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Abstract

Three Mn(salen) catalysts were immobilized in nanopores or on external surface of mesoporous materials via phenyl sulfonic groups with
different linkage lengths. The influence of the axial linkage length and the nanopores or external surface of supports on the catalytic performance
of the heterogeneous Mn(salen) catalysts was investigated in detail. The ee values increase with increasing linkage length for the Mn(salen)
catalysts immobilized in nanopores but remain almost unchanged for those catalysts anchored on the external surface. The ee values obtained for
the Mn(salen) catalysts immobilized in nanopore increase with decreasing nanopore size and they are generally higher than those of the same
catalysts anchored on the external surface of support. Modification of the nanopore surface by methyl groups improves the reaction performance
for the asymmetric epoxidation. The confinement effect originating from nanopores not only enhances the chiral recognition of the chiral catalyst,
but also restricts the rotation of the intermediate in nanopores, enhancing the asymmetric induction and giving higher ee values than those obtained
for the same catalysts anchored on the external surface.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Due to the great importance of the chiral compounds in the
manufacture of drugs, vitamins, fragrances, and optical mater-
ial, the synthesis of chiral building blocks has attracted special
attention. Chiral epoxides are among the most important inter-
mediates that can be readily transfered into various chiral com-
pounds via regioselective ring-opening or functional transfer
reactions. Chiral Mn(salen)Cl complexes [1,2] exhibit excellent
activity and enantioselectivity for the homogeneous asymmet-
ric epoxidation of various unfunctionalized olefins [3–6].

But homogeneous catalytic reactions always entail difficul-
ties in separation and recycling of catalysts and purification
of products, hindering practical application of homogeneous
asymmetric epoxidation as well as many other homogeneous
reactions. The heterogeneous catalytic systems can potentially
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solve these problems [7–9]. In addition to these merits, the
solid surface or the nanopores of the supports may provide an
unexpected effect on asymmetric catalytic performance for het-
erogeneous asymmetric epoxidation. Various strategies for im-
mobilizing Mn(salen) complexes have been reported, including
covalent grafting of Mn(salen) on mesoporous materials [10–
15] or carbon materials [16], ion-exchange of Mn(salen) into
layered double hydroxides [17–20] or Al-MCM-41 [21,22], en-
capsulation in zeolite [23], and co-condensation of VO(salen)
into periodic mesoporous materials [24,25]. A few heteroge-
neous catalysts have exhibited higher ee values than the homo-
geneous ones for asymmetric epoxidation. However, the effects
of the nanopores or surface of supports and the linkages of the
catalysts on activity, chemical selectivity, and enantioselectivity
have seldom been systemically investigated for heterogeneous
asymmetric epoxidation.

Recently, we reported [26] that chiral Mn(salen) complexes
can be successfully immobilized onto inorganic mesoporous
materials via a phenyl sulfonic group, and that these catalysts
have higher ee values than the homogeneous ones for the asym-
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Scheme 1. Preparation of the heterogeneous chiral Mn(salen) catalysts. Conditions: (i) 10% fuming sulfuric acid, 40 ◦C, 2 h, (ii) NaHCO3, room temperature, 3 h;
(iii) Mn(salen)Cl, ethanol, reflux, 5 h; (iv) MeSi(OMe)3, toluene, reflux.

Fig. 1. The nitrogen adsorption–desorption isotherms of AS(9.7) (activated silica) (left) and pore size distribution curve of AS(9.7) calculated from the desorption
branch (right).
metric epoxidation of some olefins. To investigate the influence
of linkage length and nanopores or external surfaces of supports
on reaction performance, chiral Mn(salen) complexes were im-
mobilized into the nanopores or onto the external surface of
mesoporous materials via a phenyl sulfonic group with varying
linkage lengths. It was found that the ee values increase with
increasing the linkage length in nanopores but remain constant
on the external surface. Ee values also increase with decreas-
ing nanopore size, which are generally greater than that of the
same catalyst anchored on the external surface. The modifica-
tion of nanopore surface by methyl groups further improves
the reaction performance for the asymmetric epoxidation. The
confinement effect originating from nanopores can enhance the
chiral recognition of chiral catalysts and restrict the rotation of
intermediates, resulting in increasing ee values with the increas-
ing length of linkage groups for the catalysts immobilized in the
nanopores rather than on the external surface.

2. Experimental

2,4-di-tert-Butylphenol, hexamethylenetetramine (HMTA),
L-(+)-tartaric acid, D-(−)-tartaric acid, cis/trans-1,2-diamino-
cyclohexane, 1,2-dihydronaphthalene, PhSi(OEt)3, PhCH2-
Si(OEt)3, (S,S)-1,2-diphenylethylenediamine, 3-chloroperoxy-
benzoic acid (m-CPBA), 4-phenylpyridine N -oxide (PPNO),
PhCH2CH2Si(OMe)3, and PhNH(CH2)3Si(OMe)3 were pur-
chased from Acros and used as received. Three salen ligands
(Scheme 1) were synthesized and characterized as described
previously [27,28]. Activated silica (pore size of 9.7 nm with
sharp pore distribution; Fig. 1), SBA-15 (pore size 7.6 nm),
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and MCM-41 (pore sizes 2.7 and 1.6 nm) were used as sup-
ports and abbreviated as AS(9.7), SBA(7.6), MCM(2.7), and
MCM(1.6), respectively. Three representative olefins – mono-
substituted styrene, disubstituted 1,2-dihydronaphthalene, and
trisubstituted 1-phenylcyclohexene – were chosen as model
substrates to test the heterogeneous Mn(salen) catalysts. The
racemic epoxides were prepared by epoxidation of the corre-
sponding olefins by m-CPBA in CHCl3 at 0 ◦C [14] and con-
firmed by gas chromatography–mass spectroscopy (GC–MS).
Epoxides were analyzed by GC–MS, and the yield (with n-
nonane as internal standard) and the ee values were determined
by GC (6890N, Agilent) using a chiral column (Agilent).

