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Large-pore mesoporous ethane-silicas functionalized withtrans-(1R,2R)-diaminocyclohexane were
synthesized in an acidic medium by one-step co-condensation of 1,2-bis(trimethoxysilyl)ethane and
N-[(trimethoxysilyl)benzyl]-(-)-(1R,2R)-diaminocyclohexane using triblock copolymer P123 as template.
The postmodification oftrans-(1R,2R)-diaminocyclohexane in the pore of the mesoporous ethane-silicas
was further demonstrated by reaction withp-toluenesulfonyl chloride. The modified material (complexed
with [RhCp*Cl2]2) exhibits much higher conversion and ee [53% conversion with 68% ee (R)] than the
original material [18% conversion with 38% ee (S)] for the asymmetric transfer hydrogenation of
acetophenone under air atmosphere in HCOONa-H2O. Various aromatic ketones can be converted to
the corresponding chiral alcohol with moderate to good enantioselectivities [18-81% ee (R)]. The co-
condensation method associated with the postmodification method is one of the alternatives for the synthesis
of mesoporous materials containing new functionalities.

1. Introduction

Mesoporous silicas functionalized with organic moiety are
attractive in the fields of catalysis, adsorption, separation,
drug delivery, and so on.1-3 In general, introducing organic
moiety into mesoporous materials can be achieved either by
a grafting (a postsynthesis method) or a co-condensation
method (a direct synthesis method).4 The grafting method,
which has been popularly used for introducing organic groups
into the mesoporous silicas, would likely graft organic groups
mainly on the external surface of the mesoporous particles
or near the pore mouth because of the mass transfer.
Compared with grafting techniques, the co-condensation
method would likely result in mesoporous materials with a
more uniform distribution of organic groups and a higher
loading of organic groups without closing the mesopores.
However, the direct synthesis method will often meet the
challenge that is how to keep the highly ordered mesostruc-
ture of materials and incorporate enough organic function-
alized group (especially large organic group) simultaneously.
One of the alternatives for obtaining ordered mesoporous
material with large functional group is the postmodification
of the functionalized mesoporous materials through further
chemical reaction. The postmodification method can avoid
the tedious process for the design and synthesis of new
organosilane precursors and reduce the difficulty in the

synthesis of highly ordered mesoporous material containing
large functional group.

Recently, the periodic mesoporous organosilicas (PMOs)
with organic groups bridged in the framework have been
reported.4,5 More interestingly, the chiral moiety was incor-
porated into the framework of MCM-41 type mesoporous
silicas by co-condensation method under basic medium using
cationic surfactants.6-9 The pore diameter of the above
materials is usually<4 nm, which limits their application
in the heterogeneous catalysis involving large substrates.
Analogous materials with large pore size and thick pore wall,
such as SBA-15 type materials, are desirable and interest-
ing.10 There has been no report, until now, about the synthesis
of large-pore mesoporous materials functionalized with chiral
moieties by co-condensation method under acidic conditions.

trans-(1,2)-Diaminocyclohexane (DACH) and its deriva-
tives are among the most often used chiral ligands.11

Recently, our group reported the synthesis and catalytic
properties of MCM-41 type mesoporous ethane-silicas with
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DACH in the pore.12 It is interesting that the presence of
ethane group in the framework enhances the catalytic activity
of the resulting catalysts compared to the pure mesoporous
silica counterparts in the asymmetric transfer hydrogenation
(ATH) of acetophenone. However, only moderate ee value
(19-23%) was obtained because of the inherent low chiral
inductivity of DACH. Very recently, Xiao and co-workers
reported that, DACH derivative, (1R,2R)-N-(p-toluenesulfo-
nyl)-1,2-cyclohexanediamine-Rh, is an efficient catalyst in
the ATH of aromatic ketones by HCOONa in water under
air atmosphere.13 Their studies illustrate a possibility that
the chiral inductivity of DACH protruding into the pore of
the mesoporous materials could also be enhanced by further
chemical modification. The chiral solids with high chiral
inductivity are interesting because of their potential applica-
tion in asymmetric catalysis and chiral separation.

In this paper, we synthesized large-pore mesoporous
ethane-silicas functionalized with DACH by co-condensation
method under an acidic medium using P123 as surfactant
for the first time. The ethane moiety bridging in the
framework may enhance the catalytic activity of the resulting
catalysts for the ATH of acetophenone. The DACH protrud-
ing in the mesopore was further modified through reaction
with p-toluenesulfonyl chloride. The chiral inductivity of the
modified mesoporous material is greatly enhanced in the
ATH of acetophenone using HCOONa-H2O under air
atmosphere.

