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The epoxidation reaction using heterogeneous solid catalysts with H,0, as oxidants
are environmentally friendly routes to produce extensively useful epoxides which are tra-
ditionally obtained from capital-intensive or environmentally polluted processes. In this
paper, various types of solid catalysts for the epoxidation of olefins with H,0O, as oxi-
dants are reviewed. The efficient catalysts reported include microporous and mesoporous
molecular sieves, layered-type materials, inorganic oxides, supported catalysts, zeolite
encapsulated metal complexes, polyoxometalates, and supported organometallic cata-
lysts. The proposed reaction mechanisms over different solid catalysts are summarized.
The problems and perspectives to further efficiently improve the catalytic performances

of the concerned heterogeneous catalysts for epoxidation reaction are remarked.
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Introduction

The epoxidation of olefins are a class of impor-
tant chemical processes because epoxides are
widely used as raw materials or intermediates for
production of epoxy resins, paints, surfactants and
medicines.! The traditional epoxidation processes
are: (i) the chlorine-using non-catalytic process, (ii)
co-epoxidation processes and (iii) catalytic pro-
cesses based on organic peroxides and peracids.’
These processes are very capital-intensive. The
chlorine-using process has environmental disadvan-
tages due to the large output of chloride-laden sew-
age. The employment of peracids is not a clean
method as an equivalent amount of acid waste is
produced. Furthermore, the homogeneously cata-
lytic processes usually suffer from the difficulty of
separation. As to the co-epoxidation processes, the
coupling product should be an equivalently com-
mercial desired one.

Hydrogen peroxide (H,0,) is an attractive op-
tion of oxidants that can epoxidize olefinic com-
pounds in the presence of various transition
metal-containing catalysts (Ti, V, Cr, and Mo etc.).
It gives water as the only waste product. Another
desirable thing is to use heterogeneous catalysts be-
cause of their easy separation, regeneration and op-
eration. Therefore, development of heterogeneous
catalytic processes for epoxidation using H,O, as
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oxidants is very demanding.® In this aspect, the de-
velopment of solid and recyclable catalysts with
high performance is a key issue. The major types of
solid catalysts with catalytic activity and selectivity
in the epoxidation of olefins will be reviewed in the
following subsections, along with its catalytic reac-
tion mechanisms.* 4

Heterogeneous epoxidation catalysts

Microporous and mesoporous molecular
sieves

Framework-substituted MFI and MEL zeolites

Microporous zeolite-based catalysts have nor-
mally shown great potential for the epoxidation of
various olefins.!> Especially, the heteroatom-substi-
tuted variant of ZSM-5, titanosilicate TS-1, is a
very active and versatile oxidation catalyst under
mild conditions.'®2! Early studies carried out by
Clerici and coworkers?? showed that TS-1 is an effi-
cient catalyst in the epoxidation reaction of various
lower olefins, such as C,-Cg linear olefins, allyl
chloride,” and allyl alcohol (with up to 86 %
yield).?* Some attractive results have been obtained
in the case of propylene with H,O, in the liquid
phase.”® When the reaction is carried out in metha-
nol/water solution at 40 °C for 90 min, 95 % of the
H,0, is consumed, with 90 % selectivity to propyl-
ene oxide with propylene glycol and its mono-
methyl ethers as main byproducts. With a mixed
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solvent system of methanol and acetonitrile, TS-1
efficiently catalyzes the epoxidation of allyl chlo-
ride to the corresponding epichlorohydrin in excel-
lent yields (up to 99 % when at the temperature of
30 °C for 1 h) using dilute H,0, (45 %) as oxidiz-
ing agent. Because the TS-1 is usually inherently
acidic, it is sometimes previously modified to pre-
vent the inactivation of the catalyst or the
epoxide-decomposition. When modified the TS-1
samples with small amounts (w = 0.3-1.7 %) of al-
kali, alkaline-earth and lanthanide ions, the selec-
tivity to epoxide can be higher. The reason could be
the neutralization of the surface acidity of the TS-1
zeolite by the metal oxide, thus leading to subse-
quent inhibition of the solvolysis reaction of the
epoxide normally taking place on the acid sites.?
Holderich and coworkers?” reported that propylene
epoxidation was carried out with an O,—H, mixture
instead of the relative high cost of H,0, over a pre-
cious metal containing TS-1, preferably palladium
and platinum. However, results of the catalyst for
the epoxidation of propylene are low, with the pro-
pylene oxide yield and the selectivity 11.7 % and
46 % respectively.

