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alized olefins. The synergistic effect of the support ZnPS-PVPA and the linkage as well as chiral salen

Mn center contributed to the chirality of the product. The stability (recycled nine times) and the
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ease of use in large scale reactions (200 times scale) indicated a catalyst useful for industrial use.
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1. Introduction

High atomic efficiency for waste free processes is an im-
portant goal in asymmetric catalysis in the chirality economy
[1,2]. High enantioselectivity has been achieved with homoge-
neous catalysts, but their separation, recovery, and reuse re-
main arduous [3-7]. Clearly, heterogeneous catalysts with high
enantioselectivity would be an important development for ap-
plications in industrial and high throughput organic chemistry
[8-10].

The catalytic epoxidation of olefins is a subject of growing
interest in the production of chemicals and fine chemicals be-

cause epoxides are the key starting materials for a wide variety
of products [11,12]. Much effort has been made to develop new
active and selective epoxidation catalysts for the processes
with the aim to eliminate byproducts. Jacobsen epoxidation
[13] has emerged as a powerful method for the asymmetric
oxidation of unfunctionalized olefins. It is catalyzed by struc-
turally simple Mn(III)-salen complexes and has been optimized
in terms of the catalyst structure and choice of stoichiometric
oxidants and other additives. Recently, various methods have
been employed to heterogenize Mn-salen complexes on na-
noporous materials [14-24].

We have worked to immobilize Jacobsen’s catalyst on a se-
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ries of hybrid materials, such as zirconium oli-
gostyrenylphosphonate-phosphate (ZSPP) and zirconium poly
(styrene-phenylvinylphosphonate)-phosphate (ZPS-PVPA) and
zinc poly(styrene-phenylvinylphosphonate)-phosphate (ZnPS-
PVPA) and calcium poly(styrene-phenylvinylphos-pho-
nate)-phosphate (CaPS-PVPA). The heterogeneous chiral salen
Mn(III) catalysts showed superior performance in the asym-
metric epoxidation of unfunctionalized olefins[25-32].

We have the general goals of designing and synthesizing
new chiral catalysts in an efficient and economical manner on a
large scale. In this work, we used Jacobsen’s catalyst anchored
on amino-modified ZnPS-PVPA for the asymmetric epoxida-
tions of unfunctionalized olefins. To investigate the effects of
the diamines as the linkers on the morphology and disposition
of the catalysts, we introduced alkyl diamines and aryl dia-
mines into the catalysts. The immediate goals of our studies
were to evaluate the effect of a distribution of chiral ligands on
the enantioselectivity of alkene epoxidation and to determine
the extent to which the catalyst can be recycled for repeated
use as well as to investigate the catalysts in large scale reac-

tions. The results of these efforts are described here.
2. Experimental
2.1. Materials and instruments

All chemicals and reagents were analytical grade and used
as received. All solvents were further purified before use. The
chiral salen ligand and chiral homogeneous catalyst salen
Mn(III) were synthesized according to standard literature pro-
cedures [33], and were identified by the analysis and compari-
son of the IR spectra with the literature [34].

FT-IR spectra were recorded using KBr pellets and a Bruker
RFS100/S spectrophotometer (USA). The diffuse reflectance
UV-Vis spectra of the solid samples were recorded on a spec-
trophotometer with an integrating sphere using BaSOs as
standard. 1H NMR and 31P NMR were performed on an AV-300
NMR instrument at ambient temperature at 300 and 121 MHz,
respectively. All of the chemical shifts were reported downfield
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in ppm relative to the hydrogen and phosphorus resonance of
TMS and 85% HsPO4, respectively. Number and weight average
molecular weights (Mn and Mw) and polydispersity (Mw/Mn)
were estimated using a Waters1515 gel permeation chromato-
graph (GPC; against polystyrene standards) using THF as elu-
ent (1.0 mL/min) at 35 °C. X-ray photoelectron spectrum was
recorded on ESCALab 250 instrument. The interlayer spacings
were obtained using a DX-1000 automated X-ray power dif-
fractometer, using Cu K radiation and an internal silicon pow-
der standard with all samples. The patterns were measured
between 3.00° and 80.00° with a step size of 0.02°/min. The
X-ray tube settings were 36 kV and 20 mA. C, H and N ele-
mental analysis was obtained using an EATM 1112 automatic
elemental analyzer instrument (Thermo, USA). TG analyses
were performed on an SBTQ600 thermal analyzer (USA) with
the heating rate of 20 °C/min from 25 to 1000 °C under flowing
Nz (100 mL/min). The Mn contents of the catalysts were de-
termined by a TAS-986G (Pgeneral, China) atomic absorption
spectroscopy. SEM was performed on a KYKY-EM 3200 (KYKY,
China) microscope. TEM was obtained on a TECNAI10
(PHILIPS, Holland) apparatus. Nitrogen adsorption isotherms
were measured at -196 °C on a 3H-2000I (Huihaihong, China)
volumetric adsorption analyzer with the BET method. The ra-
cemic epoxides were prepared by the epoxidation of the cor-
responding olefins by 3-chloroperbenzoic acid in CHz2Cl; and
confirmed by NMR (Bruker AV-300). Gas chromatography (GC)
was calibrated with the samples of n-nonane, olefins and the
corresponding racemic epoxides. The conversion (with
n-nonane as internal standard) and ee value were obtained by
GC with a Shimadzu GC2010 (Japan) instrument equipped with
a chiral column (HP19091G-B213, 30 m x 30 m x 0.32 mm x
0.25 pm) and FID detector using injector 230 °C, detector 230
°C. Ultrapure nitrogen was used as the carrier (rate 34
mL/min) with a carrier pressure of 39.1 kPa and the injection
port temperature was set at 230 °C.