2. Experimental Section

2.1. Chemicals.The solvents are of analytical quality and dried
by standard methods. Other materials are analytical grade and used
as purchased without further purification. Triblock PEO-PPO-
PEO copolymer P123 [HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2-
CH2O)20H] and 1,2-bis(trimethoxysilyl)ethane (BTME) were pur-
chased from Sigma-Aldrich Company Ltd. 4-(Chloromethyl)phenyltri-
methoxysilane was purchased from Gelest Inc.trans-(1R,2R)-
Diaminocyclohexane was obtained by resolution of a commercially
available mixture ofcis- and trans-diaminocyclohexane (30/70)
according to the literature.14 N-[4-(trimethoxysilyl)benzyl]-(-)-
(1R,2R)-diaminocyclohexane (Mbenzyl) was prepared according to
ref 9. Dichloro(pentamethylcyclopentadienyl)rhodium(III) dimmer
([RhCp*Cl2]2) and chloro(1,3-cyclooctadiene)rhodium(I) dimmer
([Rh(cod)Cl]2) were purchased from Strem.

2.2. Synthetic Procedures.2.2.1. Synthesis of Mesoporous
Organosilicas with trans-(1R,2R)-Diaminocyclohexane in the Chan-
nel (SBAbenzyl-n-N). For a typical synthesis, P123 (1.1 g) and KCl
(6.98 g) were dissolved in a solution containing HCl (33 g, 2 M)
and H2O (7.5 g) at 40°C under vigorous stirring. A mixture (8.62
mmol) of BTME andMbenzyl was added to the above solution. The
reaction mixture was stirred at 40°C for 24 h and aged at 100°C
under static conditions for 24 h. The solid product was recovered
by filtration. The surfactant was extracted twice by refluxing 1 g
of as-synthesized material in 300 mL of ethanol for 24 h. The
product containing protonatedtrans-(1R,2R)-diaminocyclohexane
(1 g) was stirred in 50 mL of tetramethylammonium hydroxide
methanol solution (0.2 M) for 1 h at room temperature to obtain

the free base. After filtration, the powder product was washed with
copious amounts of water and ethanol and dried under vacuum at
60 °C. The materials were denoted as SBAbenzyl-n-N, while n (n )
0, 10, 20, 30) is the molar percent ofMbenzyl/(Mbenzyl + BTME).

2.2.2. Synthesis of Mesoporous Silicas with trans-(1R,2R)-
Diaminocyclohexane in the Channel (SSBAbenzyl-10-N). For com-
parison, mesoporous silica containingtrans-(1R,2R)-diaminocy-
clohexane (SSBAbenzyl-10-N) was also synthesized. P123 (4 g) and
NaCl (11 g) were dissolved in a solution containing HCl (125 g, 2
M) with stirring at room temperature. After TEOS (7.06 g) was
added, the resultant solution was hydrolyzed at 40°C for 2 h. Then
Mbenzyl (1.22 g) dissolved in EtOH (0.4 g) was slowly added into
the above solution. The resulting mixture was stirred at 40°C for
24 h and then aged at 100°C under static conditions for 24 h. The
solid product was recovered by filtration. The extraction of
surfactant and release of protonatedtrans-(1R,2R)-diaminocyclo-
hexane in the material is similar to those of SBAbenzyl-n-N. The
resulting material was denoted as SSBAbenzyl-10-N, while 10 is the
molar percent ofMbenzyl/(Mbenzyl + TEOS).

2.2.3. Postmodification of SBAbenzyl-30-N and SSBAbenzyl-10-N with
p-Toluenesulfonyl Chloride.In a round-bottomed flask (50 mL)
equipped with a reflux condenser, 0.10 g of SBAbenzyl-30-N or
SSBAbenzyl-10-N was dried at 120°C under vacuum for 4 h. After
it was cooled to room temperature, freshly distilled toluene (10
mL) and Et3N were added under argon atmosphere.p-Toluene-
sulfonyl chloride in freshly distilled toluene (10 mL) was dropwise
added to the above solution (the molar ratio oftrans-(1R,2R)-
diaminocyclohexane:p-toluenesulfonyl chloride:Et3N ) 1:10:10).
The mixture was magnetically stirred for 15 h at 70°C under argon
atmosphere. After filtration, the solid product was thoroughly
washed with dichloromethane and dried under vacuum at 60°C
overnight. The modified samples were denoted as SBAbenzyl-30-
NTs and SSBAbenzyl-10-NTs, respectively. The S and N elemental
analyses show that the molar ratio of S/N in the SBAbenzyl-30-NTs
is about 1:1.