All Fourier transform infrared (FTIR) spectra were collected
on a FTIR spectrometer (Nicolet Nexus 470) with a resolu-
tion of 4 cm−1 and 64 scans in the region of 4000–400 cm−1.
IR spectra of the free complexes and the supported complexes
were recorded by preparing samples as KBr pellets and self-
supporting wafers, respectively. The ultraviolet–visible light
(UV–vis) spectra were recorded on a JASCO V-550 spectro-
meter. The solution of Mn(salen)Cl in CH2Cl2 (about 1.0 mM)
was poured into a 1-cm quartz cell for UV–vis adsorption with
CH2Cl2 as a reference. Diffuse reflectance UV–vis spectra of
the solid samples were recorded using a spectrophotometer with
an integrating sphere using BaSO4 as a reference. X-Ray dif-
fraction (XRD) patterns were recorded on a Rigaku D/Max
3400 powder diffraction system using Cu-Kα radiation over
the range 0.5 � 2θ < 10◦. Thermogravimetric analysis (TGA)
was performed on a Perkin–Elmer Pyris Diamond TG instru-
ment at a temperature range of 20–900 ◦C at a heating rate of
5 ◦C/min under an air flow. The nitrogen sorption experiments
were performed at 77 K on an ASAP 2000 system in static mea-
surement mode. The samples were degassed at 100 ◦C for 5 h
before the measurements were obtained. The pore size distribu-
tion curves were obtained from a desorption isotherm using the
BJH method.

2.1. Preparation of heterogeneous Mn(salen) catalysts

2.1.1. Supports grafted by organic sulfonic sodium
Pure siliceous support [AS(9.7), SBA(7.6), MCM(2.7), or

MCM(1.6), 9 g] was dehydrated at 125 ◦C under 0.01 Torr for
4 h before the addition of the fresh PhSi(OEt)3, PhCH2Si(OEt)3,
PhCH2CH2Si(OMe)3, or PhNHCH2CH2CH2Si(OMe)3
(21 mL) in dry toluene (450 mL). The resulting mixture was
stirred for 1 h at room temperature, then refluxed for 18 h at
120 ◦C under Ar, during which time the various phenyl groups
were grafted onto the supports [29]. After being cooled, fil-
trated, and washed thoroughly with toluene, the solid was dried
at 60 ◦C under reduced pressure overnight to obtain the sup-
ports grafted with phenyl groups, abbreviated as Ph-R1-support
(1) (Scheme 1).

The Ph-R1-support (1, 3 g) was dehydrated at 125 ◦C under
0.01 Torr for 4 h, then cooled to 40 ◦C under Ar atmosphere.
Fuming sulfuric acid (10%, 10 mL) was added to the solid,
and the resulting mixture was stirred at 40 ◦C for 2 h [30]
(Scheme 1), during which time the phenyl groups were con-
verted to phenyl sulfonic groups. The solid was filtrated un-
der reduced pressure, washed with distilled water until the pH
was 7, and washed three times with 1,4-dioxane, three times
with ethanol, and then again with distilled water to obtain the
PhSO3H-R1-support (2). To this wet solid 2, distilled water
(20 mL) containing NaHCO3 (0.33 g, 3.9 mmol) was added to
neutralize the PhSO3H groups; this mixture was stirred for 3 h
at room temperature. The solid was filtrated and washed to neu-
tral to produce the PhSO3Na-R1 support in the form of a white
powder (3).

2.1.2. Supports modified with methyl groups
The PhSO3Na-R1-AS(9.7) samples (3, 3 g) were dehydrated

at 125 ◦C under 0.01 Torr for 4 h, then combined with fresh
MeSi(OMe)3 (3 mL) in dry toluene (50 mL) (Scheme 1). The
resulting mixture was stirred for 1 h at room temperature, then
refluxed at 120 ◦C under Ar for 18 h, during which time the
methyl groups were grafted onto the mesoporous materials. Af-
ter being cooled, filtrated, and washed thoroughly with toluene,
the solid was dried at 60 ◦C under reduced pressure overnight
to obtain the PhSO3Na-R1-AS(9.7)(CH3) (5) as a white powder
(Scheme 1).

2.1.3. Grafting chiral Mn(salen) catalysts onto mesoporous
supports

The grafting of Mn(salen) complexes was done by refluxing
mixture 3 or 5 (1.0 g) with Mn(salen)Cl (1.0 mmol) in ethanol
(60 mL) for 5 h [12,14]. The solid was filtrated and washed
thoroughly with ethanol, then CH2Cl2, to eliminate all the
Mn(salen) complexes adsorbed on the supports. The CH2Cl2
filtrates were detected by UV–vis spectroscopy until no peaks
were detected (using CH2Cl2 as a reference). After drying,
the heterogeneous Mn(salen) catalysts PhSO3Mn(salen-a, b, c)-
R1-support (4) and PhSO3Mn(salen-a,b)-R1-AS(9.7)(CH3) (6)
were obtained as brown powders (Scheme 1).

Once the heterogeneous Mn(salen) catalysts (4 or 6) are
prepared, the chlorine ions in the filtrate can be separated out
and confirmed by a HNO3–AgNO3 aqueous solution. But no
characteristic reaction was observed for the addition of HNO3–
AgNO3 aqueous solution to Mn(salen)Cl or CH2Cl2 solvent
under identical conditions. This demonstrates that Mn(salen)
is immobilized on supports via an ion-exchange mode. The
pure siliceous support without phenyl groups was also sul-
fonated and neutralized according to Scheme 1. Then the sup-
port was used to graft Mn(salen)Cl catalyst under the same
conditions. But the support quickly turned white after a washing
with CH2Cl2, and no Mn element was detected in the support
by ICP analysis. This confirms that the Mn(salen) complexes
are anchored onto supports via the phenyl sulfonic group. The
Mn(salen) adsorbed on the supports can be easily removed by
washing with CH2Cl2.

2.2. Asymmetric epoxidation

To quantitatively compare the catalytic performance, the
amount of heterogeneous catalysts was normalized based on
the same amount of Mn(salen). Dichloromethane was used
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as the optimal solvent, and n-nonane was used as an inter-
nal standard because of its stability, inertness, and easy han-
dling (b.p. 151 ◦C). A typical epoxidation reaction [14] was
performed in a stirred solution of olefin (1 mmol) in CH2Cl2
(3 mL) containing n-nonane (1.0 mmol), PPNO as an ax-
ial additive (0.38 mmol), Mn(salen) catalysts (0.015 mmol,
1.5 mol%, based on Mn element), and NaClO aqueous solution
(pH = 11.5, 0.55 M, 3.64 mL, 2 eqv.) at 0 ◦C (styrene) or 20 ◦C
(other substrates) for 6 or 24 h. After the reaction, the organic
layer was concentrated and purified by flash chromatography
for homogeneous systems or filtered to separate catalysts for
heterogeneous systems.