2.2.  Synthesis of the catalysts (Scheme 1)

2.2.1. Synthesis of styrene-phenylvinylphosphonic acid
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Scheme 1. Synthesis of the heterogeneous catalysts.
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copolymer (PS-PVPA)

1-Phenylvinyl phosphonic acid (PVPA) was synthesized ac-
cording to the literature [35]. Its structure was confirmed by 1H
NMR, 31P NMR and FT-IR. 1H NMR (CDCl3): 6 = 6.06 (d, 1H),
6.23 (d, 1H), 7.26-7.33 (m, 3H), 7.48 (m, 2H). 3'P NMR
(CDs0OD): 6 = 15.9. IR (KBr): v = 2710, 2240, 1500, 1200, 1040,
950, 780, 720, 700 cm-1. Yield: 90%.

1-Phenylvinyl phosphonic acid (4 g, 21.7 mmol), styrene (20
mL, 173.9 mmol), ethyl acetate (150 mL) and benzoyl peroxide
(BPO, 1.0 g 4.7 mmol) were used for the preparation of
PS-PVPA (7.52 g in 47% yield) as reported in the literature
[29]. GPC: Mn=39700, m = 38.3,n = 8.2, Mw/Mn = 2.

2.2.2. Synthesis of zinc poly(styrenephenylvinylphosphonate)-
phosphate (ZnPS-PVPA, 1)

PS-PVPA (1.0 g, 1 mmol), sodium dihydrogen phosphate
(0.62 g, 4 mmol), zinc acetate (1.1 g, 5 mmol) and Et3N (0.68 g,
6.7 mmol) were used for the synthesis of ZnPS-PVPA according
to the literature [30]. IR (KBr): v = 3059, 3028, 2923 (CH),
1686, 1493, 1453, 756, 698 (-Ce¢Hs), 1027 (P=0) cm-1. Found: C
58.08%, H 4.97%; Calc. for C72H73011P3 Naz2Zn3: C 59.71%, H
5.04%.

2.2.3. Synthesis of chloromethyl-zinc poly (styrene-phenylvinyl-
phosphonate)-phosphate (ZnCMPS-PVPA, 2)

Chloromethyl methyl ether (9.3 mL), anhydrous zinc chlo-
ride (3.32 g, 24.34 mmol) and ZnPS-PVPA (5.0 g, 3.4 mmol)
were mixed in 40 mL chloroform and stirred at 40 °C for 10 h.
Then, sodium carbonate saturated solution was added to neu-
tralize the mixture. The solvent was evaporated under reduced
pressure, followed by filtering, washing and drying in vacuo to
obtain ZnCMPS-PVPA (5.84 g, 90.1%). IR (KBr): v = 3026, 2925
(CH), 2341(0=P-0H), 1650, 1542, 1510, 1493 (-C¢Hs), 1267
(P=0), 700 (C-Cl) cm-1. Found: C 51.16%, H 4.09%; Calc. for
CgoHg1011P3ClgNazZn3: C 52.31%, H 4.41%.

