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A series of tridentate Schiff base dioxomolybdenum(VI) complexes have been immobilized onto
modified synergistic organic-inorganic hybrid support chloromethyl-ZPS-PVPA |[zirconium poly
(styrene-phenylvinylphosphonate)-phosphate] to prepare a new type of heterogeneous catalyst. The
as-synthesized catalysts exhibited good to excellent catalytic efficiency in epoxidation of unfunctional-
ized olefins, using tert-butyl hydroperoxide (TBHP) as oxidant. Surprisingly, up to 99% ee values were
obtained when a-methylstyrene was chosen as substrate in this oxidant system with these heteroge-
neous catalysts. Furthermore, the immobilized catalyst showed a stable catalytic activity in manifold

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Catalytic epoxidation of alkenes is a powerful strategy for the
synthesis of various chiral intermediates in the pharmaceutical
as well as in the agrochemical industries, and various methods
have been employed to fulfill this particular reaction. While the
Schiff base dioxomolybdenum(VI) catalysts are the most promis-
ing candidates for the epoxidation of unfunctionalized olefins by
organic hydroperoxides [1]. TBHP is environment-friendly, and the
by-product of the reaction, tert-butyl alcohol, can be conveniently
separated and recycled or used in other industrial processes [1,2].
Besides, the nature of the hydroperoxide also has an effect on the
enantiomeric excess of asymmetric epoxidation [3]. Hence, these
unique properties of TBHP can be exploited in organocatalyzed
epoxidation of olefins as oxygen source.

During the past several decades, many classic transition metal
complexes with Schiff base ligands have been employed in homo-
geneous catalysis [4-6]. These catalysts usually display higher
activities for the catalytic reactions. However, the separation and
recycling of the expensive catalysts, as well as leaching of the active
metal into the solvent and the insufficient stability of the catalysts
are still problematic in homogeneous phase. Another disadvantage

* Corresponding author. Tel.: +86 23 68253704; fax: +86 23 68254000.
E-mail addresses: fxk@swu.edu.cn, lisd8@swu.edu.cn (X. Fu).

1381-1169/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2010.02.015

in homogeneous system is that the formation of pw-oxo dimmers
and other polymeric species will lead to irreversible catalyst deac-
tivation [7].

Compared with the homogeneous catalysts, the heterogeneous
catalysts have the inherent advantages, including convenient sep-
aration of catalysts from reaction mixture and facility of purifying
products. Thus, in recent years, many groups have devoted to
utilizing solid support in the heterogenization of some tran-
sition metal catalysts in an attempt to tailor-made catalysts
for desired performance. They have immobilized the homoge-
neous catalysts onto inorganic solids [8-12] and organic polymers
[13-16]. However, the heterogeneous catalysts generally lead to
partial loss of activity, only few of them exhibit higher cat-
alytic activity than their corresponding homogeneous counterparts
[17,18].

In comparison with the vast number of inorganic materials and
organic polymers which are employed so far for the immobilization
of homogeneous catalysts, the organic-inorganic hybrid materials
as very promising support hold unique position. They have both
the advantages of organic materials such as light weight, flexibil-
ity, and inorganic materials such as high strength, heat stability
and chemical resistance [19]. This finding will provide precious
knowledge about synthesis of organic-inorganic hybrid materi-
als, especially for inorganics that do not have active groups on
their surface [20,21]. Synergistic organic-inorganic hybrid mate-
rial combining of zirconium phosphate and polystyrene was rarely
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reported. If combined, modified or modulated with each other,
they could learn from other’s strong points to offset one’s weak-
ness and mutual support of relative advantages, which could get
a new type of organic-inorganic hybrid material with special new
characteristic and brand-new use. Organic-inorganic hybrid mate-
rial as support and a series of heterogeneous catalysts have been
explored in our group [22-29]. In previous work, we have reported
the chiral salen Mn (III) complex axially immobilized onto diamine-
or polyamine-modified ZPS-PVPA and their use in catalytic epox-
idation [26]. Especially, the conversion and enantiometric excess
could exceed 99% in the epoxidation of a-methylstyrene. The
chiral salen Mn (III) complex axially immobilized onto phenoxyl-
modified ZSP-PVPA was also reported, and showed comparable
or even higher conversions and enantioselectivities than the rele-
vant literature in the asymmetric epoxidation of unfunctionalized
olefins [29]. It is worth mentioning that the heterogeneous cata-
lysts afforded remarkable increases of conversion and ee values
in the absence of expensive O-coordinating axial bases for the
asymmetric epoxidation of a-methylstyrene for the first time,
which may overcome the last obstacle for wide application in
organic synthesis as well as in industry of chiral Jacobsen’s cata-
lyst.