2.2.4. Complexing SBAbenzyl-n-N and SSBAbenzyl-10-N with [Rh-
(cod)Cl]2. [Rh(cod)Cl]2 in 15 mL of dry ethanol was added to a
Schlenk tube containing 0.2 g of SBAbenzyl-n-N or SSBAbenzyl-10-
N. The molar ratio oftrans-(1R,2R)-diaminocyclohexane:[Rh(cod)-
Cl]2 is 1:0.75. After the mixture was stirred for 48 h under argon
atmosphere at room temperature, the yellow powder product was
filtered and washed with freshly distilled THF to eliminate the free
rhodium complex and then dried under vacuum. The catalysts were
denoted as SBAbenzyl-n-NRh (n ) 10, 20, 30) and SSBAbenzyl-10-
NRh, respectively.

2.2.5. Complexing SBAbenzyl-30-N, SBAbenzyl-30-NTs, and SSBA-
benzyl-10-NTs with [RhCp*Cl2] 2. The complexing method was the
same as that of SBAbenzyl-n-NRh, except that [RhCp*Cl2]2 was used
instead of [Rh(cod)Cl]2 and 2 equiv of Et3N was introduced to
eliminate HCl produced during the reaction. The catalysts were
denoted as SBAbenzyl-30-NRhCp, SBAbenzyl-30-NTsRhCp, and SS-
BAbenzyl-10-NTsRhCp.

2.3. Characterization.X-ray powder diffraction (XRD) patterns
were recorded on a Rigaku D/Max 3400 powder diffraction system
using Cu KR radiation (40 kV and 30 mA). Transmission electron
microscopy (TEM) measurements were recorded on a JEM-2010
at an acceleration voltage of 120 kV. Nitrogen sorption isotherms
were measured at 77 K on an ASAP 2000 system in static
measurement mode. The sample was degassed at 373 K prior to
the measurement. Pore diameter was calculated from the adsorption
branch of the isotherm using the Barrett-Joyner-Halenda (BJH)
method. Solid-state13C (100.5 MHz) and29Si (79.4 MHz) CP-
MAS NMR spectra were obtained on a Bruker DRX-400 spec-
trometer with the following experimental parameters: for13C CP-
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MAS NMR experiments, 8 kHz spin rate, 3 s pulse delay, 4 min
contact time, 1000 scans; for29Si CP-MAS NMR experiments, 8
kHz spin rate, 3 s pulse delay, 10 min contact time, 1000 scans.
Tetramethylsilane was used as a reference. N and Rh elemental
analyses were respectively performed on an Elementar Vario EL
III (Germany) and a Plasma-spec-II (Leeman. Labs. U.S.A). Infrared
spectra were recorded on a Thermo Nicolet Nexus 470 FT-IR
spectrometer. Self-supporting wafer was loaded into an IR cell with
CaF2 windows. Before measurement, the wafer was degassed at
150°C for 2 h under vacuum (10-2 Pa). Diffuse reflectance UV-
vis spectra were collected on a JASCO V-550 UV-vis spectro-
photometer using BaSO4 as a reference.

2.4. Catalytic Reaction.2.4.1. Asymmetric Transfer Hydrogena-
tion (ATH) of Acetophenone with Isopropanol as H-Donor.The
ATH of acetophenone was carried out under argon atmosphere.
The catalyst (7.36µmol of Rh) was vacuumed in a flask (50 mL)
for 1 h atroom temperature. The freshly distilled isopropanol (12
mL) andi-PrOK (0.1 mmol) were added. The suspension was stirred
for 1 h atroom temperature and ketone (2 mmol) was added with
a syringe. The reaction mixture was stirred at 83( 2 °C for 3 h
under argon atmosphere. The catalytic activity and enantiomeric
excess were measured on an Agilent 6890 gas chromatograph
equipped with a flame ionization detector and an HP-Chiral
19091G-B213 capillary column (30 m× 0.32 mm× 0.25 µm).

2.4.2. Asymmetric Transfer Hydrogenation (ATH) of Aromatic
Ketones with HCOONa as H-Donor.The reaction was performed
under air atmosphere. The mixture containing catalyst (0.01 mmol
of Rh), HCOONa (5 mmol), ketone (0.5 mmol), and distilled water
(2 mL) was stirred for 10 h at 40°C. After reaction, the products
were extracted with Et2O, dried with MgSO4, and analyzed by an
Agilent 6890 gas chromatograph equipped with a flame ionization
detector and an HP-Chiral 19091G-B213 capillary column (30 m
× 0.32 mm× 0.25 µm).