2.2.4. Synthesis of aminomethyl-zinc poly(styrene-phenylvinyl-
phosphonate)-phosphate (ZnAMPS-PVPA, 3)

A proportional amount of m-phenylenediamine was blend-
ed with 2 (1 g), Na2COs3 (1.06 g, 0.01 mol), and alcohol 50 mL
(the molar ratio of alkyl diamine to chlorine element in 2 is
5:1). After the mixture was stirred and kept at 70 °C for 12 h,
the product 3a was filtered, washed, and dried in vacuo. The
product 3(b-g) was obtained by a similar course. The products
were abbreviated as 3(a-g). 3a, Found: C 62.16%, H 5.21%, N
9.16%; Calc. for C12s8H137N16011P3Na2Zns3: C 63.81%, H 5.69%, N
9.31%. 3b, Found: C 61.15%, H 5.02%, N 9.05%; Calc. for
C128H137N16011P3NazZn3: C 63.81%, H 5.69%, N 9.31%. 3c,

Br RH
— >
CH3CH,0H

5a: R = p-NHPhNH-
5b: R = -NH(CH,)GNH-

Found: C 69.16%, H 545%, N 7.26%; Calc. for
C176H160N16011P3NazZn3: C 70.05%, H 5.61%, N 7.43%. 3d,
Found: C 5736%, H 6.85%, N 893%; Calc. for
Co2H133N12011P3NazZn3: C 57.58%, H 6.93%, N 9.01%. 3e,
Found: C 59.01%, H 7.23%, N 8.45%; Calc. for
C100H149N12011P3NazZn3: C 59.12%, H 7.33%, N 8.52%. 3f,
Found: C 60.27%, H 7.58%, N 7.95%; Calc. for
C108H165N12011P3NazZns: C 60.51%, H 7.69%, N 8.08%. 3g,
Found: C 62.73%, H 8.25%, N 7.26%; Calc. for
C124H197N12011P3NazZn3: C 62.89%, H 8.32%, N 7.31%.

2.3.  Synthesis of chiral salen Mn(IlI) catalyst anchored on
ZnAMPS-PVPA (4)

Chiral salen Mn(III) (4 mmol) in 10 mL of THF was added
dropwise to the solution of 3a (0.5 g) pre-swelled in THF for 30
min and EtsN (5 mmol) with stirring. Then the mixture was
refluxed for 10 h, followed by neutralizing and evaporating. The
dark brown powder 4a was obtained by filtration and washing.
Samples 4(b-c) were obtained by the same process. For sam-
ples 4(d-g), chiral salen Mn(III) (4 mmol) in 10 mL of THF was
added dropwise to the solution of 3a (0.5 g) pre-swelled in THF
for 30 min and EtsN (5 mmol) with stirring. Then the mixture
was refluxed for 10 h. After cooling down, the solution was
neutralized and the solvent was evaporated. The dark brown
powder 4a was obtained by filtration and washed thoroughly
with CHzClz and deionized water respectively until no Mn could
be detected by AAS. 4a, Found: C 70.16%, H 7.21%, N 3.05%;
Calc. for Ca16Hs45N32027P3NazZnsMns: C 71.65%, H 7.82%, N
3.22%. 4b, Found: C 69.15%, H 7.01%, N 2.91%; Calc. for
Ca16H545N32027P3NazZnsMns: C 71.65%, H 7.82%, N 3.22%. 4c,
Found: C 70.17%, H 7.25%, N 5.26%; Calc. for C464Hs577N32027P3-
NazZn3Mng: C 71.39%, H 7.40%, N 5.74%. 4d, Found: C 67.91%,
H 7.93%, N 5.86%; C3soHs41N28027P3NazZn3Mns: C 68.03%, H
8.07%, N 5.93%. 4e, Found: C 68.26%, H 8.06%, N 5.74%; Calc.
for C3ssHss7N28027P3NazZns Mns: C 68.32%, H 8.17%, N 5.83%.
4f Found: C 68.52%, H 8.16%, N 5.62%; Calc. for
C396H573N28027P3NazZnsMns: C 68.60%, H 8.27%, N 5.73%. 4g,
Found: C 69.02%, H 8.37%, N 5.48%; Calc. for
Cs12H60sN28027P3Naz2ZnsMns: C 69.14%, H 8.46%, N 5.55%.

2.4.  Synthesis of alkyldiamino-modified chiral salen Mn(11I)
(Scheme 2)

p-phenylenediamine (20 mmol) and Na2COs3 (0.848 g, 8
mmol) were blended with benzyl bromide at 70 °C for 6 h to
gain compound 5a. The subsequent procedure was similar to
that used for the heterogeneous catalyst (in Section 2.3). 6a, IR
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THF, EtsN 7N>Mn'\/N
+Bu o’r O +~Bu
5

+-Bu -Bu
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Scheme 2. Synthesis of the homogeneous catalysts.
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(KBr): v = 1650, 1542, 1510, 1493 (-C¢Hs), 1140 (-NHz), 3415,
1617 (-NH-), 1639 (-C=N) cm-L. Found: C 73.68%, H 8.03%, N
6.95%); Calc. for Ca2Hs0N4O2Mn: C 73.87%, H 8.17%, N 7.04%.
6b, IR (KBr): v = 3410, 1620 (-NH-), 3024, 2927 (CH), 2339
(0=P-0H), 1651, 1543, 1513, 1492 (-CeHs), 1639 (-C=N), 1262
(P=0) cm-1; Found: C 72.85%, H 8.91%, N 6.92%; Calc. for
C48H71N402Mn: C 72.91%, H 8.99%, N 7.09 %.