Taking into account aforementioned factors, our continu-
ing interest in the field of the support led us to regard the
organic-inorganic hybrid material as a potential tool. We herein
report the preparation, characterization, and investigation of
catalytic activities of the immobilized tridentate Schiff base diox-
omolybdenum(VI) complexes as heterogeneous catalysts in the
epoxidation of olefins. The effect of various oxidants, solvent nature
and reaction temperature on the activity and selectivity were also
studied. Recycling experiments further demonstrated that efficient
catalysts were highly reusable without noticeable loss of activity
even after repeated use for ten times in the epoxidation reac-
tions.

2. Experimental
2.1. Materials

Cyclooctene, styrene, a-methylstyrene and n-nonane were pur-
chased by Alfa Aesar. MoO;(acac), was prepared according to the
literature method [30]. Other commercially available chemicals
were laboratory-grade reagents from local suppliers.

2.2. Physical measurements

FT-IR spectra were recorded from KBr pellets using a Bruker
RFS100/S spectrophotometer (USA), and diffuse reflectance UV-vis
spectra of the solid samples were recorded in the spectrophotome-
ter with an integrating sphere using BaSO4 as standard. The Mo
content of the catalyst was determined by a TAS-986G (Pgeneral,
China) atomic absorption spectroscopy. X-ray photoelectron spec-
troscopy (XPS) was performed on a KRTO-SXSAMB800 spectrometer.
TG analyses were performed on a SBTQ600 Thermal Analyzer (USA)
with the heating rate of 20°Cmin~! from 25 to 1000°C under
flowing N, (100mlmin—!). SEM were performed on KYKY-EM
3200 (KYKY, China) microscopy. TEM were obtained on a TEC-
NAI10 (PHILIPS, Holand) apparatus. Nitrogen adsorption isotherms
were measured at 77K on a 3H-2000I (Huihaihong, China) vol-
umetric adsorption analyzer with BET method. The conversions
(with n-nonane as internal standard) and the ee values were
analyzed by gas chromatography (GC) with a Shimadzu GC2010
(Japan) instrument equipped using a chiral column (HP19 091G-
B213,30m x 30 m x 0.32 mm x 0.25 pm) and FID detector, injector
230°C, detector 230°C.

2.3. Synthesis of diaminomethyl-zirconium poly
(styrene-phenylvinylphosphonate)-phosphate (ZAMPS-PVPA)

The synthesis and characterization of ZPS-PVPA and ZCMPS-
PVPA have beenreported earlier [26] (Scheme 1). To a suspension of
ZCMPS-PVPA (5.0 g) that had been pre-swelled in toluene (10 ml)
for 30 min was added proper amount of 1,2-diaminocyclohexane
or 1,2-diaminobenzene (the molar ratio of amines to chlorine ele-
ment in ZCMPS-PVPA is 10:1), and the mixture was kept at 80°C
for 12 h. After the reaction, the product was filtered, washed with
ethanol to remove superfluous amine, then dried in vacuo to yield
5.6 g of the product as yellow solid. The products were abbreviated
as 1a, 1b in turn.

2.4. Synthesis of the immobilized Schiff base ligands

A series of the immobilized Schiff base ligands were synthesized
according to the standard method [31-36] with minor modifica-
tions (Scheme 2). In a typical procedure, a mixture of ZAMPS-PVPA
(1.0g)in absolute ethanol (20 ml) was added activated silica gel and
the substituted aldehydes or ketones (2 mmol, benzoin, salicylalde-
hyde, acetylacetone, 3,5-di-tert-butyl-2-hydroxy-benzaldehyde).
The mixture was refluxed for 20 h under dry argon atmosphere
to afford the immobilized Schiff base ligands, and abbreviated as
2a-2h in turn. These solids were filtered, washed with ethanol to
remove superfluous aldehydes or ketones and dried in vacuo to
yield 1.1 g of the product.