3. Results

3.1. Catalyst characterizations

The IR spectra of the AS(9.7) grafted with various phenyl
groups are shown in Fig. 2. The IR bands at 1490, 1496,
and 1479 cm−1 can be attributed to the vibrations of aromatic
phenyl rings grafted on the support. The IR bands at 1431 and
1454 cm−1 are due to C–H deformation vibrations of alkyl
groups (R1 and R2 in Scheme 1). The IR bands at 1500 and
1605 cm−1 (N–H deformation vibrations) can be attributed to
the –NH– groups attached to phenyl groups (curve d). The in-
creased length of the linkage groups also results in stronger
bands of C–H stretching vibrations near 3000 cm−1. The FTIR
spectra indicate successful grafting of the phenyl groups on the
supports. The IR spectra of the heterogeneous Mn(salen) cata-
lyst are shown in Fig. 3. The IR bands of Ph-2-AS(9.7) at 1496
and 1456 cm−1 are due to the stretching vibrations of C=C
bonds of the phenyl ring and the deformation vibrations of the
C–H bond of the alkyl groups, respectively. The sulfonation of
the phenyl groups on AS(9.7) gives new bands at 1409, 1388,
and 1433 cm−1, which are related to the stretching vibrations of
the –SO2– groups. Grafting Mn(salen) complex onto the mod-
ified support gives a new characteristic band of Mn(salen) at
1535 cm−1, indicating the presence of Mn(salen) catalyst on
the support.

The IR spectra of the heterogeneous Mn(salen) catalyst
whose support was modified with methyl groups are shown
in Fig. 4. The IR spectrum of the support modified by methyl
groups shows three C–H stretchings at 2979, 2952, and 2850
cm−1 due to the methyl groups. The Mn(salen) grafted onto
the modified support shows a new characteristic IR band of
Mn(salen) complex at 1535 cm−1. The IR spectra confirm the
successful modification of the mesoporous support with methyl
groups and the grafting of Mn(salen) complex onto the sup-
ports.

Fig. 5 shows the UV–vis spectra of the heterogeneous
Mn(salen-a) catalysts. The Mn(salen-a)Cl complex gives two
characteristic bands at 446 and 332 nm (curve a). The modified
supports, Ph-2-AS(9.7), PhSO3Na-2-AS(9.7), and PhSO3Na-
2-AS(9.7)(CH3), present only the bands of phenyl groups of
200–300 nm in UV–vis spectra (curves b–d). After grafting
of Mn(salen-a) complex onto these supports, the characteris-
tic bands of Mn(salen-a) complex reappear in their spectra,
Fig. 2. The FT-IR spectra of (a) Ph-AS(9.7), (b) Ph-1-AS(9.7), (c) Ph-2-
AS(9.7), and (d) Ph-4-AS(9.7).

Fig. 3. The FT-IR spectra of (a) Ph-2-AS(9.7), (b) PhSO3Na-2-AS(9.7), and
(c) PhSO3Mn(salen-a)-2-AS(9.7).

Fig. 4. The FT-IR spectra of (a) PhSO3Na-2-AS(9.7), (b) PhSO3Na-2-
AS(9.7)(CH3), and (c) PhSO3Mn(salen-b)-2-AS(9.7)(CH3).
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Fig. 5. The UV–vis spectra of (a) Mn(salen-a)Cl, (b) Ph-2-AS(9.7),
(c) PhSO3Na-2-AS(9.7), (d) PhSO3Na-2-AS(9.7)(CH3), (e) PhSO3Mn-
(salen-a)-2-AS(9.7), and (f) PhSO3Mn(salen-a)-2-AS(9.7)(CH3).

Fig. 6. The PXRD patterns of (a) MCM(1.6), (b) Ph-2-MCM(1.6),
(c) PhSO3Na-2-MCM(1.6), and (d) PhSO3Mn(salen-b)-2-MCM(1.6).

but the bands are shifted from 446 and 332 nm to 432 and
329 nm for PhSO3Mn(salen-a)-2-AS(9.7) (curve e) and to 425
and 324 nm for PhSO3Mn(salen-a)-2-AS(9.7)(CH3) (curve f),
indicating the electrostatic interaction between the supports and
the immobilized Mn(salen) complex. This further confirms the
successful immobilization of Mn(salen) complex on the sup-
ports.

The powder XRD patterns of the modified supports and the
heterogeneous catalyst are shown in Fig. 6. The powder XRD
patterns of Ph-2-MCM(1.6) and PhSO3Na-2-MCM(1.6) show a
similar periodic structure to that of MCM-41. The mesoporous
support with the grafted Mn(salen) complex retains the good
periodic structure.
Fig. 7. The TG curves of (a) AS(9.7), (b) Ph-AS(9.7), (c) PhSO3Na-AS(9.7),
(d) PhSO3Na-AS(9.7)(CH3), and (e) PhSO3Mn(salen-a)-AS(9.7)(CH3).

The TG curves of heterogeneous Mn(salen) catalyst are
shown in Fig. 7. The TG curves of AS(9.7) and PhSO3Na-
AS(9.7) show a sharp decrease before TH2O (the temperatures
for the complete desorption of water from the samples). Ph-
AS(9.7) and PhSO3Na-AS(9.7)(CH3) show decreased slopes of
curves for the desorption of water. These slopes are directly re-
lated to the polarity of the support surface. Table 1 also shows
a semiquantitative amount of various organic groups grafted
on AS(9.7) based on their gravity losses. The Mn content in
the catalysts estimated by TG is 0.027 mmol/g, close to the
value of 0.021 mmol/g analyzed by ICP. The actual amount
of Mn(salen) grafted on the supports is in the range of 0.01–
0.04 mmol/g detected by ICP-AES (based on Mn).

The sizes of the solvated Mn(salen)Cl complexes are esti-
mated as 2.05 nm × 1.77 nm for Mn(salen-a)Cl and 2.05 nm ×
1.61 nm for Mn(salen-b)Cl by MM2 based on the mini-
mized energy. The immobilization of these complexes into the
nanopores of supports requires supports with large pore sizes.
The nitrogen sorption results (Table 2) show that Ph-2-AS(9.7)
has smaller nanopore size, surface area, and pore volume than
AS(9.7) (entries 1 and 2); therefore, the phenyl groups are lo-
cated mainly in the nanopores of AS(9.7). The prepared hetero-
geneous catalyst PhSO3Mn(salen-b)-2-AS(9.7)(CH3) shows a
further decrease in nanopore size (from 7.7 to 5.9 nm), sur-
face area (from 289 to 248 m2/g), and pore volume (from
0.62 to 0.39 cm3/g) compared with Ph-2-AS(9.7) (entries 2
and 3). These decreased surface area and pore volume further
suggest that Mn(salen) complexes are immobilized mainly into
the nanopores of AS(9.7), because the surface area of AS(9.7)
is contributed mainly by the nanopore surface [15]. Similarly,
the Mn(salen) complexes are also immobilized mainly into the
nanopores of SBA(7.6) and MCM(2.7). The nitrogen sorption
results show that PhSO3Na-MCM(1.6) has smaller nanopore
size and pore volume than MCM(1.6) (entries 4 and 5), but
the immobilization of Mn(salen-b) complex onto PhSO3Na-
MCM(1.6) hardly changes the pore size and pore volume (en-
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Table 1
The amounts of various organic groups grafted on AS(9.7) estimated by TGa