2.5. Asymmetric epoxidation

2.5.1. Using m-CPBA as oxidant

For m-CPBA/NMO, the activity of the prepared catalysts was
tested with alkene (1 mmol), n-nonane (internal standard, 1
mmol), NMO (5 mmol), homogeneous (5 mol%) or heteroge-
neous salen Mn(III) catalysts (5 mol%) and m-CPBA (2 mmol)
for the epoxidation of unfunctionalized olefins in CH2Cl,. After
the reaction, Na2CO3 (2 mL, 1.0 mol/L) was added to quench
the reaction.

2.5.2. Using NalOs as oxidant

For the NalOs/imidazole system, the reaction was carried
out with alkene (1 mmol), NalO4 (2 mmol) and the catalyst (5
mol%) in a mixture of acetonitrile : water = 2:1.

2.6. Reusability of the catalyst

In a typical recycling test, an equal volume of hexane was
added to the mixture after the reaction. Subsequently, the or-
ganic phase was separated, followed by washing and drying.
The recovered catalyst was weighed and reused in the next run.
In all runs, the same proportion of substrate-to-catalyst and
solvent-to-catalyst was retained.

2.7. General procedure for the large scale asymmetric
epoxidation reaction

A solution of catalyst 4d (2.5 mmol), n-nonane (50 mmol)
and o-methylstyrene (50 mmol) in CHz2Cl2 (150 mL) at —40 °C
was stirred for 30 min. Then, m-CPBA (100 mmol) was added
to the solution step by step. After NazCO3 (100 mL, 1.0 mol/L)
was added to quench the reaction, the organic layer was dried
over sodium sulfate. The conversions and ee values of the
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Fig. 1. FT-IR spectra of (1) 4b, (2) 4g and (3) Jacobsen'’s catalyst.

epoxide were determined by GC.
3. Results and discussion

3.1. Characterizations of the heterogeneous chiral catalysts
3.1.1. IR spectroscopy and UV-Vis spectroscopy

Catalysts 4(a-g) and Jacobsen’s catalyst have the same band
at 1638 cm-! (Fig. 1) due to the vibration of the imine group.
The azomethene (C=N) stretching band was in the vicinity of
1617 cm-1 for Jacobsen’s catalyst and the supported catalysts.
The band at 3408 cm-! was observed for the catalysts, which
was assigned to the stretching vibration of N-H groups. The
stretching vibration at 1030 cm-! which was assigned to the
vibrations of the phosphonate and phosphate in the support
ZnPS-PVPA was obviously weakened by the electronic struc-
ture changes of the host-guest interaction. The common prom-
inent bands at 1145, 1089, and 986 cm-! were assigned to the
R-PO32™ phosphonate stretching vibrations. The phosphonate
and phosphate stretching vibrations contributed to the adsorp-
tion at 1201, 1144, and 1077 cm-L.

In the UV-Vis spectra (Fig. 2), the band at 335 nm can be at-
tributed to the charge transfer transition of the salen ligand.
The band at 433 nm was due to the ligand-to-metal charge
transfer transition. The band at 510 nm was assigned to the d-d
transition of salen Mn(III) complex. Moreover, the interaction

Absorbance

500
A/ nm

200 300 400 600 700 800

Fig. 2. Solid reflectance UV-Vis spectra of (1) 4b, (2) Jacobsen’s catalyst and (3) 4g.
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between the salen Mn(III) complex and the amino-modified
ZnPS-PVPA contributed to the blue shifts of Jacobsen’s catalyst
and the supported catalysts.

3.1.2. Thermal gravimetric analysis and powder XRD

For catalyst 4b (Fig. 3(a)), the initial mass loss was 3.38%
below 200 °C due to the loss of surface-bound and intercalated
water. Subsequently, the organic moieties decomposed with
69.32% mass loss in the temperature range of 200-850 °C. For
catalyst 4g (Fig. 3(b)), a similar mass loss procedure occurred
with an initial 3.5% mass loss below 180 °C and then 56.8%
mass loss for the decomposition of the organic moieties in the
range of 180-700 °C. Notably, both catalysts 4b and 4g still
maintained superior stability below 180 °C, which indicated
that the heterogeneous catalysts can be utilized in asymmetric
epoxidation.