2.5. Synthesis of the immobilized Schiff base molybdenum
catalysts 3a-3h

All the immobilized Schiff base dioxomolybdenum(VI) com-
plexes were synthesized using a ligand exchange procedure
(Scheme 2). A solution of MoO;(acac), (0.30g) in absolute ethanol
(30 ml) was added the immobilized Schiff base ligand (0.60 g) and
heated at 60°C for 24 h [33-36]. The immobilized molybdenum
catalyst was separated by filtration, and soxhlet extracted with a
mixture of dichloromethane and ethanol (1:1) to remove the unre-
acted MoO»(acac);, then dried in vacuo at 80°C.

2.6. Procedure for catalytic epoxidation

In a typical reaction [33,36], to a mixture of catalyst (2.0 mmol%,
the amount was calculated via the active centers of metal), n-
nonane (1.0 mmol) as an internal standard and olefin (1.0 mmol)
in 1,2-dichloroethane (3.0 ml) was added TBHP (0.30 ml, 2.0 mmol,
75% in di-tertiary butyl peroxide) under stirring. The mixture was
keptat 75 °C for the appropriate time. The catalyst was precipitated
from the reaction mixture by adding the equal volume of hexane,
then the organic phase was separated and purified on a silica-gel
plates or a silica-gel column, and then analyzed by GC to determine
the reactant conversion and the product selectivity. Blank experi-
ment in the presence of oxidant and in the absence of catalyst was
also performed under the same experimental conditions.

3. Results and discussion
3.1. Preparation of the catalyst

The first step is a substitution reaction of ZCMPS-PVPA
chloro groups with excess of 1,2-diaminocyclohexane or 1,2-
diaminobenzene to produce substituted monoamine (ZAMPS-
PVPA). Correspondingly, the sharp C-Cl peak at 706cm~! in the
ZAMPS-PVPA practically disappeared or was seen as a weak band
after introduction of amines. The reaction solution was added acti-
vated silica gel in the second step, which could remove yielding



Y. Li et al. / Journal of Molecular Catalysis A: Chemical 322 (2010) 55-62 57

POsH, PIO3H2
= reflux L H2+ ZrOCl,
©/\+ EtOAC C|: 02 CI: C T Nah,PG,

PVPA Ph  Ph
St-PVPA

CH3;OCH,CI

Zr(HPOy)1. 35[03PC(Ph)CH2(?HCH2)m]o 65 nHzoﬁ".— CH,Cl(@=ZPS-PVPA)
ZPS-PVPA Ph ZCMPS-PVPA
1a r=

__PhCH,

@ CH,Cl + /Q\

80°C 12h “eoc 120 @—CHHN
2

PhCH,
&-CHClr 80°C 12h
H,N  NH, @—CH,HN i NH,
PhCH,
@-CR,Cl % 80°C 12h
HoN  NHy @-CH,HN  NH,

1b

Scheme 1. Synthesis of the support.

water during the reaction process. Finally, the coordination reac-
tion of Schiff base ligands with excess of MoO;(acac), to afford the
immobilized dioxomolybdenum(VI) catalysts. To reduce or elimi-
nate any negative effects caused by MoO;(acac),, soxhlet extraction
of the product was carried out to remove superfluous MoO,(acac);
from the catalysts.