Although TS-1 gives excellent catalytic activ-
ity of the propylene epoxidation, the deactivation of
the catalyst occurs with time on stream. The major
cause of the deactivation of TS-1 catalyst for
epoxidation is the blocking of micropores by bulky
organic byproducts formed from consecutive reac-
tions of target reaction, such as dimerization or
oligomerization of epoxides, etherification of
epoxides with alcohol solvents. Leaching of frame-
work titanium could also result in the deactivation
of the catalyst.?® And the methods of generating de-
activated TS-1 are mainly focused on:?® (1) heat
treatment at temperatures from 300 to 700 °C in the
presence of different media, such as air, vapor and
inert gas; (2) oxidation by diluted H,O, at tempera-
ture below 100 °C, (3) extraction by different sol-
vents such as methanol in the temperature range
from 140 to 240 °C. However, the regeneration ef-
fectiveness with the solvent washing was lower, be-
cause this method could only partly remove the de-
posits in the micropores of TS-1.

TS-1 has also been indicated as a catalyst to se-
lective epoxidation of styrene,” but the styrene ox-
ide selectivity was very poor (5~ 10 %) using
aqueous H,O, as oxidants, mainly due to its iso-
merization into phenylacetaldehyde. Its catalytic
performances can be improved by using anhydrous
urea-H,0, as an oxidizing agent (S = ~85 %).3° Xu
and his co-worker®! successfully synthesized TS-1
with microwave heating which had better catalytic
properties for epoxidation reaction of 1-hexene and
styrene with H,0,.

The encouraging results in epoxidation reac-
tion using TS-1 catalyst gave rise to a number of
isomorphous substitutions of crystalline materials
with other transition metals. A vanadium-contain-
ing zeolite with MFI structure, VS-131*? and a
zinc-containing one, ZS-1,3 have been used in
epoxidation reactions (such as trans-2-hexen-1-ol)
with H,0,.

However, the application of MFI zeolites-based
catalyst is generally limited to production of small,
fairly stable epoxides because its pores only are
suitable for transformations of molecules small
enough to enter the relatively small pores (0.53 nm
~ 0.55 nm). For example, cyclohexene cannot be
epoxidized efficiently by this system.3*

While the catalyst TS-2 with MEL structure,
nearly has the same pore size (0.53-0.54 nm)3?*
with TS-1, it was shown to be active in the epoxi-
dation of simple olefins with H,0O,. 100 % selectiv-
ity was obtained for the epoxidation of 1-octene,
while in the epoxidation of styrene, the main prod-
uct was the epoxide with a selectivity of 55 %.%

Titanium silicalites with MFI and MEL struc-
ture have been extensively studied as catalysts with
H,0,, even relatively unreactive olefins, such as
propylene and allyl chloride mentioned above are
smoothly epoxidized under mild conditions. How-
ever, several challenges still exist when using these
nanosized catalysts, such as higher production cost
and relatively difficult separation from the reaction
mixture.

Framework-substituted BEA zeolite

The BEA-type framework, Ti-3, has a rela-
tively low framework density and a three dimen-
sional large pore system that make the material par-
ticularly attractive when relatively bulky molecules
are processed. Bekkum er. al.'> performed a study
in which aluminum-free zeolite Ti- catalyst was
compared with TS-1, Ti/Al-f and Ti-MCM-41 in
the epoxidation of 1-octene and norbornene with
H,0,. Their results showed that Ti- was highly ac-
tive and selective for several branched alkenes. In
addition, the alkenes with an internal double bond
are oxidized faster than the alkenes with a terminal
double bond. Ti-8 has a higher catalytic activity in
the epoxidation of bulky alkenes while Ti/Al-f and
Ti-MCM-41 showed poorer activity for linear
alkenes than TS-1 because of their interior hydro-
philicity. Furthermore, Ti-8 does not have any pref-
erence when two double bonds are present.

The traditional synthesis of zeolite Ti-f is hy-
drothermal synthesis with only a very low yield.
Improved synthesis methods, e.g., co-gel method,?’
seeding techniques,®®* and fluoride method***!
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have been developed to obtain the Ti-f zeolites
with high yield. Recently, Jappar et al.** succeeded
in synthesizing Ti-f zeolites with a yield of more
than 95 % in the presence of a certain amount of so-
dium by the dry-gel conversion (DGC) method us-
ing TEAOH as template. NH," exchange before cal-
cination® was found an effective route for reducing
the amount of adsorbed H,O and removing Na*, re-
sulting in high hydrothermal stability, and creating
Ti sites surrounded by a hydrophobic environment,
leading to higher catalytic activity for cyclohexene
epoxidation with H,0,, selectivity toward epoxide
up to 98 %.