Sample TH2O
b (◦C) W1

c (%) W2
d (%) �W e (%) Groups mmol/gf

AS(9.7) 93 91.37 89.66 1.71 – –
Ph-2-AS(9.7) 105 96.42 87.52 8.90 Ph 0.621
PhSO3Na-2-AS(9.7) 125 92.27 84.01 8.26 PhSO3Na 0.572
PhSO3Na-2-AS(9.7)(CH3) 114 96.34 87.61 8.73 Me 0.531
PhSO3Mn(salen-b)-2-AS(9.7)(CH3) 115 97.34 87.04 9.60 Mn(salen-b) 0.027

a TG was performed from 20 to 900 ◦C at a heating rate of 5 ◦C/min under air flow.
b The inflexion temperature for the complete desorption of water from the samples.
c The residual mass percent at TH2O.
d The residual mass percent at 850 ◦C.
e �W (%) = W1 (%) − W2 (%), responding to the loss of organic groups.
f The amount of the organic groups grafted on the support.

Table 2
The results of N2 adsorption of supports, modified supports and heterogeneous Mn(salen) catalystsa

Entry Sample Pore sizeb (nm) SBET
c (m2/g) Pore volumed (cm3/g)

1 Activated silica 9.7 332 0.71
2 Ph-2-AS(9.7) 7.7 289 0.62
3 PhSO3Mn(salen-b)-2-AS(9.7)(CH3) 5.9 248 0.39

4 MCM-41 1.6 553 0.56
5 Ph-MCM(1.6) 1.4 431 0.26
6 PhSO3Mn(salen-b)-MCM(1.6) 1.4 403 0.27

a The samples were degassed at 100 ◦C for 5 h.
b Pore size based on the desorption data using BJH method.
c Surface based on multipoint BET method.
d Pore volume based on the desorption data of BJH method.

Scheme 2. The sizes of the solvated Mn(salen-b)Cl and nanopores of MCM-41 (1.6 nm).
tries 5 and 6). This is because the solvated Mn(salen)Cl com-
plexes are too large to be accommodated into the nanopores
of MCM(1.6) (Scheme 2); therefore, Mn(salen) complexes are
immobilized mainly onto the external surface of MCM(1.6).

3.2. The different linkage lengths

The results for the asymmetric epoxidation of styrene cat-
alyzed by homogeneous and heterogeneous Mn(salen-a) cata-
lysts are listed in Table 3. 4-Phenylpyridine N -oxide (PPNO)
as an axial additive is usually used to adjust the electronic and
steric property of chiral Mn(salen) complexes in asymmetric
epoxidation [2,4]. The homogeneous catalyst Mn(salen-a)Cl
gives the stoichiometric conversion and chemical selectivity
with PPNO for the epoxidation of styrene, but the same cat-
alyst without PPNO produces benzaldehyde and acetophenone
as byproducts under the same catalytic conditions. However, the
ee values remain almost unchanged for the two cases (entries 1
and 2). The addition of PPNO can improve the catalytic activ-
ity of PhSO3Mn(salen-a)-AS(9.7) (entries 3 and 4). When the
length of linkage groups R1 of PhSO3Mn(salen-a)-R1-AS(9.7)
is increased from one-bond long to five-bonds long, the cat-
alytic reaction performance (including conversion, chemical se-
lectivity, and ee values) improves (entries 4–7). The ee values
obtained for the heterogeneous catalysts (i.e., 58%) are compa-
rable to that of the homogeneous catalyst (58%).

The modification of the nanopore surface with methyl
groups can slightly improve enantioselectivity but greatly im-
prove conversion and chemical selectivity for the asymmetric
epoxidation of styrene (entries 8–11). For example, conversion
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Table 3
Asymmetric epoxidation of styrene catalyzed by homogeneous and heterogeneous Mn(salen-a) catalystsa

1.5% mol cat. PPNO−−−−−−−−−−−−−−→
NaClO–CH2Cl2 0 ◦C

Entry Catalyst T (h) Conversion (%) Selectivityb (%) eec (%)

1 Mn(salen-a)Cld 6 81 88 56
2 Mn(salen-a)Cl 6 100 100 58
3 PhSO3Mn(salen-a)-AS(9.7)d 24 3 – –
4 PhSO3Mn(salen-a)-AS(9.7) 24 31 63 49
5 PhSO3Mn(salen-a)-1-AS(9.7) 24 36 67 53
6 PhSO3Mn(salen-a)-2-AS(9.7) 24 38 84 57
7 PhSO3Mn(salen-a)-4-AS(9.7) 24 42 90 58

8 PhSO3Mn(salen-a)-AS(9.7)(CH3) 24 27 68 50
9 PhSO3Mn(salen-a)-1-AS(9.7)(CH3) 24 79 86 56

10 PhSO3Mn(salen-a)-2-AS(9.7)(CH3) 24 100 95 59
11 PhSO3Mn(salen-a)-4-AS(9.7)(CH3)e 24 100 96 59

12 PhSO3Mn(salen-a)-MCM(1.6) 24 55 62 39
13 PhSO3Mn(salen-a)-1-MCM(1.6) 24 63 64 40
14 PhSO3Mn(salen-a)-2-MCM(1.6) 24 73 65 39
15 PhSO3Mn(salen-a)-4-MCM(1.6) 24 78 74 40

a Reactions were performed in CH2Cl2 (3 mL) with styrene (1.0 mmol), n-nonane (1.0 mmol), PPNO (0.38 mmol), catalysts (0.015 mmol, 1.5 mol%) and NaClO
(pH = 11.5, 0.55 M, 3.64 mL) at 0 ◦C.

b Benzaldehyde and acetophenone as byproducts.
c (S)-configuration form.
d Without PPNO.
e
 Heterogeneous catalyst containing 0.75 mol% Mn(salen-a).
Table 4
The asymmetric epoxidation of 1,2-dihydronaphthalene catalyzed by homoge-
neous and heterogeneous Mn(salen-b) catalystsa

1.5% mol cat. PPNO−−−−−−−−−−−−−−→
NaClO–CH2Cl2 20 ◦C

Entry Catalyst T

(h)
Conversion
(%)

eeb

(%)