3.2. Characterizations of the immobilized molybdenum catalysts
3.2.1. Spectral analysis

As shown in Fig. 1, the main characteristic bands in the IR
spectra of the heterogeneous catalysts (3b and 3c) were similar

to the immobilized Schiff base ligands. Comparing the IR spec-
tra of the ZAMPS-PVPA (1a) with the immobilized ligands (2b
and 2c¢), it is found that the IR bond of the immobilized Schiff
base ligands at 1628 cm~! can be assigned to the characteristic
stretching vibration of C=N imine bond. In addition, all Mo(VI)
complexes show a characteristic IR absorption in the ranges of
930-940cm~! (vs)and 910-895 cm~1 (vas), which were assigned to
the cis-MoO, fragment. Solvated complexes of the general formula
[MoO,(L)(ML)] have very similar IR spectral data. The differences
occur in the bands of the coordinated solvents [37]. Therefore, the
spectra of [MoO,(L)(EtOH)] shows a broad band in the range of
3400-3200 cm~! which is due to the v(O-H) stretch, and they also

R
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Scheme 2. Synthetic route of the immobilized Schiff base dioxomolybdenum(VI) catalysts.
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Fig. 1. FT-IR spectra of (a) 1a; (b) 2b; (c) 3b; (d) 2c; (e) 3c.

show a similar band 1030 cm~! which corresponds to the v(C-0)
stretch of alcohol. The range of 1600-1500cm~"! corresponds to
the v(C=C) and v(C=N) stretch of aromatic rings. The v(C4-0) is at
1550cm~! and for ligand L it is at 1500 cm~!, which suggests the
coordination of deprotonated phenoxy group of the ligand. It can
be clearly concluded that MoO5(acac), is successfully coordinated
with the Schiff base ligands to afford the immobilized tridentate
Schiff base molybdenum complexes.

Diffuse reflectance UV-vis spectra (Fig. 2) also gave obvious evi-
dence for the successful coordination. The ZAPS-PVPA (a) and the
Schiff base ligand (b) presented only the bond of phenyl and C=N
imine groups of 200-400 nm in UV-vis spectra. All the characteris-
tic bands appeared in their spectra but the coordinated catalyst (c)
exhibited a blue shift from MoO,(acac), (d) 253,366 and 500 nm to
253, 328 and 400 nm, which indicated that an interaction existed
between MoO,(acac), and the Schiff base ligands [25,26,28].

Absorbance

T r T T
300 400 500 600 700
Wavelength (nm)

Fig. 2. UV-vis spectra of (a) 1a, (b) 2b, (¢) 3b and (d) MoO,(acac),.
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Fig. 3. XPS spectrum of catalyst 3b.

3.2.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS) is a powerful technique
to investigate the electronic properties of the species formed on the
surface. Fig. 3 showed the Mo 3d XPS spectra of MoO,(acac), coor-
dinated on the immobilized Schiff base ligands. The major peaks
around 232.1 and 235.3 eV were attributed to Mo 3ds;; and Mo
3ds),, respectively, which indicated Mo atoms with an oxidation
state of 6+ for the catalyst 3b [38].

3.2.3. Nitrogen sorption studies and Mo content of the
immobilized molybdenum catalysts

The specific surface area of the materials and Mo content of
the immobilized molybdenum catalysts were shown in Table 1.
The amount of the immobilized molybdenum catalysts based on
the Mo element for 3b, 3¢, 3f and 3g calculated by atomic absorp-
tion spectroscopy were 0.36-0.48 mmol/g. It is well known that
the introduction of homogeneous catalysts or metal complexes
onto supports leads to a decrease in the specific surface area of
the supporting material [25,26]. Compared with ZAMPS-PVPA (1a,
1b), the immobilized Schiff base molybdenum catalysts exhib-
ited decreased BET surface area. It can be clearly concluded that
MoO,(acac), was successfully located on the Schiff base ligands
surface.

3.2.4. Analysis of surface morphology

Scanning electron micrograph (SEM) was recorded to under-
stand morphology of the surface of the support and catalyst. The
SEM of the heterogeneous catalyst 3b is shown in Fig. 4(a), which
indicated that the diameter of the particles of the heterogeneous
catalyst 3b was in submicron. Also, it showed that the catalyst was
loose, and had various caves, holes and porous. The TEM photo-
graph of the catalyst 3b was shown in Fig. 4(b). Actually, many

Table 1
Nitrogen sorption studies and Mo content of the immobilized molybdenum
catalysts.