3. Results and Discussion

3.1. Structural Characterization. XRD patterns of SBA-
benzyl-n-N are presented in Figure 1. The XRD pattern of
SBAbenzyl-0-N (without chiral moiety) exhibits an intensed100

diffraction peak along with three weak diffractions (d110, d200,
d210), showing that the material has highly ordered 2-D
hexagonal mesostructure. SBAbenzyl-n-N (n ) 10, 20, 30)
shows a similar XRD pattern to that of SBAbenzyl-0-N. The
XRD results indicate that the highly ordered mesoporous
ethane-silicas with chiral moiety in the pore could be

synthesized under current synthetic conditions. As the amount
of Mbenzyl in the initial gel mixture increases, thed100

diffraction peak shifts to lower diffraction angle (Table 1).
The expansion of the unit cell withMbenzyl concentration
increasing may be proof of the fact that greater amounts of
chiral moiety were incorporated in the material.

Nitrogen adsorption-desorption isotherms of SBAbenzyl-
n-N (n ) 0, 10, 20, 30) are displayed in Figure 2. SBAbenzyl-
0-N exhibits a type IV sorption isotherm with H1 hysteresis
loop according to IUPAC classification. It is to be noted that
the desorption branch shows a slight tail extending toward
a lower relative pressure ofP/P0 ) 0.44. The sorption
isotherms of SBAbenzyl-n-N (n ) 10, 20, 30) are also of
typical type IV. The substep desorptions atP/P0 of 0.65 and
the broadening of the hysteresis loops were observed for
SBAbenzyl-n-N (n ) 10, 20, 30). The results of N2 sorption
isotherms indicate the formation of plugs in the channel of
SBAbenzyl-n-N (n ) 0, 10 20, 30). This phenomenon is
rationalized based on the fact that an excess silica source
(Si/ P123) 90-77) was added during the synthesis process,
which is in the similar range (Si/P123> 60) for the synthesis
of SBA-15 with plugged mesopore.15 The hysteresis changes
with Mbenzyl concentration increasing can be explained by
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Van Bavel, E.; Janssen, A. H.; Neimark, A. V.; Weckhuysen, B. M.;
Vansant, E. F.J. Phys. Chem. B2002, 106, 5873.

Figure 1. Powder XRD patterns of SBAbenzyl-n-N [n is the molar percent
of Mbenzyl/(Mbenzyl + BTME)] and SBAbenzyl-30-NTs [the material prepared
by postmodification of SBAbenzyl-30-N with p-toluenesulfonyl chloride].

Table 1. Physicochemical Parameters for the Mesoporous Materials
Functionalized with trans-(1R,2R)-Diaminocyclohexane

sample

d100

spacing
(nm)

SBET

(m2/g)

pore
volumea

(cm3/g)

pore
diameterb

(nm)
ao

c

(nm)

wall
thicknessd

(nm)

SBAbenzyl-0-N 10.1 725 0.71 7.5 11.7 4.2
SBAbenzyl-10-N 10.3 647 0.67 7.6 11.9 4.3
SBAbenzyl-20-N 11.0 566 0.64 7.4 12.7 5.3
SBAbenzyl-30-N 11.6 511 0.58 7.5 13.4 5.9
SBAbenzyl-30-NTs 11.6 282 0.42 6.9 13.4 6.5
SSBAbenzyl-10-N 8.2 543 0.67 6.0 9.5 3.5
SSBAbenzyl-10-NTs 8.1 474 0.63 5.6 9.4 3.8

a Total pore volume calculated atP/Po ) 0.99.b Calculated from
adsorption isotherm.c ao is the lattice parameter.ao ) 2d100/x3. d Wall
thickness) ao - pore diameter.

Figure 2. Nitrogen adsorption-desorption isotherms of SBAbenzyl-n-N [n
is the molar percent ofMbenzyl/(Mbenzyl + BTME)] and SBAbenzyl-30-NTs
[the material prepared by postmodification of SBAbenzyl-30-N with p-
toluenesulfonyl chloride].
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the different hydrolysis and condensation rate between
different silane precursors (Mbenzyl and BTME).16,17

The BET surface area and pore volume of SBAbenzyl-n-N
(n ) 0, 10, 20, 30) decrease with increasing the concentration
of Mbenzyl in the initial gel mixture (Table 1). The opposite
tendency was observed for the wall thickness (Table 1). The
increased wall thickness may be due to the fact that greater
amounts of chiral moiety are exposed on the surface of the
pore channel. The pore size distribution of SBAbenzyl-n-N
(n ) 0, 10, 20, 30) indicates the presence of uniform
mesopore (∼7.5 nm) (Figure 3 and Table 1). TEM images
of SBAbenzyl-n-N (n ) 10, 20, 30) further confirm the
hexagonal arrangement of the mesopore throughout the
sample (Figure 4), which is consistent with the results of
XRD and N2 sorption isotherms.

