaldol reaction
using nitromethane as a nucleophile has been achieved via organ-
ocatalysis6 and biocatalysis.7 Various chiral catalysts involving Zn,
Cu, Co, Mg, and Cr metal ions have also been studied.8

Heterobimetallic lanthanoid catalysis has stimulated the suc-
cessful development of various types of asymmetric catalysts.
Amongst them, the Cu-catalyzed Henry reaction performed at
ll rights reserved.
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room temperature has received much attention in recent years. A
highly syn-selective nitroaldol reaction of nitroethane with both
aromatic and aliphatic aldehydes catalyzed by a Cu(II)–bisimidaz-
oline system has been reported by Lan et al.9 N,N0-Bis(isobor-
nyl)ethylenediamine–copper complex has been found to be an
efficient catalyst in the enantioselective Henry reaction between
nitromethane and various aldehydes.10 A unique chiral skeleton
based on bis(sulfonamide)–diamine-copper and amino-functional-
ized sulfonimidamide-copper systems has been employed in
Henry reactions.11 Although the Cu-catalyzed nitroaldol reaction
is one of the most explored due to its low cost, non-toxic nature,
and high catalytic activity under homogeneous reaction condi-
tions, the separation and recycling of the catalyst still remains a
serious issue under these conditions. As chiral catalysts are very
expensive, their recyclability is an important aspect from an eco-
nomical and industrial point of view.

Supported metal complexes have continuously attracted
increasing interest because of the advantages that they offer with
respect to their soluble counterparts.12 Some of these advantages
are their robustness, increased air and moisture stability, ease of
separation, and the potential recyclability, when used as heteroge-
neous catalysts. Ordered mesoporous materials are very attractive
as solid catalysts for fine chemicals synthesis that involve bulky
reactants and products due to their large pore openings and high
surface areas.13 As a support, MCM 41 silicas have been widely
used since the performance of this material in catalysis is directly
related to a structure possessing hexagonally packed arrays of one
dimensional cylindrical pores, with pore diameters ranging be-
tween 20 and 100 Å, large surface areas of upto 1500 m2 g�1 and
pore volumes up to 1.3 cm3 g�1. These properties of the MCM 41
support ensure the easy accessibility of the reactants to the active
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Figure 1. Powder XRD patterns of (a) MCM-41, (b) 1a and (c) 1b.
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sites, and the functionalization of the bulky catalytic sites within
the pores.

Abdi et al. reported14 a chiral BINOL ligand covalently anchored
on silica and mesoporous MCM-41 catalytic system for a Henry
reaction. Khan et al. have reported the synthesis of copper com-
plexes of (S)-amino alcohol-supported silica as chiral stationary
phase and chiral ligand exchange stationary phase for the chro-
matographic separation of racemic compounds.15 Mayani et al.
successfully used a chiral copper complex supported on SBA-15
and MCF silicas for asymmetric nitroaldol reactions in the presence
of chiral imine as an additive.16

While there are many studies on the asymmetric nitroaldol
reactions under homogeneous conditions, only a limited number
of recyclable homogeneous and heterogeneous catalysts have been
reported. Furthermore, while several salen based metal complexes
have been used for asymmetric organic transformations,2b no work
has been reported using the MCM-41 supported copper salen com-
plex for asymmetric Henry reactions.

2. Results and discussion

The surface modification of compounds 1a and 1b (Scheme 1)
were characterized by powder X-ray diffraction. The X-ray diffrac-
tion pattern for MCM-41 given in Figure 1a shows the presence of
the four reflection peaks corresponding to 1 0 0, 1 1 0, 2 0 0 and
2 1 0 typically reported for MCM-41, which confirms the presence
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included MCM-41 modified salen ligand does not show any appre-
ciable differences in the spectrum, except for a change in the in-
creased d001 plane, which signifies the conservation of the
mesoporous texture during the immobilization process. The pres-
ence of copper was also confirmed by the EDX spectrum (Fig. 2).
Therefore, it can be concluded that the formation of the modified
salen based copper catalyst takes place preferentially inside the
pore system of the MCM-41.