Compared with ZnPS-PVPA (Fig. 4), many crystalline peaks
have disappeared or were diminished for catalysts 4b and 4g
upon the immobilization of Jacobsen’s catalyst. For catalyst 4b,
the intensity of the peaks at 2.02°, 25.4° and 42.16° decreased
with a small shift toward lower 26 values, which confirmed that
the mesoporous structure of the parent support remained in-
tact after the modification with aryl diamine. Some peaks in the
XRD pattern of the catalyst were relatively reinforced as the
other peaks weakened. A similar phenomenon occurred with
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catalyst 4g. In addition, the interlayer distance of catalyst 4b
(4.33 + 0.02 nm) was nearly twice that of ZnPS-PVPA (2.1 +
0.13 nm) owing to the introduction of Jacobsen’s catalyst on the
p-phenylenediamine that made the zinc layer stretch. For cata-
lyst 4g, the interlayer distance (0.237 # 0.01 nm) was instead
narrower than that of ZnPS-PVPA (2.1 + 0.13 nm) by virtue of
Jacobsen’s catalyst being anchored on ZnPS-PVPA through
1,6-diaminohexane. In the configuration of catalysts 4b and 4g,
the difference lies in the rigid linker for 4b and the flexible
linker for 4g. In essence, the mode of the immobilization of
Jacobsen’s catalyst and the corresponding microenvironment
contributed to the phenomenon.

3.1.3.  N:adsorption isotherm

As described in Fig. 5(a), catalyst 4b showed a distribution
of pore size of 2-8 nm and a characteristic Type V isotherm. For
catalyst 4g (Fig. 5(b)), the Nz adsorption isotherm was charac-
teristically Type V with a distinct hysteresis loop (Type H1). The
pore diameters varied from 1 to 18 nm, and a small amount
below 2 nm and a few over 50 nm in diameter. The textural
parameters calculated from the N2 adsorption isotherms and
Mn content of the immobilized catalysts were shown in Table 1.

For catalyst 4b, after the chloromethylation and arylamina-
tion, obvious increases in the BET surface area (1, 2 and 3b,
from 4.9 to 36.9 and to 42.5 m2/g) and pore volume (1, 2 and
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Fig. 3. TG curves of catalysts (a) 4b and (b) 4g.
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Fig. 4. XRD patterns of (1) ZnPS-PVPA, (2) catalyst 4b and (3) catalyst 4g.
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Table 1
Physical properties of 1, 2, 3b, 4b and 4g.
Sample Surface Porevolume  Averagepore Mn content
P area (m?/g) (cm3/g) diameter (nm)  (mmol/g)
1 49 0.013 3.5 —
2 36.9 0.1882 10.21 —
3b 42.5 0.242 11.39 —
4b 31.66 0.0543 1.56 0.72
4g 28.02 0.04442 0.61 0.73

3b, from 0.013 to 0.1882 and to 0.242 cm3/g) and pore diame-
ter (1, 2 and 3b, from 3.5 to 10.21 and to 11.39 nm) were ob-
served. In contrast, upon the immobilization of chiral salen
Mn(III) onto ZnPS-PVPA, decreases were seen in the BET sur-
face area (3b and 4b, from 42.5 to 31.66 m2/g), pore volume
(3b and 4b, from 0.242 to 0.0543 cm3/g) and pore diameter
(3b and 4b, from 11.39 to 1.56 nm). For catalyst 4g, owing to
the immobilization of Jacobsen'’s catalyst, the textural parame-
ters similarly showed a decrease in BET surface area (2 and 4g,
from 36.9 to 28.02 m2/g), pore volume (2 and 4g, from 0.1882

to 0.04442 cm3/g) and pore diameter (2 and 4g, from 10.21 to
0.61 nm). From these facts, it can be deduced that two forms of
the immobilization of Jacobsen’s catalyst existed: inner type
and outer type.

3.1.4. Analysis of surface morphology

From the SEM photographs (Fig. 6), catalysts 4b and 4g
have a similar loose amorphous configuration, which con-
firmed that the morphology of the catalysts did not depend on
the linker. Moreover, the morphology of 4b and 4g was much
transformed versus ZnPS-PVPA (smooth anomalous structure),
which was different from most of the results reported [25-27]
such as the immobilized chiral salen Mn(III) on ZPS-PVPA. Sim-
ultaneously, many small caves and channels with irregular
shapes also were present. The amorphous morphology and
porous structure of the catalysts together would increase the
surface area (ZnPS-PVPA, 4b, and 4g; 4.9, 31.66 and 28.02
m2/g) and helped substrates onto the catalytic active sites.