Supports and the immobilized Schiff BET surface Content of Mo
base catalysts area (m?/g) (mmol/g)
ZPS-PVPA 186 -

la 92 -

1b 105 -

3b 79 0.36

3c 83 043

3f 98 0.40

3g 91 0.48
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Fig. 4. (a) SEM photograph of the catalyst 3b and (b) TEM photograph of the catalyst 3b.

holes and cavums were showed in gray and black, respectively. And
many channels could be discerned clearly, which showed blank in
Fig. 4(b). These micropores and secondary channels will increase
the surface area of the catalysts and provide enough space for
substrates to access to the catalytic active sites [25,26,28,29]. The
catalyst was an aggregation of many small particles to some extent.
Generally, one of the advantages of the layered zirconium phos-
phate is that all the organic groups are located on the surfaces,
interlamellar regions and interlayer surfaces no matter whether
they are crystalline semi-crystalline or amorphous, which results
from their self-assembled layered structure on the nanometer scale
[39].

3.2.5. Thermal analysis

The behavior of 3b’s thermo-stability over a broad tempera-
ture range of 25-1000°C was shown in Fig. 5. The initial 12.94%
weight loss was observed from 20 to 150°C, corresponding to the
loss of crystallization water weakly bound to the material. Due to
the fragmentation of the appended organic groups, the second peak
with weight loss 41.25% in the temperature range of 150-650°C is
followed by decomposition of the immobilized Schiff base dioxo-
molybdenum complex. In the temperature range of 650-1000°C
the losses were attributed to the dehydrolysis of Zr(HPO4), to
ZrP,05. These indicate that the catalyst is thermally stable up to
150°C [23,24,27].

3.3. Catalytic epoxidation

Under optimized conditions, the catalytic activities of the cat-
alysts were explored for the epoxidation of different substrates

120
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Fig. 5. TG curves for catalyst 3b.

using TBHP as the oxidant. It is worth pointing out that all cat-
alytic reactions proceeded smoothly with good to excellent results
(Table 2).

On the basis of reported epoxidation mechanism earlier
[33,35,40,41], higher electron donating ability of olefin double bond
is expected to promote the reaction rate. The order of increas-
ing reactivities are as cyclooctene > a-methylstyrene > styrene.
Electronic and steric effects should be taken into considera-
tion to explain the trend. Therefore, more electron-rich cyclic
olefin cyclooctene has more activities than the conjugated o-
methylstyrene and styrene due to the presence of more electrons
donating (CH; )g cyclic bridges connected to the double bond. Espe-
cially, cyclooctene can be almost quantitatively converted into the
corresponding epoxides. A similar increase in yield for cyclooctene
was also reported for the Schiff base molybdenum complexes
immobilized on MCM-41 [33]. As the same reason, compared with
styrene, a-methylstyrene has the same change tendency with
cyclooctene.The results demonstrated that catalyst structures and
olefins should be taken into consideration, which affected the cat-
alytic activity. The heterogeneous catalysts showed good catalytic
activity for aromatic alkenes, like a-methylstyrene (Conv%: 90%;
Sele%: 75%). These positive data suggested that the substrates have
easily access to the immobilized active sites on the ZPS-PVPA, and
that the active sites retaining structures that are similar to that
of the free catalyst MoO;(acac),. Interestingly, a-methylstyrene
was epoxidized with TBHP as an oxidant in blank experiment,
which exhibited excellent enantioselectivities up to 99%. Asymmet-
ric epoxidation of olefins by using a combination of achiral metal
complex and chiral ligand was reported [42-44]. Chiral epoxides
were obtained for a-methylstyrene, though the heterogeneous cat-
alysts are achiral. One possible explanation is that the TBHP as an
oxidant also plays the role of chiral inducement in the epoxidation
of a-methylstyrene in 1,2-dichloroethane, meanwhile, these cata-
lysts can only effectively promote the process of catalytic reactions
[45]. The observed novel catalytic behavior is currently in progress.