Scanning electron microscopic images of MCM-41, modified
salen moieties 1a and 1b and catalyst 1c are shown in Fig. 3a–d.
The particle sizes of 1a and 1b are different; the modified compos-
ite shows agglomerate particle. The effect was clearly seen in the
SEM images. MCM-41-Cu(salen) shows a smaller particle size
due to the complex formation between copper and 1b. The ligands
fitted perfectly with the pores resulting in no significant changes in
the surface morphology. However, when copper was added, the li-
gands were thrown out from the inner core of the MCM-41 microp-
ores and reorientate both within and outside the MCM-41. Such a
complex further aggregated/agglomerated into smaller size clus-
ters on the entire MCM-41. This ‘house of cards’ arrangement con-
firms the smaller particles in comparison to its precursor.

The FT-IR spectra of modified amine functionalized MCM-41
showed the characteristic bands at 1082 cm�1 of Si–O–Si and
3436 cm�1 of Si–OH bond (Fig. 4a). The salen anchored moiety
shows characteristic peaks at 3300 cm�1 for –NH2, and 1650 for
CH@N, which suggest the successful anchoring of the salen moiety
on MCM-41 (Fig. 4b). The characteristic band for the azomethane
group of copper(II) complex moiety appears at ca. 1629 cm�1 in
the IR spectrum of Cu-MCM-41 (Fig. 4c). The IR band of free CH@N
group appears at 1650 cm�1 while in Cu-MCM-41 this band is
shifted to a lower frequency, thus indicating the coordination of
the azomethane nitrogen with copper.

The X-band EPR spectrum of the copper complex was recorded
in acetonitrile solution. The representative EPR spectrum of Cu(II)
complex is given in Figure 5. The EPR spectrum of the copper
Figure 2. EDX pattern
complex in solution exhibits a set of four well resolved peaks in
the high field region. The ‘g’ tensor values of the copper(II) com-
plexes can be used to derive the ground state. The observed ‘g’ val-
ues (gk ¼ 2:2522; g? ¼ 2:0751) suggest that the unpaired electron
lies predominantly in the dx2�y2 orbital. The observed a2 (0.7678)
value indicates a good degree of metal–ligand covalency.18

To test the catalytic efficiency of the present catalyst, benzalde-
hyde was chosen as a test substrate to determine the best condi-
tions for the nitroaldol reaction. The reactivity and enantiose
lectivity of the nitroaldol reaction is strongly dependent upon the
nature of the solvent used. Therefore, a catalytic enantioselective
Henry reaction was conducted in different solvents, such as tolu-
ene, 1,2-dichloroethane, THF, CH3CN, ethanol, and methanol, with
catalyst 1c under identical reaction conditions. As can be seen in
Table 1, C2H5OH was the most appropriate solvent (Table 1, entries
1–6). CH3OH also acts as a good solvent for this system with a
slightly longer reaction time (Table 1, entry 5). CH3CN and THF
gave moderate yields and ee (Table 1, entries 3 and 4). The use
of toluene and CH2Cl2 afforded low yield of nitroalcohols with
longer reaction time.

Temperature also plays an important role in the yield and ee of
the reaction. When we conducted the nitroaldol reaction of benz-
aldehyde as the model substrate at rt and �40 �C, there was a de-
crease in the yield (92% and 76%) (Table 2; entries 1 and 6) and no
significant change in the ee values.11b,16

Since the Henry reaction is considered to employ basicity to
generate the nitronate, a base was added to the reaction system
in order to increase the reactivity of the catalyst. A series of bases
were tested in a model reaction between nitromethane and benz-
aldehyde in the presence of catalyst 1c. The results are summa-
rized in Table 3. As expected, the reactivity of the catalyst and
the yield of the nitroaldol products were significantly changed
when a series of bases were added. Amongst the screened bases,
morpholine gave excellent results (Table 3, entry 4). Bulky amines,
such as Et3N, DMAP, 2,6-DAP gave the nitroaldol adduct in
of pattern of 1c.