As described in Fig. 7, both the catalysts 4b and 4g showed a
loose configuration. Meanwhile, channels, holes and caves also

©

100nm

Fig. 7. TEM photographs of (a) ZnPS-PVPA, (b) catalyst 4b and (c) catalyst 4g.
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existed, which confirmed that the linkers hardly had an effect
on the morphology. Notably, the TEM images of catalysts 4b
and 4g were changed compared to that of ZnPS-PVPA which
manifested a spheroid structure. Therefore, the special config-
uration of the catalysts helped the substrates get to the internal
catalytic active sites easily and provided enough space for the
asymmetric epoxidation of unfunctionalized olefins.

3.2. Catalytic epoxidation of unfunctionalized olefins
3.2.1. Effect of different oxidants

3.2.1.1. Oxidation system of m-CPBA/NMO

To investigate the control of the chirality of the product, the
support ZnPS-PVPA and 3b as well as homogeneous catalyst 6a
were utilized to epoxidize indene (Table 2). Low olefin enan-
tio-excesses were obtained (ee = 0% in entry 17 and ee =
22.6% in entry 6), which indicated that both ZnPS-PVPA and

Table 2

the support 3b were stereochemically inactive for the epoxida-
tion of olefins. Meanwhile, the ee values increased from 54% to
83.7% (Jacobsen’s and 6a, entry 1 and entry 8) due to the mod-
ification of p-phenylenediamine and further increased to >99%
(6a vs 4b, entry 8 vs entry 3) upon the immobilizing on
ZnPS-PVPA. In the asymmetric epoxidation of a-methylstyrene
and styrene, similar observations were also taken. Based on
these results, it was deduced that for the catalysts 4(a-c), a
synergistic effect of the support ZnPS-PVPA, linkage aryl dia-
mine and chiral salen Mn center contributed to the chirality of
the products.

For catalysts 4(d-g), a similar synergism affected the enan-
tioselectivity, which was also unrelated to the linkers. Upon the
functionalization of alkyl diamine and immobilization, the ee
values increased from 54% to 86.7% (entry 1 vs entry 15) and
further up to 98% (entry 12).

3.2.1.2. Oxidation system of NalOs/imidazole

Asymmetric epoxidation of a-methylstyrene and indene catalyzed by homogeneous and heterogeneous catalysts (4(a-g)) with m-CPBA/NMO 2 and

NalOs/imidazole b as oxidant systems.

Entry Substrate Catalyst Oxidant system Time (h)  Conversion (%) ee of (S)-form (%) TOF ¢(10-4s1)
1 indene Jacobsen'’s m-CPBA/NMO 1 98 54 54.42
2 indene 4a m-CPBA 1 80.5 94.5 44,72
3 indene 4b m-CPBA 1 >99 >99 55.55
4 indene 4c m-CPBA 1 86.4 92.3 48.00
5 indene 4b m-CPBA/NMO 1 7.8 4.5 4.33
6 indene 3b m-CPBA 1 >99 22.6 55.55
7 indene 6a m-CPBA/NMO 1 91.2 25.5 50.66
8 indene 6a m-CPBA 1 98.7 83.7 54.83
9 indene 4d m-CPBA/NMO 1 80 81 44.44
10 indene 4e m-CPBA/NMO 1 82 85 45.58
11 indene 4f m-CPBA/NMO 1 92 92 51.09
12 indene 4g m-CPBA/NMO 1 >99 98 54.99
13 indene 4g m-CPBA 1 51 8 28.35
14 indene 3g m-CPBA/NMO 1 >99 16.83 54.99
15 indene 6b m-CPBA/NMO 1 89 86.7 49.44
16 indene 6b m-CPBA 1 76 82.5 42.21
17 indene ZnPS-PVPA m-CPBA/NMO 1 >99 0 54.99
18 a-methylstyrene Jacobsen'’s NalOs/imidazole 5 >99 69 11.11
19 a-methylstyrene 4a NalOs/imidazole 5 >99 >99 11.11
20 a-methylstyrene 4b NalO4/imidazole 5 >99 >99 11.11
21 a-methylstyrene 4c NalOs/imidazole 5 >99 >99 11.11
22 a-methylstyrene 4b NalO4 5 >99 >99 11.11
23 a-methylstyrene 6a NalO4/imidazole 5 >99 >99 11.11
24 a-methylstyrene 6a NalO4 5 >99 >99 11.11
25 a-methylstyrene 4d NalO./imidazole 5 >99 >99 11.11
26 a-methylstyrene 4e NalOs/imidazole 5 >99 >99 11.11
27 a-methylstyrene 4f NalOs/imidazole 5 >99 >99 11.11
28 a-methylstyrene 4g NalO./imidazole 5 >99 >99 11.11
29 a-methylstyrene 4g NalO4 5 >99 >99 11.11
30 a-methylstyrene 6b NalO4/imidazole 5 86 82 9.65
31 a-methylstyrene 6b NalOs 5 83 79 9.31