SBAbenzyl-30-NTs, prepared by postmodification of SBA-
benzyl-30-N with p-toluenesulfonyl chloride, exhibits almost
similar XRD pattern to that of SBAbenzyl-30-N (Figure 1),
suggesting that the mesostructure of SBAbenzyl-30-N is robust
enough to survive the rigorous postmodification process. The
N2 sorption isotherm of SBAbenzyl-30-NTs is also of type IV
with a wide H1 hysteresis loop (Figure 2), again demonstrat-
ing that the mesostructure of the material is maintained after
modification. After modification, the decreasing of BET
surface area, pore volume, and pore diameter is also observed
(Table 1). The new chiral moiety, generated after reaction
of trans-(1R,2R)-diaminocyclohexane withp-toluenesulfonyl
chloride, is larger than the original chiral moiety. This can
partly explain the decreasing of pore volume and pore
diameter after modification.

SSBAbenzyl-10-N was synthesized by co-condensation of
TEOS andMbenzyl under acidic conditions. A high intensive
d100 diffraction peak together with two higher angle peaks
of d110 andd200 scatterings is observed in the XRD pattern
of SSBAbenzyl-10-N (Figure 5). The N2 sorption isotherms
further show that SSBAbenzyl-10-N has well-ordered meso-
structure with high BET surface area of 543 m2/g and narrow
pore diameters of 6.0 nm (Table 1 and Figure 5). For
SSBAbenzyl-10-NTs prepared by further postmodification of
SSBAbenzyl-10-N usingp-toluenesulfony chloride, XRD and
N2 sorption isotherms show the material still has well-ordered
mesostructure with BET surface area of 474 m2/g and pore
diameter of 5.6 nm.

3.2. Compositional Analysis.The FT-IR spectrum of
SBAbenzyl-30-N using a self-supporting wafer under vacuum
is presented in Figure 6. The peaks at 1410 and 1271 cm-1

are attributed to the C-H deformation vibration of the
bridged ethane group.18 The band at 1456 cm-1 is the
characteristic C-H deformation vibration of cyclohexane and
phenyl ofMbenzyl. The broad bands at 3358 and 3303 cm-1

are ascribed to the asymmetric and symmetric N-H stretch-
ing vibrations, respectively.19 The N-H scissoring vibration
at 1590 cm-1 is overwhelmed by the CdCaromaticstretching
vibration at 1609 cm-1.19-21 The C-Haromaticstretchings are
also clearly observed at 3073 and 3038 cm-1.22 The disap-
pearance of the C-H bending vibration of P123 at 1377 cm-1

indicates the almost complete removal of the surfactant using
the EtOH extraction method.

The integrity of the organic group in SBAbenzyl-30-N is
further identified by solid-state NMR (Figure 7). The13C
CP-MAS NMR spectrum of SBAbenzyl-30-N displays signals
corresponding to cyclicCH2 in the range of 20.0-30.0
ppm.23 The signals at 53.7 and 57.7 ppm can be assigned to
NCH and NCH2, respectively.23 The existence of phenyl
group is confirmed by the signals at 128.6, 134.9, and 141.4
ppm, among which the peak at 134.9 ppm is attributed to
the carbon inMbenzyl connected to Si.9,24 The sharp signal at
5.4 ppm is ascribed to the ethane moiety bridged in the
mesoporous framework.25 In the 29Si CP MAS NMR
spectrum, three signals at-59.1,- 65.3, and- 80 ppm are
observed. The signals at-59.1 and-65.3 ppm can be
assigned to T2 [SiC(OH)(OSi)2] and T3 [SiC(OSi)3] for Si
species bridged by ethane moiety, respectively. The signal
at -80.4 ppm is T3′ [SiC(OSi)3] for Si species bonded with
the phenyl in the chiral moiety.9 The absence of resonances
assignable to SiO4 species such as Q3 [Si(OH)(OSi)3] and
Q4 [Si(OSi)4] (from -90 to -120 ppm) confirms that the
Si-C bond remains intact during synthesis and surfactant
extraction.

The FT-IR spectrum of SBAbenzyl-30-NTs is similar to that
of SBAbenzyl-30-N (Figure 6). However, the double peaks at
3303 and 3353 cm-1 corresponding to the primary amine of
Mbenzyl disappear. Instead, a weak broad vibration appears
in the range of 3360-3300 cm-1, demonstrating that one H
of the NH2 in Mbenzyl was reacted withp-toluenesulfonyl
chloride during the postmodification process.26 Moreover, a
new peak at 1331 cm-1, ascribed to the OdSdO vibration
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Chem. B2004, 108, 11454.
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Asymm.2004, 15, 495.
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Infra-red Spectroscopy; Butterworths Scientific Publications: London,
1960.