The higher activity for the epoxidation of olefins obtained in the
catalytic reactor system can be attributed to the three beneficial
effects of support ZAPS-PVPA: (i) the well-ordered and uncon-
strained pore and cavities structure of the surface makes all active
catalyst sites easily available to the reactant; (ii) short catalyst con-
tact time allows more turnovers while retaining high selectivity and
minimizing over-oxidation [25-29,46]; (iii) the microenvironment
effects originating from polystyrene parts which are hydropho-
bic and the hybrid zirconium phosphate-phosphonate parts which
are hydrophilic and having self-assembled layered structure with
nanometer scale were responsible for the results obtained in the
epoxidation of olefins. Numbers of active sites of the catalysts
would be favorable to create ideal microenvironment with ade-
quate flexibility and rigidity for the contact of catalytic active
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Table 2

The epoxidation of cyclooctene, styrene and a-methylstyrene catalyzed by the immobilized Schiff base Mo(VI) catalysts (3a-3h) with tert-BuOOH as oxidant systems?.

Entry SubstrateP® Catalyst Time (h) Conversion (%) Selectivity (%) Eec (%) TOFd x 10~ (s71)
1 A 3a 8 100 97 - 16.8
2 3b 8 100 99 - 17.2
3 3c 8 100 >99 - 174
4 3d 8 100 >99 - 174
5 3e 8 95 97 - 16.0
6 3f 8 98 96 - 16.3
7 3g 8 98 97 - 16.5
8 3h 8 98 97 - 16.5
9 Be 3a 12 46 38 - 2.02
10 3b 12 57 50 - 3.30
11 3c 12 60 50 - 3.47
12 3d 12 62 33 - 2.37
13 3e 12 21 63 - 1.53
14 3f 12 47 54 - 2.94
15 3g 12 47 47 - 2.56
16 3h 12 50 55 - 3.18
17 ce 3a 12 78 56 >99 5.06
18 3b 12 90 60 >99 6.25
19 3c 12 90 62 >99 6.46
20 3d 12 92 67 >99 7.13
21 3e 12 43 64 >99 3.19
22 3f 12 45 69 >99 3.59
23 3g 12 59 72 99 4.92
24 3h 12 71 75 99 6.16
25f A - 8 10 36 - -
26f B - 12 9 26 - -
27f C - 12 6 43 >97 -

Reactions were performed in 1,2-dichloroethane (3 ml) with catalyst (2 mmol%), substrate (1 mmol), n-nonane (internal standard, 1 mmol), and TBHP (2 mmol) at 75 °C.

a

b A=cyclooctene, B =styrene, C=a-methylstyrene.

¢ (S)-form [45].

4 Turnover frequency (TOF) = [mol of product]/[mol of catalyst] x time (s 1).
¢ Selectivity toward the formation of epoxide [45].

f Reaction was carried out without catalyst.

centers and reactants [25,29,47].

The catalysts prepared from 1,2-diaminocyclohexane ligands
represented higher activities than the catalysts from 1,2-
diaminobenzene ligands (3a-3d vs 3e-3h). The order can be
explained with consideration of the following three factors. Firstly,
the amino groups in catalysts 3e-3h possess conjugated lone
pair electrons which are connected with a benzene ring while
the amino groups in catalysts 3a-3d possess free lone pair elec-
trons which are connected with a six-member cycloalkyl ring.
Secondly, the complexation trend is enhanced by increasing the
T-accepting character of the tridentate Schiff base ligands. Thus,
the higher m-accepting character of 1,2-diaminobenzene ligands in
3e-3h explains the decreased activity [36]. In addition, the higher
Tr-accepting character of the tridentate Schiff base ligands deriv-
ing from functionalized aldehydes or ketones can enhance the
competitive coordination of tert-BuOH (instead of TBHP) to the
metal center and make the catalyst be less reactive [33]. At last,
the rigidity of 1,2-diaminobenzene ligands in 3e-3h also affect
their activities and selectivities. Thus, the catalysts prepared from
1,2-diaminobenzene ligands showed higher selectivities than the
catalysts from 1,2-diaminocyclohexane ligands (3e-3h vs 3a-3d)
for the epoxidation of a-methylstyrene and styrene.