Framework-substituted MWW zeolite

The structure of Ti-MWW consists of the open
spaces of side cups, supercages and independent
10-MR channels, it could make Ti-MWW much
more active than TS-1 and Ti-f in the epoxidation of
linear alkenes with H,0,.#% It also showed unique
shape selectivity in the epoxidation of cis/trans geo-
metric isomers.*® Besides its pore structure and high
stability, such unusual activity of Ti-MWW is as-
cribed to the nature of the framework. The super-
cages within the crystals and the exterior pockets
directly related to the crystal form of the thin plate-
lets make the Ti species in Ti-MWW highly acces-
sible to both the substrate and the oxidant. How-
ever, for the oxidation of bulky molecules, it is still
inferior to Ti- owing to severe steric restrictions.

Therefore, some materials which cannot only
make the active sites within the supercages more
accessible to bulky molecules but are also endowed
with the capability of promoting the oxidation reac-
tions with an aqueous solution of H,0, as an oxi-
dant seem so important. Tatsumi et al.>* have suc-
ceeded in preparing such a novel titanosilicate cata-
lyst (denoted as Ti-YNU-1), with a lamellar struc-
ture analogous to a MWW precursor, and have
found that this material shows substantially im-
proved oxidation ability, selectivity, and stability in
the liquid-phase epoxidation of cycloalkenes.

The high-yield synthesis of epichlorohydrin
from the weakly nucleophilic allyl chloride is indic-
ative of the effectiveness of the Ti-MWW in the
epoxidation of alkene,**> with both the conversion
of allyl chloride and the selectivity for epichloro-
hydrin up to 99 %. Ti-MWW favors protic solvent
of acetone and acetonitrile because both can re-
strain the solvolysis of epichlorohydrin.

Aluminum-phosphate molecular sieves

Aluminophosphate (AIPO,) materials were
first disclosed by Wilson et al.*® in 1982. Many
practical utilities were found by incorporation with

various heteroatoms, including epoxidation of
olefins (Table 1). Tetrahedral Sn present in the
aluminophosphate framework can act as oxidation
catalyst in the presence of dilute H,O, oxidants.
However, due to a very high charge structure, these
materials have relatively poor chemical and thermal
stability. This could be overcome through the incor-
poration of Si in tin phosphate-based materials sim-
ilar to the incorporation of Si in AIPO, (SAPO
based molecular sieves).*’

Thomas and coworkers®’ have achieved good
conversion and selectivity for the epoxidation of
cyclohexene and other alkenes with H,O, as oxi-
dants using framework-substituted metal ions (M)
in microporous aluminum phosphate, MAIPO-36
(M = Mn or Co) catalysts. The conversions are con-
sistently higher for both the MnAIPO-36 and
CoAIPO-36 catalysts compared with those of their
larger-pore (AIPO-5) analogues while MgAIPO-36
is inactive totally.

Ti-substituted aluminophsphates (TAPOs) are
efficient epoxidation catalyst systems using aque-
ous H,0, in the presence of acetonitrile. The activ-
ity and H,O, selectivity for the epoxidation of
l-octene and cyclohexene were in the order

Table 1 — Various transition-metal substituted —alumi-
no-phosphate molecular sieves & MCM-41 used in the
epoxidation of olefins with H,0, as oxidant

Reaction conditions and
catalytic activity

Catalysts Substrate Ref.
solvent |7/°C| t/h | XI%

Sn-AIPO styrene acetonitrile 80 36 88.5 ¥
cycloctene acetonitrile 60 20 94
1-octene acetonitrile 60 20 99
cyclododecene acetonitrile 60 20 98

TAPO norbornene  acetonitrile 60 20 >99 4
styrene acetonitrile 60 20 100
(+)-a-Pinene acetonitrile 60 20 72
limeonene acetonitrile 60 20 63

TAPSO-5 cycloohexene acetone 70 6 97 °

Ti-MCM-41 1-hexene methanol 45 5 40 ¥

Nb-MCM-41 cyclohexene acetonitrile 45 30 ~70 0
V-MCM-41 cyclooctene  acetonitrile 70 12 20~50 3!