Figure 3. Pore size distributions of SBAbenzyl-n-N calculated from the
adsorption isotherms based BJH method [n is the molar percent ofM benzyl/
(Mbenzyl + BTME)] and SBAbenzyl-30-NTs [the material prepared by
postmodification of SBAbenzyl-30-N with p-toluenesulfonyl chloride].
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of sulfonamide group, is obviously noted due to the intro-
duction ofp-toluenesulfonyl group into SBAbenzyl-30-NTs.26

The content of chiral moiety in the materials was
calculated based on N elemental analysis (Table 2). From
SBAbenzyl-0-NRh to SBAbenzyl-30-NRh, the amount of chiral
moiety is increased from 0 to 0.93 mmol/g, showing that a
higher concentration ofMbenzyl in the initial gel mixture could

result in the material with higher concentration of chiral
moiety. Compared with the theoretical value, we know that
about 43% ofMbenzyl in the initial gel mixture could be
effectively incorporated in the material. The Rh content of
SBAbenzyl-n-NRh increases with the content of the chiral
moiety in the material, indicating that the chiral moieties in
the mesopore are accessible to the guest molecules. However,
the Rh content of SBAbenzyl-n-NRh does not increase linearly
with the amounts of chiral moiety in the material. Rh/chiral
ligand ratio is 53% and 39% for SBAbenzyl-10-NRh and
SBAbenzyl-30-NRh, respectively. The above results show that
some of the chiral moieties may be buried in the mesoporous
framework or crowded in the channel, which could not be
accessed by Rh complex.

3.3. Catalytic Properties of the Mesoporous Organo-
silicas for the Asymmetric Transfer Hydrogenation
(ATH) of Ketones. The coordination of rhodium complex
with trans-(1R,2R)-diaminocyclohexane in the catalysts was
characterized by diffuse-reflectance UV-vis spectroscopy
(Figure 8). SBAbenzyl-30-N shows two sharp peaks in the
range of 200-300 nm originating from the phenyl group
andethanegroup in thematerial. [Rh(cod)Cl]2and[RhCp*Cl2]2

Figure 4. TEM images of SBAbenzyl-n-N [n is the molar percent ofMbenzyl/(Mbenzyl + BTME)]: viewed in the direction perpendicular to the pore axis and
along the direction of the pore axis (inset).

Figure 5. Powder XRD patterns and nitrogen adsorption-desorption
isotherms of SSBAbenzyl-10-N [10 is the molar percent ofMbenzyl/(Mbenzyl

+ TEOS)] and SSBAbenzyl-10-NTs [the material prepared by postmodifi-
cation of SSBAbenzyl-10-N with p-toluenesulfonyl chloride].

Figure 6. FT-IR spectra of SBAbenzyl-30-N and SBAbenzyl-30-NTs [30 is
the molar percent ofMbenzyl/(Mbenzyl + BTME)].

Figure 7. Solid-state13C CP-MAS NMR and29Si CP-MAS NMR spectra
of SBAbenzyl-30-N [30 is the molar percent ofMbenzyl/(Mbenzyl + BTME)].

Table 2. Asymmetric Transfer Hydrogenation of Acetophenone
Using i-PrOH as H-Donor on SBAbenzyl-n-NRh and

SSBAbenzyl-10-NRh

catalyst

chiral
liganda

(mmol/g)
Rh

(mmol/g)
Rh/chiral

ligand conv.b/%
ee/%
(S)

SBAbenzyl-10-NR h 0.30 (0.69) 0.16 53 98 32
SBAbenzyl-20-NR h 0.64 (1.29) 0.19 30 94 33
SBAbenzyl-30-NR h 0.93 (1.78) 0.36 39 98 30
SSBAbenzyl-10-N Rh 0.61 (1.26) 0.41 67 85 33
Mbenzyl:Rhc 93 36

a The quantity of chiral ligand in the solids is calculated from elemental
analyses. The values in the parentheses are the theoretical estimations of
chiral ligand in the solids, which is calculated based on the formula
(O1.5SiCH2CH2SiO1.5)100-n(RSiO1.5)n or (SiO2)100-n(RSiO1.5)n, while R is
the chiral ligand andn ) 10, 20, 30.b [Rh(cod)Cl]2 as metal source.
Conversion is based on acetophenone. Reaction conditions: catalysts (7.36
µmol of Rh),i-PrOH (12 mL),i-PrOK (0.1 mmol), acetophenone (2 mmol),
reaction temperature (83( 2 °C), reaction time (3 h).c Homogeneous
catalyst: Mbenzyl (2.4 mg, 7.36µmol) was in situ coordinated with
[Rh(cod)Cl]2 (1.8 mg, 3.68µmol) in the solvent ofi-PrOH (12 mL) at room
temperature for 1 h. The catalytic reaction was performed under conditions
identical to those of the heterogeneous catalysts.
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exhibit an adsorption maximum at about 450 and 600 nm,
respectively.Aftercomplexingwith[Rh(cod)Cl]2or[RhCp*Cl2]2,
SBAbenzyl-30-NRh or SBAbenzyl-30-NRhCp exhibits a new
peak at about 380 nm, respectively. These findings confirm
that the rhodium complex coordinated withtrans-(1R,2R)-
diaminocyclohexane in the materials.24