3.4. The recycling of the immobilized the Schiff base
dioxomolybdenum catalyst

To assess the long-term stability and reusability of the hetero-
geneous catalysts and the leaching of Mo from the immobilized
catalysts during the epoxidation of olefins, cyclooctene was used as
amode substrate. Recycling experiments were carried out with the
catalyst 3d. In a typical recycle experiment, the catalyst was precip-

itated from the solution by adding the equal volume of hexane after
each experiment. Then the organic phase was separated, and the
catalyst was washed with hexane to remove tert-BuOH, and dried
invacuo at 80°C. The recovered catalyst was weighed and reused in
the nextrun. In every run the same ratio of the substrate-to-catalyst
and solvent-to-catalyst was kept.

The data in Table 3 showed only a slightly decrease in activity
and selectivity for the first six runs. The filtrate showed no trace
of the metal complex on leaching of Mo by AAS after the first run,
which indicated that the MoO;(acac), was strongly coordinated
with the immobilized Schiff base ligands. Further recycles of the
heterogeneous catalyst resulted in the continuously decrease of
conversion and selectivity for the second six runs (Conv¥%: from

Table 3
The recycles of catalyst 3d in the epoxidation of cyclooctene?®.

Run Time Conversion (%) Selectivity (%)° TOF® x 1073 (s71)
1 8 100 >99 1.74
2 8 99 >99 1.72
3 8 99 >99 1.72
4 8 98 >98 1.68
5 8 99 >98 1.70
6 8 98 97 1.65
7 8 98 97 1.65
8 8 96 95 1.58
9 8 95 95 1.57

10 8 95 92 1.52

11 8 93 90 1.45

12 8 92 89 1.42

2 The reaction conditions are the same as in Table 2 entries 1-8.
b Selectivity toward the formation of epoxide.
¢ Same as in Table 2.
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Table 4
The results of the epoxidation of cyclooctene catalyzed by the catalyst 3b in different
solvents?.

Table 5
The results of the epoxidation of cyclooctene catalyzed by the catalyst 3b in different
oxidants?.

Solvent Time  Conversion  Selectivity TOF€ x 1073(s™1)
(%) (%P
Toluene 8 80 99 1.38
n-Hexane 8 96 99 1.65
1,2-Dichloroethane 8 100 99 1.72
Ethyl acetate 8 40 96 0.67
Ethanol 8 62 96 1.03
Acetonitrile 8 68 97 1.15

2 The reaction conditions are the same as in Table 2 entries 1-8, and n-hexane at
68°C.

b Same as in Table 3.

¢ Same as in Table 3.

98% to 92%; Sele%: from 97% to 89%). The decrease in the activ-
ity for more cycles might be caused by a physical loss during the
recovery process and/or by a gradual degradation of catalysts under
the epoxidation condition. In addition, because the micropores and
secondary channels were partly plugged after several recycle epox-
idation, it can induce the decrease of the conversion [25,26,28,29].

3.5. Effect of solvent

To gain a better understanding of this unique catalytic system,
the catalyst 3b was selected as the typical catalyst to investigate
the effects of various solvents on the conversion and selectiv-
ity epoxidation of cyclooctene (Table 4). The difference among
these solvents is that the catalyst 3b is more readily dissolvable
in 1,2-dichloroethane than polar solvent. In particular, only 62%
conversion was obtained in ethanol. This possibly indicated that
the solvent containing oxygen atoms with a lone electron pair
can induce coordination with the metal center of the Schiff base
dioxomolybdenum(VI) catalysts [33,48] or the formation of p-oxo
dimers and other polymeric species which lead to irreversible cat-
alyst deactivation [7]. Therefore, 1,2-dichloroethane was chosen as
reaction media for the epoxidation of cyclooctene.

(CH3)3C—OH

Solvent® Oxidant Time (h) Conversion (%) Selectivity (%)°

1,2-DCE - 8 - -
UHP 8 - -
H,0, 8 53 96
TBHP 8 100 99

CH;CN/H,0 H,0, 8 12 96
NalO4 8 95

1,2-DCE/H,0 Nal0,4 8 - -
KHSOs4 8 - -

2 The reaction conditions are the same as in Table 2 entries 1-8.

b A 3:1 mixture of organic solvent:water was used.