Figure 3. SEM images of (a) MCM-41, (b) 1a, (c) 1b and (d) 1c.

Figure 4a. IR spectrum of amino functionalized MCM-41.
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moderate to good yields with moderate enantioselectivities (Ta-
ble 3, entries 1–3). 4-Methylpyrimidine and N-methylmorpholine
exhibited less reactivity with a longer reaction time (Table 3, en-
tries 5 and 6). When pyridine was employed, the enantioselectivity
and yield decreased (Table 3, entry 7).
To determine the efficiency of supported copper salen complexes,
we carried out Henry reactions of benzaldehyde in the presence of
morpholine as an additive under identical reaction conditions and
the results are summarized in Table 4. It is evident that the copper
supported catalyst performed well in terms of yield and ee.



Figure 4b. IR spectrum of 1b.

Figure 4c. IR spectrum of 1c.
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Figure 5. EPR spectrum of 1c.

Table 1
Henry reaction of benzaldehyde under various solvent reaction conditions

H

O
Catalyst, solvent

CH3NO2

NO2

OH

Entry Catalyst loading (mol %) Solvent Time (h) Yield ee (%)

1 10 CH2Cl2 36 70 65
2 10 Toluene 42 73 60
3 10 CH3CN 18 86 71
4 10 THF 16 91 74
5 10 CH3OH 12 90 85
6 10 C2H5OH 8 92 90

Table 3
Effect of bases on Henry reaction at rta

Entry Baseb Solvent Time (h) Yieldc ee (%)

1 Et3N C2H5OH 13 85 80
2 DMAP C2H5OH 15 82 80
3 2,6-DAP C2H5OH 22 80 83
4 Morpholine C2H5OH 8 92 90
5 4-Methylpyrimidine C2H5OH 28 80 79
6 N-Methylmorpholine C2H5OH 36 78 77
7 Pyridine C2H5OH 18 75 65

a Reagents and conditions. 1.0 mmol of benzaldehyde.
b 10 mol % of base.
c Isolated yield.

Table 2
Effect of temperature on the Henry reaction

Entry Temp (�C) Solvent Time (h) Yield ee (%)

1 rt C2H5OH 8 92 90
2 0 C2H5OH 13 84 85
3 �10 C2H5OH 15 84 88
4 �20 C2H5OH 22 80 90
5 �30 C2H5OH 28 80 88
6 �40 C2H5OH 36 76 85

Table 4
Nitroaldol reaction of benzaldehyde with various supported MCM-41 complexes

Catalyst Mol % Time (h) Yield (%) ee (%)

Cu-MCM-41 10 8 92 90
VO-MCM-41 10 72 45 30
Co-MCM-41 10 40 20 —
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To determine the effect of the catalytic loading on the yield, we
performed the reaction with 3–15 mol % of catalyst 1c in C2H5OH.
For 10–15 mol % catalytic loading, the reactions took place with
less reaction time and with high yields (Table 5, entries 1 and 2).
Further reduction in the amount of catalyst from 10 to 5 mol %
gave 85% yield in 16 h (Table 5, entry 3). For less than 5 mol % of
catalytic loading, longer reaction times were required (Table 5, en-
tries 4 and 5). Based on the above observations, the reaction condi-
tions of entry 2 were chosen for the asymmetric nitroaldol reaction
of aldehydes at room temperature.

Given the aforementioned optimal results (Table 5, entry 2), the
copper complex was used in the asymmetric addition of nitro-
methane to a variety of other aldehydes (Table 6). It was found that
the present system worked well for various aromatic aldehydes,
regardless of the substituents on the aromatic ring, that is, either
the electron-withdrawing or donating group (Table 6, entries 1–
11). The o- or m-position of the substituents on the phenyl ring
had a limited effect on the yield and ee (entries 3–4 and 5–6). Bulk-
ier aldehydes such as 1-napthaldehyde and 2-naphthaldehyde,
could also give the corresponding adducts with good yield and ee
(entries 12 and 13). A compromised yield and ee was obtained
for cinnamaldehyde (entry 14). Heterocyclic aldehydes, furfuralde-
hye, and thiophenealdehdye, were found to be good substrates
affording adducts with decent ee (entries 15 and 16).