The ATH of acetophenone withi-PrOH as H-donor was
carried out on SBAbenzyl-n-NRh (n ) 10, 20, 30) and
SSBAbenzyl-10-NRh. 2-Phenethylalcohol is the only product
detected. All the catalysts are active for this reaction.
SBAbenzyl-n-NRh (n ) 10, 20, 30) with ethane moiety in the
framework exhibits 94-98% conversion with 30-33% ee
within 3 h, while the homogeneous catalyst (formed by
complexing [Rh(cod)Cl]2 with Mbenzyl) gives 93% conversion
of acetophenone with 36% ee under identical reaction
conditions (Table 2). The catalytic activity and enantiose-
lectivity of SBAbenzyl-n-NRh are comparable with those of
the homogeneous catalyst. This result indicates that most (if
not all) ligands retain their chirality on the mesoporous
materials synthesized under acidic conditions. SSBAbenzyl-
10-NRh with the pure-silica framework exhibits a lower
conversion of 85% with 33% ee within 3 h. This result shows
that the presence of ethane group in the framework can
enhance the catalytic activity of the catalyst. This observation
is consistent with our previous report.12

With use of i-PrOH as H-donor, the ATH of ketone is
reversible, which deteriorates the enantioselectivity and
prevents a complete conversion of ketone. In this regard,
the HCOONa-H2O system provides a good replacement

because it can react with ketone irreversibly. Moreover,
catalysis in water is greener. We tried to use SBAbenzyl-30-
NRhCp in the HCOONa-H2O system. But the catalyst gives
only a conversion of 18% with 38% ee (S) (Table 3).
Recently, Xiao and co-workers reported that (1R,2R)-N-(p-
toluenesulfonyl)-1,2-cyclohexanediamine-Rh can efficiently
catalyze the ATH of aromatic ketones by HCOONa in water
under air atmosphere.13 We also tried to usep-toluenesulfonyl
chloride to modify the diamine in SBAbenzyl-n-N. For
SBAbenzyl-n-N, trans-(1R,2R)-diaminocyclohexane was co-
valent-bonded to the material using benzyl group as linker,
in which one NH2 of diamine was reacted with benzyl
chloride group and the other NH2 is free. The free NH2 of
trans-(1R,2R)-diaminocyclohexane on the material provides
an opportunity for further postmodification of DACH in the
mesopore. In the HCOONa-H2O system, SBAbenzyl-30-
NTsRhCp, the modified catalyst, exhibits 53% conversion
with 68% ee (R), which is much higher than SBAbenzyl-30-
NRhCp’s (Table 3). It is noteworthy to mention that the
configuration of the product catalyzed by the modified
catalyst is opposite that catalyzed by the unmodified catalyst,
which further confirms the successful postmodification of
DACH in the mesopore. The activity and enantioselectivity
of SBAbenzyl-30-NTsRhCp are comparable to those of the
corresponding homogeneous catalyst [62% conversion with
65% ee (R)]. SSBAbenzyl-10-NTsRhCp shows a lower con-
version of 19% with 37% ee (R) than SBAbenzyl-30-
NTsRhCp, again indicating that the existence of ethane group
in the framework of the material enhances the catalytic
activity of the catalyst.12

Moreover, a number of different aromatic ketones can be
converted into the corresponding chiral alcohol on SBAbenzyl-
30-NTsRhCp (Table 4). The structures and electronic proper-
ties of the ketones significantly affect the catalytic perfor-
mance of SBAbenzyl-30-NTsRhCp. Acetophenones bearing
substituents in the para position result in higher enantiose-
lectivity than those in the ortho position (entries 2, 5 vs
entries 3, 6). More crowded 1- or 2-acetylnaphthalene is also
converted into the corresponding alcohols. 2-Acetylnaph-