¢ Same as in Table 3.

d

Tetrabutylammonium bromide (0.01 g) was used.

3.6. Effect of reaction temperature

When the reaction temperature droped below 50°C, it showed
a very low conversion. However, a significant growth in the prod-
uct yield is observed at a higher temperature. An increase in the
reaction temperature from 55 to 80°C leads to the increase of
the epoxide conversion from 35% to 98%. However, an increase
in temperature causes additional thermal TBHP decomposition
and consequently leads to lower selectivity to epoxide formation.
These might have been the result of epoxide ring opening reactions
induced by TBHP present in reaction [33]. Hence, 75 °C was chosen
as reaction temperature.

3.7. Effect of oxidant and time

The efficacy of the different oxidants like TBHP, H,0,, UHP,
NalO4 and KHSOs in the oxidation of cyclooctene was also studied
(as shown in Table 5). Comparatively, TBHP was the best oxidant
in catalytic epoxidation reaction. The results indicated that other
oxidants have poor ability to oxidize the cyclooctene, the amount
of cyclooctene oxide after 8 h was only 7.6%. Also, no cyclooctene

0 (CH3)3C-0Q,
Mélj§ ( O-H
11\
o ©
3
N =
Mof- AH
152
N 5%-0-C(CHz);

Scheme 3. Probable mechanism of epoxidation of cyclooctene with TBHP in presence of catalysts 3a-3h.
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oxide was detected in the absence of oxidant in the reaction mix-
ture. In the case of cyclooctene epoxidation with the Schiff base
dioxomolybdenum(VI) catalysts, the increase of reaction time from
5 to 10h led to an increase of epoxide yield while the TBHP con-
version also increased in accordance with the epoxide formation
[35]. However, selectivity toward the formation of epoxides has
slightly decreased. These might have been the result of epoxide ring
opening reactions induced by adding a further sustained reaction
[33].

3.8. Probable mechanistic route for cyclooctene oxidation

Epoxidation of olefins using the immobilized Schiff base diox-
omolybdenum(VI) catalysts gave their epoxides. On the basis of
Sobczak’s ideas [40], the experimental and theoretical studies
[49-51] reported, a probable mechanism for the epoxidation of
cyclooctene is presented in Scheme 3. The reaction rates displayed
first order depending on catalyst and substrate concentrations.
There are the crucial stages of the process. When epoxidation of
some olefins in the presence of the heterogeneous catalyst, the cat-
alytic cycle involves transferring of a TBHP proton to one of the
terminal oxygen atoms of MoO, group and coordinating of t--BuOO~
anion to the Lewis acidic molybdenum center to the olefin that lead
to the formation of the peroxo oxygen bonded intermediate in the
first step [33,36]. Therefore, reaction of an olefin as a nucleophile
with oxygen as an electrophile easily explains the observation that
electron-rich olefins react faster than electron-poor olefins. Then
formation of epoxide and conversion of TBHP into t-BuOH, which
remains in the coordination sphere restricts the reaction rate. They
are in good agreement with the experimental results that ethanol
is not advantageous for the epoxidation of olefins.

4. Conclusions

In summary, a series of tridentate Schiff base dioxomolyb-
denum(VI) complexes were successfully immobilized onto a
promising organic-inorganic hybrid ZPS-PVPA via covalent bond.
The prepared heterogeneous catalysts are found to be highly reac-
tive in the epoxidation of unfunctionalized olefins. Moreover, these
catalysts are of higher stability and reusability in the oxidation reac-
tions and can be reused ten times without noticeable loss of activity.
Excellent enantiomeric excess was obtained for the epoxidation of
a-methylstyrene in this oxidant system, which do not involved any
costly chiral ligand or additives, while the catalysts only effectively
promote the process of catalytic reactions. The above mentioned
principles and extensible designs, which will have the potential to
open a new avenue and definitely exert a profound influence on the
practical catalytic asymmetric epoxidation as well as in industry
of achiral immobilized Schiff base dioxomolybdenum(VI) catalyst.
Further studies on this approach are underway in our laboratory.
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