Fe-MCM-41 styrene 73 2 13.8 2
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TAPO-5 > TAPO-11 > TAPO-36.® TAPSO-5 has
been used as a catalyst for the liquid-phase epoxi-
dation of cyclohexene.® VAPO can also be an active
and very selective catalyst for epoxidation of
3-phenyl-2-ol, allylic alcohols and simple alkenes
with zert-butyl hydroperoxide (TBHP).3%

Transition-metal substituted mesoporous materials

Transition-metal substituted MCM-41 molecu-
lar sieves with highly ordered hexagonal array of
one-dimensional pores, such as Ti, V, Nb, Fe, Cr,
Sn, Mn, Mo is another representative of molecular
sieve active for epoxidation of bulky reactants with
both H,O, and alkyhydroperoxides as oxidants.®!-62
MCM-41 can be modified by various transition
metals, via post synthesis or tethering, or via inclu-
sion of metal during the synthesis (isomorphous
substitution).®> MCM-41 materials, especially
Ti-MCM-41, have less activity and selectivity in re-
actions using aqueous H,O, as oxidant than
metal-containing zeolites, because of their hydro-
philicity,** the nature of Ti species. It has been re-
ported that silylation can be applied to increase the
hydrophobicity of the catalysts.* Additionally, the
leaching of metal species from the solid unables the
recovery of the catalysts.®* However, when using
TBHP as oxidant instead of H,0,, MCM-41 is more
effective for the epoxidation of olefins.®

Ti-SBA-15,% synthesized from the fluoride-ac-
celerating hydrolysis of tetramethoxysilane (TMOS),
was tested for the epoxidation of styrene, in which
the conversion and epoxidation selectivity are ap-
preciatively higher than those of Ti-MCM-41 pre-
pared under acidic conditions. Ti-SBA-15, synthe-
sized by grafting titanium on a structured meso-
porous SBA-15 using titanium tetrachloride in the
gas phase was also tested in the selective epoxi-
dation of olefins, such as cyclooctene, cyclohexene,
(R)-limonen and a-pinene. Whatever the oxidant,
H,0,, TBHP, or cumyl hydroperoxide, the selectiv-
ity is 100 %. However, the yield is low with H,0O,
and the active species is partially leached out.®’

Other Ti-containing mesoporous catalysts are
Ti-ZSM-11,%® Ti-HMS,® Ti-TUD-1,”° Ti-ITQ-6,"!
V-MWW,” Ti-SBA-1,7 etc. Ti-ZSM-11 has a good
performance for propylene epoxidation with the
conversion of H,0, and the selectivity of propylene
oxide as high as 90 % and 100 %, respectively.®®
The catalytic activity of mesoporous Ti-HMS was
lower than that of TS-1 for the epoxidation of 1-bu-
tylene with dilute H,O, solution as oxidants.®® The
catalytic activity for the epoxidation of cyclohexene
over Ti-TUD-1 is about 5-6 times higher than that
over Ti-MCM-41 and similar to that over Ti-grafted
MCM-41. Ti-ITQ-6 has been synthesized and

showed activities and selectivities similar to those
of Ti-f for the epoxidation of 1-hexene, owing to
the good accessibility of the reactants to the active
sites achieved by delamination of the Ti-PREER
laminar precursor.”!

Layered-type materials

Hydrotalcites are used as efficient heteroge-
neous catalysts for the epoxidation of various
olefins using H,0, as oxidants and isobutyramide
as co-catalyst.!! The activity was attributed to the
O-tert-Bu paired with Mg and Al atoms of hydro-
talcite. These catalyst systems can effectively
epoxidize both electron-rich and electron-deficient
olefins.