Table 3. Asymmetric Transfer Hydrogenation of Acetophenone Using HCOONa as H-Donor on SBAbenzyl-30-NRhCp, SBAbenzyl-30-NTsRhCp,
and SSBAbenzyl-10-NTsRhCp

catalyst

chiral
ligand

(mmol/g)
Rh

(mmol/ g)
Rh/chiral

ligand conv.a/% ee/%

SBAbenzyl-30-NRhCp 0.93 (1.78) 0.46 49 18 38 (S)
SBAbenzyl-30-NTsRhCp 0.93 (1.78) 0.44 47 53 68 (R)
SSBAbenzyl-10-NTsRhCp 0.61 (1.26) 0.50 82 19 37 (R)
homogeneous catalystb 62 65 (R)

a [RhCp*Cl2]2 as metal source. Conversion is based on acetophenone. Reaction conditions: catalysts (0.01 mmol of Rh), HCOONa (5 mmol), H2O (2
mL), acetophenone (0.5 mmol), reaction temperature (40°C), reaction time (10 h), air atmosphere.b Homogeneous ligand (3.6 mg, 0.01 mmol), [RhCp*Cl2]2

(3.1 mg, 0.005 mmol).

Figure 8. UV-vis spectra of Rh complexes (solid powder) and SBAbenzyl-
30-N before and after complexing with Rh complexes.
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thalene (entry 8) shows 33% conversion with 81% ee, while
12% conversion with 47% ee is observed on 1-acetylnaph-
thalene (entry 7). These observations are consistent with those
from the literature.27,28

The reusability of SBAbenzyl-30-NTsRhCp was tested for
the asymmetric transfer hydrogenation of acetophenone

(Table 5). The catalytic activity of the reused catalyst is
decreased to 33% after the first cycle. For the second cycle,
the catalytic activity is only 10%. The ee value remains
almost the same during the recycle (68-65%). After the first
reaction, the used SBAbenzyl-30-NTsRh still has well-ordered
mesostructure with BET surface area of about 300 m2/g,
similar to that of the refresh catalyst (Figure 9). So the
deactivation of the catalyst is not due to the deterioration of
the catalyst’s structure. It was calculated that 23% of rhodium
was leached from the catalyst after the first reaction.
Therefore, the leaching of Rh metal might be one of the main
reasons for the decreasing of catalytic activity. Further
addition of [RhCp*Cl2]2 into the catalytic system could not
regain the activity and enantioselectivity, which showed that
decomposition or deactivation of the active species would
occur irreversibly in the reaction.28,29

4. Conclusions

Large-pore mesoporous ethane-silicas functionalized with
trans-(1R,2R)-diaminocyclohexane was synthesized for the
first time under an acidic medium using P123 as template.
The content of chiral moiety in the ordered mesoporous
material can reach as high as 0.93 mmol/g. The presence of
ethane group in the framework can enhance the catalytic
activity of the resulting catalysts for the asymmetric transfer
hydrogenation (ATH) of acetophenone. The mesoporous
ethane-silica with new chiral moiety generated by the
postmodification method exhibits significantly improved
activity and enantioselectivity for the ATH of acetophenone
in the HCOONa-H2O system under air atmosphere. The
present synthesis strategy, direct synthesis associated with
postmodification, is a facile method to synthesize mesoporous
materials with a new chiral functional group.
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Table 4. Asymmetric Transfer Hydrogenation of Aromatic Ketones
Using HCOONa as H-Donor on SBAbenzyl-30-NTsRhCp

a [RhCp*Cl2]2 as metal source. Conversion is based on ketones. Reaction
conditions: catalysts (0.01 mmol of Rh), HCOONa (5 mmol), H2O (2 mL),
acetophenone (0.5 mmol), reaction temperature (40°C), reaction time (10
h), air atmosphere.

Table 5. Recycle Studies of SBAbenzyl-30-NTsRhCp for the
Asymmetric Transfer Hydrogenation of Acetophenone with

HCOONa as H-Donor in H2O

catalyst
no. of

recycles conv.a/% ee/%

SBAbenzyl-30-NTsRhCp

0 53 68 (R)
1 33 66 (R)
1b 33 53 (R)
2 10 65 (R)

[RhCp*Cl2]2
c 7 0

a [RhCp*Cl2] as metal source. Conversion is based on acetophenone.
Reaction conditions: catalysts (0.01 mmol of Rh), HCOONa (5 mmol),
H2O (2 mL), acetophenone (0.5 mmol), reaction temperature (40°C),
reaction time (10 h), air atmosphere.b [RhCp*Cl2]2 was added to the reaction
system during the first recycle. The amount of the added metal complex
was based on the assumption that no Rh complex remains on the reused
catalyst.c The reaction was carried out using only [RhCp*Cl2]2 as catalyst.

Figure 9. Powder XRD patterns and nitrogen adsorption-desorption
isotherms of the used SBAbenzyl-30-NTsRhCp after the first reaction cycle.
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