Moderate conversions (60–89%) and ee (60–70%) were obtained
when the Henry reaction was carried out with cyclic and straight
chain aliphatic aldehydes (entries 17–20). The reaction appears
to be catalyzed by a double activation process, which occurs via
the catalysis of both chiral Lewis acid and achiral base.8s,u,10 The
supported Cu(salen) complex functions as a weak Lewis acid to
activate the aldehyde oxygen while morpholine acts as a base for
the activation of nitromethane (Scheme 2).

To access the recyclability of the supported Cu(salen) catalyst, the
catalytic runs for the Henry reaction of benzaldehyde were taken as
representative substrates by adding fresh reactants. From the data
in Table 7, it is evident that the catalyst worked well for up to three
cycles with only a small decrease in reactivity and enantioselectivity.
With this limited success in recycling the supported catalyst, we
hoped the insoluble supports would provide a more robust environ-
ment for the salen framework. The recovery of the catalyst was easily
accomplished by filtration of the reaction mixture.

3. Conclusions

The MCM-41 supported Cu(salen) complex was able to promote
a highly enantioselective Henry reaction between nitromethane
and a wide range of aromatic and aliphatic aldehydes, providing
high yields and excellent enantioselectivities. The effectiveness of
this catalyst system and the simplicity of the reaction procedure
make our catalyst widely applicable. The nitroaldol reaction takes
place under relatively mild conditions in terms of temperature and
reaction time. Further investigations to clarify the reaction mecha-
nism and efforts to extend the use of the present catalytic system
to other organic transformations are currently in progress.
4. Experimental

4.1. Materials and characterization

All chemicals were purchased from Sigma–Aldrich. 1H and 13C
NMR were taken utilizing a Varian Jemini 2000 (300 MHz) or a



Table 5
Effect of catalytic loading of Cu-MCM-41 supported catalysta

Entry Catalyst loading (mol %) Additive Solvent Temp Time (h) Yieldb ee (%)

1 15 Morpholine C2H5OH rt 8 96 88
2 10 Morpholine C2H5OH rt 8 92 90
3 5 Morpholine C2H5OH rt 16 85 83
4 3 Morpholine C2H5OH rt 38 78 84
5 2 Morpholine C2H5OH rt 42 77 77

a Reagent and condition. 1.0 mmol of benzaldehyde.
b Isolated yield.
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Varian Unity Inova 400 (400 MHz) or a Bruker Avance 400 NMR
spectrometer. Enantiomeric excess was determined by chiral HPLC
column (DAICEL CHIRALCEL OJ-H, DAICEL CHIRALCEL OD-H and
DAICEL CHIRALCEL OB-H). Analytical high performance liquid
chromatography (HPLC) was performed on Gilson 305 series HPLC
using the indicated chiral column. All data were in accordance with
literature values. Absolute configurations were determined by the
specific rotation. Powder X-ray diffraction (XRD) patterns of the
samples were recorded with SHIMADZU Lab X-XRD600, Cu K Al-
pha, Japan. Scanning electron microscopic (SEM) images were re-
corded using JEOL JSM-6390, Japan. Energy dispersive X-ray
analysis (EDX) was performed on INCApentaFETx3, Oxford Instru-
ments, England.
4.1.1. Synthesis of metal immobilized chiral compounds
Chiral salen metal complexes immobilized on MCM-41 were

prepared according to Scheme 1. 3-Aminopropylsilyl-functional-
ised MCM-41, and the chiral half units of salen immobilized on
MCM-41 1a and 1b were prepared by reported procedure.19 The
metal catalyst was prepared by an ethanolic solution of 1.0 equiv
chiral unit of salen immobilized on MCM-41 1b and 1.0 equiv of
metal acetate in an inert atmosphere for 8 h. The resulting mixture
was filtered and washed several times with methylene chloride
and methanol.
4.2. General procedure for the enantioselective Henry reaction