aReactions were carried out at -20 °C in CHzClz (3 mL) with indene (1 mmol), n-nonane (internal standard, 1 mmol), NMO (5 mmol), homogeneous (5
mol%) or heterogeneous salen Mn(IlI) catalysts (5 mol%) and m-CPBA (2 mmol). The conversion and the ee value were determined by GC with chiral

capillary columns HP19 091G-B213, 30 m x 0.32 mm x 0.25 pm.

b Reactions conditions: alkene (1 mmol), NalO4 (2 mmol), catalyst (0.03 mmol), CHsCN/H20 (10 mL/5 mL).

cTurnover frequency calculated by [product]/[catalyst] x time.
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For catalysts 4(a-c), the catalytic activities were compara-
ble to the homogeneous catalyst 6a and Jacobsen’s catalyst (ee,
>99% vs >99% vs 69%; entries 19-21 vs entry 23 vs entry 18).
The conversion and enantioselectivity of catalyst 4b exceeded
95%, even >99%. From catalysts 4(d-g), the catalytic disposi-
tions remained superior to Jacobsen’s catalyst and the homog-
enous catalyst 6b (ee, 4(d-g) vs Jacobsen’s vs 6b; >99% vs
69% vs 82%, entries 25-28 vs entry 18 vs entry 30). Apart
from this, the ee values varied from 69% (Jacobsen'’s, entry 18)
to 82% (6b, entry 30) through the modification of
1,6-hexanediamine, followed by increasing to >99% (4g, entry
28) upon the immobilization of catalyst 6b on ZnPS-PVPA. That
is, the combined effects of ZnPS-PVPA and the linker as well as
chiral ligand contributed to the superior activity in
NalO4/imidazole.

3.2.2. Effect of the linkage

According to m-CPBA/NMO, catalyst 4b showed higher ac-
tivity than catalyst 4a in the asymmetric epoxidation of indene
(conversion >99% vs 80.5%; ee, >99% vs 94.5%; entries 3 and
2). This was due to the high symmetry of rigid p-phenylenedi-
amine which decreased the steric obstacles. For catalyst 4c, a
lower activity (conversion 86.4% vs >99%; ee, 92.3% vs >99%j;
entries 3 and 4) was displayed due to the bulkier linker benzi-
dine making the substrates approach the catalyst with diffi-
cultly. For catalysts 4(d-g), the catalytic activities increased
with the length of the linkage in m-CPBA/NMO (entries 9-12).
For instance, the ee values increased from 81% to 98%, con-
version from 80% to >99% with the increase of carbon number
of the alkyl diamine in the asymmetric epoxidation of indene,
which was reported by Li’s group [17] and our group [29]. The
phenomenon can be interpreted as that the augmentation of
the linkage was in favour of the heterogeneous salen Mn(III)
complexes approaching the active intermediates of salen Mn(V)
or their transition states more easily.

For NalOs/imidazole, neither the rigid aryl diamine nor the
increase of the flexible chain length have effects on the catalytic
activity. For example, the conversion and enantioselectivity
exceed 99% (entries 19-21 and 25-28), which remained un-
changed with the different linkers. This could be due to the
superior oxidation of NalO4 so that the effect of the linkers on
the catalytic ability can be neglected.

3.2.3.  Effect of the axial ligand

Notably, high catalytic activities were obtained with the
heterogeneous catalyst 4b (conversion >99% vs 7.8%; ee,
>99% vs 4.5%; entries 3 and 5) and the homogeneous catalyst
6a (conversion 98.7% vs 91.2%; ee, 83.7% vs 25.5%; entries 7
and 8) in the absence of the additive NMO which is commonly
required to improve the catalytic activity. This was in contrast
to most literature reports [36]. Several factors contributed to
this. First, the spatial orientation of the rigid aryl diamine can
play the role of the N-oxide ligand (NMO). At the same time, the
additives were generally axial ligands on the transition metal
catalyst, which made the catalyst active either toward oxidation
or toward reactivity with the olefin. When the N-oxide ligand
(NMO) was added, a steric hindrance was brought about, and