1 Mn(salen-b)Cl 6 75 72
2 Mn(salen-b)Clc 6 65 55

3 PhSO3Mn(salen-b)-AS(9.7) 24 69 58
4 PhSO3Mn(salen-b)-1-AS(9.7) 24 71 62
5 PhSO3Mn(salen-b)-2-AS(9.7) 24 73 66
6 PhSO3Mn(salen-b)-4-AS(9.7) 24 68 68

7 PhSO3Mn(salen-b)-AS(9.7)(CH3) 24 72 68
8 PhSO3Mn(salen-b)-1-AS(9.7)(CH3) 24 74 70
9 PhSO3Mn(salen-b)-2-AS(9.7)(CH3) 24 70 72

10 PhSO3Mn(salen-b)-4-AS(9.7)(CH3) 24 74 74

11 PhSO3Mn(salen-b)-MCM(1.6) 24 68 58
12 PhSO3Mn(salen-b)-1-MCM(1.6) 24 68 60
13 PhSO3Mn(salen-b)-2-MCM(1.6) 24 70 62
14 PhSO3Mn(salen-b)-4-MCM(1.6) 24 73 63

a Reactions were performed in CH2Cl2 (3 mL) with 1,2-dihydronaphthalene
(1.0 mmol), n-nonane (1.0 mmol), PPNO (0.38 mmol), catalysts (0.015 mmol,
1.5 mol%) and NaClO (pH = 11.5, 0.55 M, 3.64 mL) at 20 ◦C.

b (1S,2R)-configuration.
c Without PPNO.

increases from 38 to 100% after modification of the nanopores

of PhSO3Mn(salen-a)-2-AS(9.7) under the same conditions

(entries 6 and 10). PhSO3Mn(salen-a)-4-AS(9.7)(CH3) can af-
ford 100% conversion and 59% ee even when the catalyst
loading is decreased to 0.75 mol% under the same conditions
(entry 11). This can be explained in terms of the improved diffu-
sion of styrene into the nanopores of AS(9.7) after modification
with the methyl groups.

The Mn(salen-a) complex was also grafted onto the exter-
nal surface of MCM(1.6) with various linkage groups. Increas-
ing the lengths of the linkage groups improves conversion and
chemical selectivity (entries 12–15). All of the conversions ob-
tained for Mn(salen) catalyst immobilized on the external sur-
face are higher than those in the nanopores of AS(9.7), but the
chemical selectivities obtained for the catalyst immobilized on
the external surface are lower than those in nanopores. Notably,
the ee values are not affected by the lengths of the linkage
groups and remain almost unchanged at 40% (entries 12–15),
lower than the highest value of 58% obtained in the nanopores
(entry 7).

The reaction results for the asymmetric epoxidation of 1,2-
dihydronaphthalene catalyzed by homogeneous and heteroge-
neous Mn(salen-b) catalysts are compared in Table 4. Homo-
geneous Mn(salen-b)Cl catalyst gives an ee value of 55% for
asymmetric epoxidation without PPNO. The addition of PPNO
to the homogeneous system increases the ee value up to 72%
(entries 1 and 2). The heterogeneous catalysts give comparable
conversions to the homogeneous catalyst. The ee values ob-
tained for the Mn(salen-b) catalyst immobilized in nanopores
increase from 58 to 68% when the length of the linkage groups
is increased from a one bond to five bonds (entries 3–6). The
modification of nanopores of AS(9.7) with methyl groups also
slightly increases the ee values with increasing linkage length
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Table 5
The asymmetric epoxidation of 1-phenylcyclohexene catalyzed by homoge-
neous and heterogeneous Mn(salen-a) catalystsa

1.5% mol cat. PPNO−−−−−−−−−−−−−−→
NaClO–CH2Cl2 20 ◦C

Entry Catalysts T

(h)
Conversion
(%)

eeb

(%)

1 Mn(salen-a)Cl 6 96 84
2 PhSO3Mn(salen-a)-AS(9.7) 24 86 15
3 PhSO3Mn(salen-a)-1-AS(9.7) 24 87 25
4 PhSO3Mn(salen-a)-2-AS(9.7) 24 92 49
5 PhSO3Mn(salen-a)-4-AS(9.7) 24 89 63

6 PhSO3Mn(salen-a)-AS(9.7)(CH3) 24 88 16
7 PhSO3Mn(salen-a)-1-AS(9.7)(CH3) 24 90 28
8 PhSO3Mn(salen-a)-2-AS(9.7)(CH3) 24 93 49
9 PhSO3Mn(salen-a)-4-AS(9.7)(CH3) 24 94 65

a Reactions were performed in CH2Cl2 (3 mL) with 1-phenylcyclohexene
(1.0 mmol), n-nonane (1.0 mmol), Mn(salen) catalysts (0.015 mmol, 1.5
mol%), PPNO (0.38 mmol) and NaClO (pH = 11.5, 0.55 M, 3.64 mL) at 20 ◦C.

b (R,R)-configuration.

(entries 7–10). Moreover, all of the ee values are higher than
those of the same catalysts without surface modification under
the identical reaction conditions. The catalyst PhSO3Mn(salen-
b)-4-AS(9.7)(CH3) gives a comparable ee value of 74% to
72% for the homogeneous catalyst in the asymmetric epoxi-
dation of 1,2-dihydronaphthalene (entries 1 and 10). When the
Mn(salen-b) catalyst is immobilized onto the external surface
of MCM(1.6), the ee values remain almost unchanged with
the different linkage groups (entries 11–14). Moreover, the ee
values obtained for the Mn(salen-b) catalyst anchored on the
external surface are usually lower than those obtained for the
same catalyst immobilized in nanopores.

Table 5 gives the results of the asymmetric epoxidation of
1-phenylcyclohexene catalyzed by homogeneous and hetero-
geneous Mn(salen-a) catalysts. The homogeneous Mn(salen-a)
catalyst gives an ee value of 84% for the asymmetric epoxi-
dation. The heterogeneous catalysts show similar conversions.
The ee values increase with increasing linkage length for
PhSO3Mn(salen-a)-R1-AS(9.7). When the length of linkage
groups is increased from one bond to five bonds, the ee values
increase from 15 to 63% (entries 2–5). The heterogeneous cat-
alysts with nanopores modified with methyl groups also show
that ee values increase with increasing length of the linkages
(entries 6–9).

Mn(salen-b) catalyst immobilized into the nanopores of
AS(9.7) gives the similar tendency of increasing ee values with
increasing linkage length for the asymmetric epoxidation of
1-phenylcyclohexene (entries 2–5, Table 6). But the ee val-
ues remain almost unchanged with increasing linkage length
when the Mn(salen-b) catalyst is immobilized on the external
surface of MCM(1.6) (about 45% ee; entries 6–9, Table 6).
Fig. 8 summarizes the ee values obtained for Mn(salen-b)
immobilized in the nanopores of AS(9.7) and on the exter-
nal surface of MCM(1.6) for the asymmetric epoxidation of
1-phenylcyclohexene. The catalysts grafted in nanopore show
that the ee values increase with increasing linkage lengths, but
the catalysts grafted on the external surface have unchanged ee
values with increasing linkage lengths.