A mixture of MCM-41-Cu(salen) complex (10 mol %) and mor-
pholine (10 mol %) were suspended in absolute ethanol (3 ml).
The aldehyde (1 mmol) was added and the reaction mixture was
stirred at rt until the reaction was complete (disappearance of sub-
strate by TLC). After evaporation of the solvent, the residue was
purified by column chromatography on silica gel (10–15% EtOAc–
hexane) to afford the nitroaldol product. The nitroalcohols thus
obtained were identified by 1H and 13C NMR data, which are con-
sistent with the structure.
4.2.1. 1-Phenyl-2-nitroethanol (Table 6, entry 1)
1H NMR (CDCl3) d 3.1 (br, 1H) 4.40–4.50 (m, 2H), 5.35 (dd,

J = 6.0, 3.0 Hz, 1H), 7.31–7.40 (m, 5H). 13C NMR (CDCl3) d 71.1,
81.3, 126.2, 129.1, 129.3, 138.3. ½a�24

D ¼ �15:08 (c 1.18, CH2Cl2)
90% ee. HRMS(MC) calcd for C8H9NO3: 167.0583.1079; found:
167.0577. HPLC (DAICEL CHIRALCEL OD-H, iPrOH/hexane = 2/98,
flow = 0.8 mL/min) 22.1 and 21.3 min.
4.2.2. 1-(4-Methylphenyl)-2-nitroethanol (Table 6, entry 2)
1H NMR (CDCl3) d 2.31 (s, 3H), 2.81 (br, 1H), 4.43–4.46 (m, 2H),

5.31 (dd, J = 9.0, 3.0 Hz, 1H), 7.12–7.26 (m, 4H) . 13C NMR (CDCl3) d
21.0, 69.8, 83.2, 126.0, 127.1, 131.2, 139.2 ½a�24

D ¼ �16:4 (c 1.78,
CH2Cl2) 80% ee. HRMS (MC) calcd for C9H11NO3: 182.0817; found:
182.0825. HPLC (DAICEL CHIRALCEL OD-H, iPrOH/hexane = 2/9,
flow = 0.8 mL/min) 19.1 and 18.3 min.
4.2.3. 1-(4-Methoxyphenyl)-2-nitroethanol (Table 6, entry 3)
1H NMR (CDCl3) d 3.10 (br, 1H), 3.80 (s, 3H), 4.42–4.62 (m, 2H),

5.36 (dd, J = 9.0, 3.0 Hz, 1H), 6.92 (d, J = 8.6 Hz, 2H), 7.35 (d,
J = 8.6 Hz, 2H). 13C NMR (CDCl3) d 55.0, 69.7, 81.0, 114.0, 127.6,
130.7, 160.5. ½a�24

D ¼ �22:4 (c 1.78, CH2Cl2) 82% ee. HRMS (MC)
calcd for C9H11NO4: 198.0766; found: 198.0773. HPLC (DAICEL
CHIRALCEL OB-H, iPrOH/hexane = 2/9, flow = 0.8 mL/min) 25.6
and 25.0 min.

4.2.4. 1-(3-Methoxyphenyl)-2-nitroethanol (Table 6, entry 4)
1H NMR (CDCl3) d 3.02 (br, 1H), 3.71 (s, 3H), 4.31–4.48 (m, 2H),

5.21 (dd, J = 9.5, 3.0 Hz, 1H), 6.70–6.90 (m, 2H), 7.26–7.31 (m, 2H).
13C NMR (CDCl3) d 53.2, 69.8, 80.3, 95.2, 110.2, 112.3, 118.1, 129.7,
139.2, 159.0. ½a�24

D ¼ �27:4 (c 1.78, CH2Cl2) 85% ee. HRMS (MC)
calcd for C9H11NO4: 198.0773; found: 198.0783. HPLC (DAICEL
CHIRALCEL OD-H, iPrOH/hexane = 2/8, flow = 0.8 mL/min) 19.0
and 18.5 min.