the optimal geometric configuration of the reactive intermedi-
ate salen Mn(V)=0 was altered. The steric hindrance would
prevent the olefins from approaching salen Mn (V)=0 so that
lower ee values were generated. However, the catalytic activity
of catalyst 4g (conversion >99% vs 51%; ee, 98% vs 8%; en-
tries 12 and 13) and the homogeneous catalyst 6b (conversion
89% vs 76%; ee, 86.7% vs 82.5%; entries 15 and 16) obviously
increased with the addition of NMO in the epoxidation of in-
dene, which was in agreement with most papers [25-27]. In
summary, superior activity for the catalysts with rigid aryl di-
amines in the absence of NMO and for the catalysts with flexible
alkyl diamines in the presence of NMO was observed.

For NalOs/imidazole, the superior catalytic activity of cata-
lysts 4b and 4g as well as the homogeneous catalyst 6a was
still be maintained with the addition of imidazole and without
(conversion up to 99%; ee%, up to 99%; entry 20 vs entry 22,
entry 23 vs entry 24, entry 28 vs entry 29). For the homogene-
ous catalyst 6b, the catalytic activity increased a little in the
presence of imidazole (conversion 86% vs 83%; ee, 82% vs
79%; entry 30 vs entry 31). That was, the axial ligand imidazole
had a subtle impact on the catalytic activity. The catalytic tests
indicated excellent catalytic activities (conversion 97%; ee,
>99%) in the absence of the axial ligand imidazole and lower
activities (conversion 70%; ee, 88%) [37] with the addition of
imidazole. Therefore, the additive imidazole played different
roles in different catalyst systems.

3.3.  Reusability of the catalysts

The reusability of a heterogeneous catalyst was of great
importance from synthetic and economical points of view. Ho-
mogeneous catalysts usually cannot be recovered even once.
However, supported catalysts 4(a-g) could be filtered and re-
used several times with the retention of their activity.

As shown in Fig. 8, catalysts 4b and 4g maintained favoura-
ble activities after recycling nine times (conversion 88% vs
89%; ee, 86.1% vs 91%; 4b and 4g). The effective separating of
the chiral salen Mn(IlI) complexes by the solid support
ZnPS-PVPA could avoid the generation of the inactive
p-oxo-Mn(IV) species and ultimately contributed to the superi-
or stability of the catalyst. The decrease of the yield was at-
tributed to the decomposition of the chiral Mn(III) salen com-
plex under epoxidative conditions [38] and the loss of hyper-
fine granules of the heterogeneous chiral Mn(III) salen catalyst.
After recycling nine times, the Mn content of the catalysts 4b
and 4g decreased (4b, 0.46 mmol/g; 4g, 0.45 mmol/g) com-
pared with the fresh catalyst (4b, 0.72 mmol/g; 4g, 0.73
mmol/g). In the FT-IR spectra of the recovered catalyst 4b (Fig.
9), the characteristic bands at 2954, 2864 and 1630 cm-! dis-
appeared or were weakened after recycling ten times, which
indicated that the active sites of the salen Mn(III) complex and
the support ZnPS-PVPA were partly destroyed under the acid
reaction conditions.

3.4. Large scale asymmetric epoxidation reaction

We further carried out different scales of large scale asym-
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Fig. 8. Recycle of (a) catalysts 4b and (b) catalyst 4g in the asymmetric epoxidation of a-methylstyrene.
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Fig. 10. Large scale asymmetric epoxidation reaction of

o-methylstyrene.

metric epoxidation reactions with o-methylstyrene as sub-
strate and m-CPBA as oxidant. The same catalyst loading of 5
mol% as that used in the experimental scale was employed.
The large scale experiments could be facilely performed using
the same procedure as the experimental scale reactions. The
catalytic activities were shown in Fig. 10. Delightfully, the supe-
rior catalytic performance could still be maintained for the
large scale reactions even when the scale was 200 times that of
the experimental scale.

4. Conclusions

The epoxidation catalyst, Jacobsen’s catalyst, anchored on
ZnPS-PVPA gave good to excellent chemical yields and enanti-
oselectivity in the asymmetric epoxidation of unfunctionalized
alkenes. The heterogeneous catalyst retained its high atom
efficiency after recycling nine times and could perform effec-
tively on a large scale. The additives played different roles in
different oxidation systems. However, the asymmetric induc-
tion was low in some cases. Further optimization and investi-
gation of the scope and mechanisms of supported Jacobsen’s
catalyst for asymmetric epoxidation of alkenes are ongoing in
our laboratory.
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