3.3. Nanopores with different sizes

Table 7 shows the results of the asymmetric epoxida-
tion of styrene catalyzed by homogeneous and heteroge-
Table 6
The asymmetric epoxidation of 1-phenylcyclohexene catalyzed by homogeneous and heterogeneous Mn(salen-b) catalystsa

1.5% mol cat. PPNO−−−−−−−−−−−−−−→
NaClO–CH2Cl2 20 ◦C

Entry Catalyst Add. T (h) Conversion (%) eeb (%)

1 Mn(salen-b)Cl PPNO 6 96 87
2 PhSO3Mn(salen-b)-AS(9.7) PPNO 24 88 14
3 PhSO3Mn(salen-b)-1-AS(9.7) PPNO 24 91 42
4 PhSO3Mn(salen-b)-2-AS(9.7) PPNO 24 93 62
5 PhSO3Mn(salen-b)-4-AS(9.7) PPNO 24 93 64

6 PhSO3Mn(salen-b)-MCM(1.6) PPNO 24 90 47
7 PhSO3Mn(salen-b)-1-MCM(1.6) PPNO 24 86 46
8 PhSO3Mn(salen-b)-2-MCM(1.6) PPNO 24 91 44
9 PhSO3Mn(salen-b)-4-MCM(1.6) PPNO 24 90 44

10 Mn(salen-b)Cl NO 6 94 67
11 PhSO3Mn(salen-b)-AS(9.7) NO 24 84 14
12 PhSO3Mn(salen-b)-4-AS(9.7) NO 24 84 26
13 PhSO3Mn(salen-b)-MCM(1.6) NO 24 87 13
14 PhSO3Mn(salen-b)-4-MCM(1.6) NO 24 85 13

a Reactions were performed in CH2Cl2 (3 ml) with 1-phenylcyclohexene (1.0 mmol), n-nonane (1.0 mmol), Mn(salen) catalysts (0.015 mmol, 1.5 mol%), PPNO
(0.38 mmol) and NaClO (pH=11.5, 0.55 M, 3.64 ml) at 20 ◦C.

b (S,S)-configuration.
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Fig. 8. The ee values obtained for Mn(salen-b) catalyst immobilized into
nanopores of AS(9.7) and on the external surface of MCM(1.6) for the asym-
metric epoxidation of 1-phenylcyclohexene.

Table 7
Asymmetric epoxidation of styrene catalyzed by homogeneous and heteroge-
neous Mn(salen-c) catalystsa

1.5% mol cat. PPNO−−−−−−−−−−−−−−→
NaClO–CH2Cl2 0 ◦C

Entry PhSO3Mn(salen-c)-
support

Pore
size
(nm)

T

(h)
Conversion
(%)

Selectivityb

(%)
eec

(%)

1 Homo. Mn(salen-c)Cl – 6 100 100 37
2 Activated Silica 9.7 24 23 79 33
3 SBA-15 7.6 24 33 80 35
4 MCM-41 2.7 24 36 83 35
5 MCM-41 1.6 24 67 75 30

a Reactions were performed in CH2Cl2 (3 mL) with styrene (1.0 mmol), n-
nonane (1.0 mmol), PPNO (0.38 mmol), catalysts (0.015 mmol, 1.5 mol%) and
NaClO (pH = 11.5, 0.55 M, 3.64 mL) at 0 ◦C.

b Benzaldehyde and acetophenone as byproducts.
c (S)-configuration.

neous Mn(salen-c) catalysts. Homogeneous Mn(salen-c)Cl cat-
alyst gives an ee value of 37% for the asymmetric epoxida-
tion of styrene (entry 1). Mn(salen-c) catalyst immobilized
into nanopores of AS(9.7), SBA(7.6), and MCM(2.7) via a
phenyl sulfonic group shows ee values comparable to that
of the homogeneous catalyst (entries 2–4). Moreover, the
ee values increase slightly with decreasing nanopore sizes
in the mesoporous supports. However, under the same con-
ditions, Mn(salen-c) anchored onto the external surface of
the MCM(1.6) shows an ee value of 30% (entry 5), lower
than the ee value of 35% for the catalyst immobilized in
nanopores. These reaction results also show that the chemi-
cal selectivities obtained for Mn(salen) catalyst immobilized
in nanopores increase with decreasing nanopore sizes and are
Table 8
The asymmetric epoxidation of 1-phenylcyclohexene catalyzed by homoge-
neous and heterogeneous Mn(salen-a) catalystsa

1.5% mol cat. PPNO−−−−−−−−−−−−−−→
NaClO–CH2Cl2 20 ◦C

Entry PhSO3Mn(salen-a)-
support

Pore
size
(nm)

T

(h)
Conversion
(%)

eeb

(%)

1 Homo. Mn(salen-a)Cl – 6 96 84
2 Activated Silica 9.7 24 86 15
3 SBA-15 7.6 24 80 18
4 MCM-41 2.7 24 71 25
5 MCM-41 1.6 24 89 31

a Reactions were performed in CH2Cl2 (3 mL) with 1-phenylcyclohexene
(1.0 mmol), n-nonane (1.0 mmol), Mn(salen) catalysts (0.015 mmol,
1.5 mol%), PPNO (0.38 mmol) and NaClO (pH = 11.5, 0.55 M, 3.64 mL)
at 20 ◦C.

b (R,R)-configuration.

also higher than those obtained on the external surface of
MCM(1.6).

These heterogeneous Mn(salen-a) catalysts were also tested
for the asymmetric epoxidation of 1-phenylcyclohexene (Ta-
ble 8); their conversions and enantioselectivities are lower than
those of the homogeneous catalyst (entry 1). This example sug-
gests that the phenomenon of the confinement effect improving
enantioselectivity holds true for some reaction systems but not
for others. Nonetheless, a significant confinement effect on cat-
alyst performance in nanopores is seen that can either increase
or decrease enantioselectivity.