Kaneda et al’ studied Mg,,Al,(OH),,CO,
hydrotalcite catalyst for the epoxidation of olefins
using H,O, in the presence of nitriles. It is likely
that the hydrotalcite acts as a solid base and pro-
motes the formation of peroxycarboximidic acid,
leading to the high yield of the epoxides. It can be
reused without an appreciable loss of catalytic ac-
tivity. The hydrotalcites are basic enough to pro-
mote some nucleophilic epoxidation with H,O,.
The reaction is not particularly sensitive to steric
hindrance. Most cyclic and acyclic, a,-unsaturated
carbonyl compounds, including A-disubstituted,
can also be efficiently oxidized. For example,
Mg,,Al,(OH),,CO; and Mgy ;Al, ((OH),, CO; me-
diate epoxidation of ¢,f-unsaturated ketones with
H,O, in the absence of other inorganic bases.
B-isophorone is not an activated olefin and cannot
be epoxidized by a basic mechanism. The epoxi-
dation of a-isophorone is in principle possible, with
a low reactivity compared to that of the epoxidation
of cyclohexenone. The oxidation with H,0, was
studied using rehydrated MgAl hydrotalcite: the
isomerization of B-isophorone to a-isophorone was
complete in a few minutes, then producing the
epoxide of the a-isophorone (Scheme 1). Toluene
and methanol were preferred as solvents and the
best yield of epoxide was reported to be 66 % after
72 h, with a selectivity limited to 41 %.7

Many efforts have been devoted to improve the
epoxidation properties of hydrotalcite-derived cata-
lysts. One is the addition of an anionic surfactant,
sodium dodecyl sulfate, which can remarkably en-
hance the reaction rate. However, cationic surfac-
tants inhibit the reaction and non-ionic surfactants

o} o] 0
—%ij\' H,0, _’7@0 + H,0

B-isophorone a-isophorone isophorone epoxide

Scheme | — Reactions of a- and B-isophorone with H,0,
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have no effect. In these cases, hydrocarbons can be
used as solvents, and 1,2-dichloroethane gives
higher conversions for cyclooctene epoxidation.
However, owing to the use of equivalent amounts
of amide or nitrile additive’®7” to act as a peroxide
carrier, which is consumed during the reaction to
the corresponding acids, this catalytic system com-
plicates the separation of the desired epoxide.”®
More recently, heating by microwave radiation in
the hydrotalcite catalyzed epoxidation of olefins
with H,O, has proved to be a significant way to ac-
celerate the reaction rates and has resulted in higher
yield of epoxides, so reaction time can be reduced
from 1 day to 1 min.7”"8

Tungstates and tungstic acid, which have long
been studied in epoxidation reactions with H,0,,”
intercalated into the interlayer of hydrotalcite could
be an alternative for developing reusable catalysts
and also avoiding the use of additional organic sol-
vents. W (VI)-based hydrotalcite, either by anionic
exchange or by complexation with phosphonic ac-
ids previously incorporated between the sheets, was
evaluated in the epoxidation of cyclohexene with
H,0, or TBHP as external oxidants. The materials
prepared by anionic exchange gave only epoxy-
cyclohexane with moderate yield, whereas those
prepared from previously incorporated phosphonic
acids gave a selectivity in the range of 50-72 % in
allylic oxidation products.®

The bromide-assisted epoxidation, with bromo-
hydrin as an intermediate, using WO, —LDH as cat-
alyst is a new and unique chemocatalytic reaction.®!
Suitable substrates for bromide-assisted epoxida-
tion include geminally di-, tri-, and tetrasubstituted
olefins. The reaction is simply switched from
bromohydroxylation to epoxidation by the solvent
choice, while mono-substituted and cis and trans
disubstituted olefins are not converted into their
epoxides, but the bromohydrins can readily be iso-
lated and transformed into the epoxide in an addi-
tional base workup. Bromide-assisted epoxidation
is characterized by much higher turnover frequen-
cies than classical W-catalyzed epoxidation.

Inorganic oxides and supported catalysts
Mixed Oxides

A variety of mixed oxides, such as Al,0;-ZrO,,
Al,05-TiO,, SiO,-TiO, and ZrO,-TiO,, Nb,0s-SiO,,
can be used as epoxidation catalysts.3>%2-% Hutter et
al 3 compared the catalytic activities of mixed ox-
ides, silica-supported titania and Ti-substituted mo-
lecular sieves (TS-1, Ti-8 and Ti-MCM-41) in the
epoxidation of 1-hexene, l-octene, cyclohexene,
cyclododecene and norbornene. The activities vary
in a broad range of several orders of magnitude. It
is shown that at low temperature, aerogel contain-