4.2.5. 1-(4-Nitrophenyl)-2-nitroethanol (Table 6, entry 5)
1H NMR (CDCl3) d 3.06 (br, 1H), 4.51–4.68 (m, 2H), 5.63 (br 1H),

7.58 (d, J = 9 Hz, 2H), 8.21 (dd, J = 6.8, 2.0, 2H). 13C NMR (CDCl3) d
69.6, 80.1, 123.8, 126.7, 145.1, 148.0. ½a�24

D ¼ þ37:4 (c 1.78, CH2Cl2)
87% ee. HRMS (MC) calcd for C8H8N2O5: 213.0511; found:
213.0521. HPLC (DAICEL CHIRALCEL OB-H, iPrOH/hexane = 2/8,
flow = 0.8 mL/min) 21.5 and 20.8 min.

4.2.6. 1-(3-Nitrophenyl)-2-nitroethanol (Table 6, entry 6)
1H NMR (CDCl3) d 3.71 (br, 1H), 4.60–4.65 (m, 2H), 5.6 (dd,

J = 9.6, 3.3 Hz, 1H), 7.52–7.80 (m, 2H), 8.11–8.30 (m, 2H). 13C
NMR (CDCl3) d 71.0, 83.8, 122.8, 127.2, 131.0, 137.2, 139.1, 147.5
½a�24

D ¼ �27:4 (c 1.78, CH2Cl2) 89% ee. HRMS (MC) calcd for
C8H8N2O5: 213.0511; found: 213.0524 HPLC (DAICEL CHIRALCEL
OD-H, iPrOH/hexane = 2/8, flow = 0.8 mL/min) 22.7 and 21.5 min.

4.2.7. 1-(4-Chlorophenyl)-2-nitroethanol (Table 6, entry 7)
1H NMR (CDCl3) d 3.01 (br, 1H), 4.43–4.52 (m, 2H), 5.42 (dd,

J = 9.0, 3.0 Hz, 1H), 7.30–7.37 (m, 4H), 13C NMR (CDCl3) d 70.5,
83.0, 129.2, 132.0, 134.6, 140.2 ½a�24

D ¼ �17:4 (c 1.78, CH2Cl2) 90%
ee. HRMS (MC) calcd for C8H8ClNO3: 202.0271; found: 202.0271.
HPLC (DAICEL CHIRALCEL OD-H, iPrOH/hexane = 2/8,
flow = 0.8 mL/min) 18.3 and 6.3 min.

4.2.8. 1-(4-Bromophenyl)-2-nitroethanol (Table 6, entry 8)
1H NMR (CDCl3) d 3.31 (br, 1H), 4.36–4.58 (m, 2H), 5.30 (dd,

J = 9.0, 3.3 Hz, 1H), 7.20–7.33 (m, 4H), ½a�24
D ¼ �27:4 (c 1.78, CH2Cl2)

80% ee. HRMS (MC) calcd for C8H8BrNO3: 245.9766; found:
245.9775. HPLC (DAICEL CHIRALCEL OD-H, iPrOH/hexane = 2/8,
flow = 0.8 mL/min) 19.0 and 11.0 min.

4.2.9. 1-(4-Flourophenyl)-2-nitroethanol (Table 6, entry 9)
1H NMR (CDCl3) d 3.21 (br, 1H), 4.42–4.60 (m, 2H), 5.34 (dd,

J = 9.0, 3.0 Hz, 1H), 7.06–7.12 (m, 2H), 7.38–7.40 (m, 2H). 13C
NMR (CDCl3) d 70.2, 82.1, 117.1, 128.0, 134.0, 161.9, 165.0
½a�24

D ¼ �28:2 (c 1.78, CH2Cl2) 82% ee. HRMS (MC) calcd for



Table 6
Addition of nitromethane to aldehydes catalyzed by MCM-41 supported Cu(salen)
complex

Entry Substrate Time (h) Yielda (%) ee (%)

1

O

H 8 92 90

2

O

H 15 88 80

3

O

H

MeO

12 91 82

4
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H

OMe

11 90 85
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O2N

9 85 87
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10 87 89
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Cl

14 90 90
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O

H
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13 85 80
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O
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F

10 88 82
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10 90 88
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HO

16 87 90

12
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11 85 88

13

O

H 12 83 85

14
CHO

10 81 80

15
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H

O

14 83 82

Table 6 (continued)

Entry Substrate Time (h) Yielda (%) ee (%)

16
S H

O
18 80 80

17 H

O

7 89 70

18
CHO

12 85 69

19 O 15 60 70

20 O 17 63 60

a Isolated yield.