3.4. Catalyst stability

The leaching of Mn(salen) complex from the heterogeneous
catalyst was investigated. ICP analysis of the filtrate after a
catalytic reaction shows that the loss of Mn element from the
heterogeneous Mn(salen) catalyst is <3% compared with the
total amount of Mn(salen) grafted in catalyst. The loss of Mn
element can be due to the leaching of Mn(salen) catalyst from
the supports and the loss of the hyperfine granules of the het-
erogeneous Mn(salen) catalysts (formed in the reaction due to
stirring) during the filtration after a reaction. The conversion
contribution of such little lost Mn(salen) to the catalytic epox-
idation is <5% for the test of the asymmetric epoxidation of
1-phenylcyclohexene. The heterogeneous catalysts can be re-
cycled at least five times [26]. One reason for the good stability
of the heterogeneous Mn(salen) catalysts may be the effective
isolation of the Mn sites on the solid support [9], whereas the
Mn(salen)Cl catalysts are prone to oxidative degradation [31]
and dimerization to inactive μ-oxo-Mn(IV) species [32] under
homogeneous catalytic conditions.
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4. Discussion

4.1. Conversions

Generally, the conversions are lower for the heterogeneous
Mn(salen) catalysts than for the homogeneous catalysts, due
to the difficulty in diffusion. However, the heterogeneous
Mn(salen) catalysts give conversions comparable to those for
the homogeneous catalysts for the asymmetric epoxidation of
1-phenylcyclohexene and 1,2-dihydronaphthalene. As for the
asymmetric epoxidation of styrene, the reaction activity of the
heterogeneous Mn(salen) catalysts increases after the addition
of PPNO. The conversions also increase with increasing link-
age lengths (Table 3). Mn(salen) catalysts immobilized on the
external surface generally give higher conversions than those
in the nanopores under the same catalytic conditions (Table 7).
The heterogeneous Mn(salen) catalysts with supports modified
with methyl groups can obviously have better conversions than
those without modifications (Table 3), possibly due to the easier
diffusion of olefins into the modified nanopores.

4.2. Chemical selectivities

As for the asymmetric epoxidation of styrene, benzaldehyde
and acetophenone were detected as byproducts. The addition
of PPNO to the heterogeneous catalytic system improves the
chemical selectivity of styrene epoxide for the heterogeneous
asymmetric epoxidation of styrene. The chemical selectivi-
ties also increase with increasing linkage lengths. Mn(salen)
catalysts immobilized in nanopores generally give higher se-
lectivities than those on the external surface under the same
catalytic conditions. In addition, the chemical selectivities in-
crease slightly with decreasing nanopore size of the supports
in the heterogeneous Mn(salen) catalysts. The modification of
the nanopores of the heterogeneous Mn(salen) catalysts with
methyl groups improves chemical selectivities compared with
unmodified catalysts.

4.3. Enantioselectivities

Tests for the asymmetric epoxidation of olefins over the
heterogeneous Mn(salen) catalysts show that the conversions
increase with increasing reaction time but that the chemical
selectivities and enantioselectivities remain almost unchanged.
The Mn(salen) catalyst, as the sole active center, catalyzes the
asymmetric epoxidation; therefore, the enantioselectivities are
independent of the conversions for the present heterogeneous
catalytic system. Decreasing the nanopore sizes and modify-
ing the nanopores with methyl groups can increase ee values
for heterogeneous asymmetric epoxidation. Mn(salen) catalysts
immobilized in nanopores generally give higher ee values than
those anchored on the external surface. The ee values increase
with increasing linkage lengths for the Mn(salen) catalysts im-
mobilized in nanopores but remain almost unchanged for the
same catalysts anchored on external surfaces.
Scheme 3. The mechanism for the asymmetric epoxidation of olefins catalyzed
by Mn(salen) complex [3,33,34].

4.4. The confinement effect on enantioselectivity

Scheme 3 shows the mechanism for the asymmetric epox-
idation of unfunctionalized olefins catalyzed by homogeneous
Mn(salen) catalyst [3,33,34]. We assumed that the mechanism
on the immobilized Mn(salen) catalyst is essentially the same
as that on the homogeneous catalyst. When the first C–O bond
(radical intermediate) is formed, the eefac is actually determined
by the steric communication between the chiral salen ligand
and the olefins. As for the asymmetric epoxidation of cyclic
1,2-dihydronaphthalene and 1-phenylcyclohexene, the radical
intermediate directly collapses to form the epoxide without
rotation, and the observed ee values (eeobs) are equal to the
eefac. As for the asymmetric epoxidation of noncyclic olefin
styrene, the intermediate will either collapse via the cis path-
way or first rotate, then collapse via a trans pathway [3,34].
The observed ee values (eeobs) can be expressed as eeobs =
eefac − 2 × (eetrans × trans %) [3], where both eefac and the
trans % are related to eeobs.

PPNO can be used as a probe molecule here to investigate
the influence of the confinement effect on enantioselectivity.
The addition of PPNO to Mn(salen-b)Cl improves the ee val-
ues for the asymmetric epoxidation of 1,2-dihydronaphthalene
from 55 to 72% (entries 1 and 2, Table 4) and 1-phenylcyclo-
hexene from 67 to 87% (entries 1 and 10, Table 6), indicating
that the interaction between PPNO and Mn(salen) improves
eefac for the asymmetric epoxidation of the two olefins [35].

PhSO3Mn(salen-b)-AS(9.7) gives similar ee values for the
asymmetric epoxidation of 1-phenylcyclohexene with or with-
out PPNO (entries 2 and 11, Table 6). This finding im-
plies that there is nearly no interaction between PPNO and
Mn(salen) for this catalyst. However, the addition of PPNO to
PhSO3Mn(salen-b)-MCM(1.6) increases the ee values from 13
to 47% (entries 13 and 6, Table 6), possibly due to the inter-
action between PPNO and Mn(salen) anchored on the external
surface of MCM(1.6). The sizes of PPNO and various axial
linkage groups were simulated by MM2 based on the min-
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Scheme 4. The sizes of PPNO and various axial linkage groups simulated by MM2 based on the minimized energy.
Scheme 5. The models for the interaction between PPNO and Mn(salen) immo-
bilized on the external surface of MCM(1.6) and in the nanopores of AS(9.7) via
shorter linkages (A and B). The models for the confinement effect in nanopores
of AS(9.7) with longer linkages (C and D).

imized energy (shown in Scheme 4). The size of PPNO is
similar to that of –O–Si–PhSO3– group; therefore, the concave
nanopore surface of AS(9.7) may sterically block the interac-
tion between PPNO and Mn(salen), but the open surface of
MCM(1.6) has little effect on this interaction. This supposi-
tion is also supported by the experimental results showing that
the Mn(salen-a) catalyst anchored on the external surface of
MCM(1.6) gives higher ee value than the same catalyst immo-
bilized in various nanopores for the asymmetric epoxidation
of 1-phenylcyclohexene (entries 2–5, Table 8). Schemes 5A
and B give the models for the interaction between PPNO
and Mn(salen) immobilized on the external surface and in the
nanopores via shorter linkages.