NHC

Si
O

O
O

MCM-41

R
H

O

O
N+

-O

O

N N

OCu

Scheme 2. Transition state involved in the asymmetric nitroaldol reaction.
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C8H8FNO3: 185.0488; found: 185.0475 HPLC (DAICEL CHIRALCEL
OD-H, iPrOH/hexane = 2/8, flow = 0.8 mL/min) 19.1 and 11.1 min.

4.2.10. 1-(4-Cyanophenyl)-2-nitroethanol (Table 6, entry 10)
1H NMR (CDCl3) d 3.20 (br, 1H), 4.51–4.61 (m, 2H), 5.58 (dd,

J = 9.0, 3.0 Hz, 1H), 7.50 (d, J = 8.5 Hz, 2H), 7.70 (d, J = 8.5 Hz, 2H).
13C NMR (CDCl3) d 70.3, 80.9, 112.2, 118.0, 126.3, 131.8, 144.0.
½a�24

D ¼ �33:2 (c 1.78, CH2Cl2) 88% ee; HRMS: calcd for C9H8N2O3:
191.0535, found 191.0545. HPLC (DAICEL CHIRALCEL OD-H,
iPrOH/hexane =2/8, flow = 0.8 mL/min) 38.4 and 29.2 min.

4.2.11. 1-(4-Hydroxyphenyl)-2-nitroethanol (Table 6, entry 11)
1H NMR (CDCl3) d 3.18 (br, 1H), 4.39–4.54 (m, 2H), 5.34 (dd,

J = 9.0, 3.0 Hz, 1H), 7.15 (m, 2H), 7.50 (m, 2H) 13C NMR (CDCl3) d
71.1, 82.9, 117.8, 129.0, 136.4, 155.9 ½a�24

D ¼ �22:2 (c 1.78, CH2Cl2),
90% ee. HRMS (MC) calcd for C8H9NO4: 184.00610; found:
184.0621 HPLC (DAICEL CHIRALCEL OD-H, iPrOH/hexane = 2/8,
flow = 0.8 mL/min) 40.8 and 29.8 min.

4.2.12. 1-(1-Naphthyl)-2-nitroethanol (Table 6, entry 12)
1H NMR (CDCl3) d 3.20 (d, J = 4.2 Hz, 1H), 4.46 (d, J = 6.0 Hz, 2H),

6.20 (m, 1H), 7.51 (dd, J = 8. 0 Hz, 8.0 Hz, 1H), 7.34–7.41 (m, 2H),
7.61 (d, J = 7.0 Hz, 1H), 7.71 (d, J = 8.0 Hz, 1H), 7.70 (dd, J = 7.2 Hz,
2.5 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H). 13C NMR (CDCl3) d 68.3, 80.1,
121.3, 123.3, 125.9, 126.1, 127.0, 129.6, 130.2, 134.2
½a�24

D ¼ �26:2 (c 1.78, CH2Cl2) 88% ee; HRMS: calcd for
C12H11NO3: 217.0739, found 217.0728. HPLC (DAICEL CHIRALCEL
OD-H, iPrOH/hexane = 2/8, flow = 0.8 mL/min) 20.2 and 13.7 min.