When the linkage length is increased from one bond to two
C–C bonds long (with R1 changed from – to –CH2–), the two
ee values obtained for the Mn(salen) catalyst immobilized on
the external surface of MCM(1.6) via the two linkages are al-
most the same (entries 6 and 7, Table 6), but the ee values
obtained for the catalyst immobilized in nanopore of AS(9.7)
are increased from 14 to 42% (entries 2 and 3, Table 6). This
means that the interaction between PPNO and Mn(salen) is
enhanced with increasing linkage length in the nanopores of
AS(9.7), because there is sufficient space for PPNO to interact
with the Mn center (Scheme 4). The similar ee values obtained
for PhSO3Mn(salen-b)-1-MCM(1.6) and PhSO3Mn(salen-b)-
1-AS(9.7) indicate that the concave surfaces of nanopores no
longer blocks the interaction between PPNO and Mn(salen),
just like the open surface of MCM(1.6).

When the linkage length is further increased (R1 becomes
–(CH2)2– or –(CH2)3NH–), the ee values obtained for Mn(salen-
b) catalyst immobilized in the nanopores of AS(9.7) further
increase up to 65%, but the ee values on the external surface
of MCM(1.6) remain at about 44% for the asymmetric epoxi-
dation of 1-phenylcyclohexene (entries 4, 5, 8, and 9, Table 6).
One possible explanation for this finding is that the confinement
effect originating from the nanopores enhances chiral recog-
nition between the immobilized chiral Mn(salen) catalyst and
the substrate and accordingly increases the eefac. However, the
open external surface of MCM(1.6) has no such confinement
effect, and thus constant ee values are obtained. Schemes 5C
and D present the proposed models for the confinement ef-
fect in nanopores with longer linkages. The confinement effect
can also be supported by more experimental results. For exam-
ple, the ee value obtained for PhSO3Mn(salen-b)-4-AS(9.7) is
higher than that of PhSO3Mn(salen-b)-AS(9.7) for the asym-
metric epoxidation of 1-phenylcyclohexene without PPNO (en-
tries 11 and 2, Table 6). PhSO3Mn(salen-b)-4-AS(9.7) also
gives a higher ee value than PhSO3Mn(salen-b)-4-MCM(1.6)
under the same conditions (entries 12 and 14, Table 6).

Moreover, the ee values obtained for Mn(salen-a) catalyst
immobilized in various nanopores via a phenyl sulfonic group
increase slightly with decreasing nanopore size (entries 2–4,
Table 8). This may be due to the confinement effect originating
from the nanopores, which boosts the ee values for the asym-
metric epoxidation, in which the influence of spatial constraint
decreases for the mesoporous supports with pore diameters of
2.7–9.7 nm. The confinement effect, as proposed by Thomas
et al. [36], could improve enantioselectivity for heterogeneous
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asymmetric hydrogenation [37]. Hutchings et al. also reported
that their heterogeneous catalysts showed higher ee values for
the asymmetric aziridination of styrene [38] and hydrogenation
of carbonyl- and imino-ene [39] due to the confinement effect
of the supports. Here the results of the asymmetric epoxidation
of 1-phenylcyclohexene clearly show that the confinement ef-
fect originating from nanopores enhances chiral recognition of
the chiral catalyst and accordingly increases enantioselectivity.

As for the asymmetric epoxidation of styrene, PPNO im-
proves conversion and chemical selectivity, but does not af-
fect enantioselectivity (58 vs 56%; entries 1 and 2, Table 3).
The Mn(salen) catalysts immobilized in the nanopores exhibit
higher ee values than those on the external surface for the
asymmetric epoxidation of styrene, and the ee values increase
slightly with decreasing nanopore size of the supports (Tables 3
and 7). This means that the confinement effect not only en-
hances the chiral recognition between chiral Mn(salen) and
styrene (eefac), but also probably restricts the rotation of the
intermediate (decreasing trans %) for the heterogeneous asym-
metric epoxidation of styrene.

In fact, it has reported that the heterogeneous Mn(salen)
catalysts significantly restrict the rotation of the intermediate
and increase the cis/trans ratio of epoxides for the asymmet-
ric epoxidation of cis-β-methylstyrene [14,26]. Hutchings et al.
also reported that the Mn(salen) catalyst anchored in nanopores
can increase the ratio of cis-epoxide for the heterogeneous
asymmetric epoxidation of (Z)-stilbene [22]. The increased
linkage length or decreased nanopore size reduces the reaction
space in the nanopores and strengthens the confinement effect,
which increases the eefac and cis % for the asymmetric epoxida-
tion of styrene. In contrast, Mn(salen) catalysts anchored onto
the external surface of MCM(1.6) without the confinement ef-
fect give constant ee values. The confinement effect originating
from the nanopores not only enhances chiral recognition, but
also restricts the rotation of the intermediate, which increases
the enantioselectivity for asymmetric epoxidation.

5. Conclusion

Chiral Mn(salen) complexes were immobilized in the nano-
pores of AS(9.7), SBA(7.6), and MCM(2.7) and on the external
surface of MCM(1.6) via phenyl sulfonic groups with vary-
ing linkage lengths. These heterogeneous catalysts show high
activity and enantioselectivity for the asymmetric epoxidation
of unfunctionalized olefins and give conversions, chemical se-
lectivities, and enantioselectivities comparable to those of the
homogeneous catalysts. The main results can be summarized
as follows:

1. The Mn(salen) catalysts immobilized in the nanopores of
supports have ee values that increase with increasing link-
age lengths for the asymmetric epoxidation of unfunction-
alized olefins, whereas the Mn(salen) catalysts anchored
onto the external surface of support give almost constant
ee values.

2. The Mn(salen) catalysts immobilized in the nanopores of
AS(9.7), SBA(7.6), and MCM(2.7) show increasing ee val-
ues with decreasing nanopore size. These ee values are
generally higher than those of the same catalysts immobi-
lized on the external surface of MCM(1.6) under the same
conditions.

3. The addition of PPNO to the heterogeneous Mn(salen) cat-
alysts generally improves the activity, chemical selectivity,
and enantioselectivity for the asymmetric epoxidation of
nonfunctionalized olefins.

4. The heterogeneous Mn(salen) catalysts modified with
methyl groups generally improve the conversion, chemi-
cal selectivity, and enantioselectivity for the heterogeneous
asymmetric epoxidation of olefins.

5. The confinement effect originating from nanopores not
only enhances the chiral recognition of chiral Mn(salen)
catalyst, but also restricts the rotation of the intermediate,
resulting in higher ee values than those obtained for the
same catalysts anchored on the external surface.
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