Table 7
Studies on the recyclability of the supported catalyst at rt

Catalyst Run Time (h) Yielda (%) ee (%)

Cu-MCM-41 1 8 90 92
2 8 90 90
3 9 88 87
4 14 88 85
5 15 85 85

a Isolated yield.
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4.2.13. 1-Nitro-4-phenyl-but-3-en-2-ol (Table 6, entry 14)
1H NMR (CDCl3) d 3.01 (br, 1H), 4.50 (d, J = 7 Hz, 2H), 5.12 (m,

1H), 6.20 (dd, J = 14. 0, 7.0 Hz, 8.0 Hz, 1H), 6.85 (d, J = 14. 0 Hz,
1H), 7.21–7.42 (m, 5H) 13C NMR (CDCl3) d 135.1, 133.2, 128.2,
127.8, 126.0, 124.3, 80.1, 69.1 ½a�24

D ¼ �22:2 (c 1.78, CH2Cl2) 90%
ee. HRMS (MC) calcd for C10H11NO3: 194.0817; found: 194.0821.
HPLC (DAICEL CHIRALCEL OD-H, iPrOH/hexane = 2/8, flow 0.8 mL/
min) 16.3 and 12.3 min.

4.2.14. 1-(Furan-2yl)-2-nitroethanol (Table 6, entry 15)
1H NMR (CDCl3) d 2.99 (br, 1H), 4.61–4.81 (m, 2H), 5.47 (dd,

J = 9.0, 3.0 Hz, 1H), 6.31–6.41 (m, 2H), 7.41 (d, J = 8.0 Hz, 1H). 13C
NMR (CDCl3) d 150.1, 143.0, 110.0, 108.1, 78.2, 64.8 ½a�24

D ¼ �26:2
(c 1.78, CH2Cl2) 90% ee. HRMS calcd for C6H7NO4: 157.0375; found:
157.0369; HPLC (DAICEL CHIRALCEL OB-H, iPrOH/hexane = 2/8,
flow 0.9 mL/min) 36.5 and 36.9 min.

4.2.15. 1-Cyclohexyl-2-nitroethanol (Table 6, entry 17)
1H NMR (CDCl3, 200 MHz): d = 0.22 (s, 9H), 1.88 (s, 3H), 6.35–

6.40 (m, 1H), 6.47–6.50(m, 1H), 7.41–7.43 (m, 1H). 13C NMR
(CDCl3): d = 0.49, 28.37, 65.89, 108.14, 110.68, 120.23, 143.09,
151.63. HRMS: calcd for C8H15NO3: 173.1052, found 173.1060;
HPLC (DAICEL CHIRALCEL OB-H, iPrOH/hexane = 2/8, flow
0.98 mL/min) 31.0 and 31.8 min.

4.2.16. 3,3-Dimethyl-1-nitrobutan-2-ol (Table 6, entry 18)
1H NMR (CDCl3, 200 MHz): d = 1.01 (9H, s); 2.41 (1H, d,

J = 4.5 Hz); 4.10–4.15 (1H, m); 4.31–4.55 (2H, m). ½a�24
D ¼ �28:1 (c

1.78, CH2Cl2) 69% ee. HRMS: calcd for C6H13NO3: 147.0895, found
147.0887; HPLC (DAICEL CHIRALCEL OB-H, iPrOH/hexane = 2/8,
flow 0.9 mL/min) 25.5 and 26.3 min.

4.2.17. 1-Nitro-2-heptanol (Table 6, entry 19)
1H NMR (CDCl3, 200 MHz): d = 0.85 (t, J = 7.0 Hz, 3H), 1.30–1.43

(m, 5H), 1.39–1.51 (m, 3H), 2.80 (d, J = 5.0 Hz, 1H), 4.24–4.28 (m,
1H), 4.39 (dd, J = 13.0, 8.0 Hz, 1H), 4.32 (dd, J = 13.0, 3.0 Hz, 1H),
13C NMR (CDCl3) d = 14.6, 23.1, 24.9, 31.1, 35.3, 68.1, 80.5.
½a�24

D ¼ �28:2 (c 1.78, CH2Cl2) 70% ee. HRMS: calcd for C7H15NO3:
161.1052; found 161.1040. HPLC (DAICEL CHIRALCEL OB-H,
iPrOH/hexane = 2/8, flow 0.9 mL/min) 33.7 and 28.2 min.
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