ing w = 20 % TiO, is superior to any other Ti- and
Si-containing catalyst for the epoxidation of cyclic
olefins. Many efforts have been devoted to the
application of these catalysts in demanding epoxi-
dation of deactivated alkenes, alkenones, and
alkenols. Addition of even weak bases, such as
NaHCO;, led to significant improvements in the
catalytic performance for several reactions. Re-
cently, modification of mesoporous TiO,-SiO,
mixed oxides with amines has proved an excellent
tool for improving the selectivity and activity in the
epoxidation of allylic alcohols,” cyclohexene and
cyclohexenol.®® Another new heterogeneous system
to enhance the epoxidation catalytic activity is by
means of fluorination and alkylsilylation of a tita-
nium-containing catalyst. This fluorine is ex-
pected to further activate an active site by making
the active site more electrophilic, easier to be at-
tacked by nucleophile substrates like alkenes. On
the other hand, alkylsilylation is aimed to induce
hydrophobicity of the catalyst, which is a prerequi-
site in any epoxidation using H,O, as oxidant. The
amphiphilic fluorinated titania-silica and zirco-
nia-silica mixed oxides were more active and more
efficient than the conventional ones in linear alkene
epoxidation.®

The sol-gel method is used to synthesize Ti, Si
mixed oxides at atomic scale with a tunable pore
distribution.”® Compared to conventional evapora-
tive, drying resulting in microporous aerogels, sol-
vent extraction with supercritical CO, yields the
mesoporous solid. The appropriate choice of the
sol-gel conditions can lead to a high proportion of
isolated Ti(OSi), species. The surface of mixed ox-
ides can be modified organically by introducing
apolar surface functional groups via Si-C bonds or
subsequent hydrophobization of the material by
trimethylation. All these methods can extend the
application of these materials in the aqueous epoxi-
dation with H,0,%! which can be often regenera-
ted without loss in activity, indicating high stability
as catalysts compared with conventional Ti-zeo-
lite.*

The Mgla mixed oxide is not as active as
Mg-Al-O-z-Bu hydrotalcite,” which reaches a yield
of 90 % in 5 min for the epoxidation of cyclo-
hexene with 2-cyclohexen-1-one as a byproduct.
However, interestingly it shows a possibility of re-
cycling after being obtained from activation at
923 K — the solid is thermally stable and can there-
fore be regenerated by calcination.

More recently, Strukul et al.”? reported that the
preparation of mesoporous heterogeneous WO,-SiO,
catalysts made by sol-gel techniques allow the in-
corporation of W in the silica network, thereby
avoiding the problems of leaching which were
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made by impregnation of a sol-gel-made silica with
ammonium tungstate. These materials are very
promising catalysts for the selective epoxidation of
allylic alcohols. The surface modification of the
catalysts with apolar and moderately polar organic
groups can improve the accessibility on the active
sites to molecules that enhance the activity and se-
lectivity.

Among the mixed oxides, mixed titania-silica
oxides show more promise due to their activity, se-
lectivity and economic feasibility. Future effort
should be focused on further optimizing the prepa-
ration method to enhance their catalytic activities.

Re,O5-supported catalysts

Methyltrioxorhenium (MeReO;, MTO) repre-
sents a rhenium catalyst to selectively epoxidize
olefins at high catalytic turnovers at low tempera-
ture.”® The main disadvantage in MTO/H,0O, epoxi-
dation is that they are inherently acidic and this
tends to cause ring opening of sensitive epoxides to
diols. This can be solved by addition of a base, such
as pyridine,® pyridine derivatives,” pyrazole,’ flu-
orinated alcohols, which can effectively enhance
the reaction rate and selectivity of epoxidation of
di-, tri- and tetra-substituted alkenes with 30 %
H,0, as oxidants (¥ > 95 %). The excess of ligand
can be a synthetic limitation in the case of expen-
sive and chiral Lewis bases. MTO can form adducts
with ligands immobilized on an inorganic and or-
ganic host. Therefore, one strategy to improve het-
erogenecous MTO-catalyzed epoxidation can in-
volve the immobilization of previously synthesized
Lewis base adducts of MTO on polystyrene by the
use of the micro-encapsulation technique. The reac-
tivity and selectivity of MTO in these compounds
can be tuned by the chemical-physical properties of
the ligand and of the support, showing the advan-
tages of the ligand accelerated catalysis and the en-
vironmental benefits of heterogeneous systems. Mi-
cro-encapsulated Lewis base adducts of MTO with
nitrogen containing ligands are highly efficient and
selective catalysts for the epoxidation of several
olefins and monoterpenes with H,O, even in the
case of the most sensitive substrates. The catalysts
can be recovered easily from the reaction mixture
and used for more transformations.’’

It was found that a urea-H,O, (UHP) com-
plex?® is a very effective oxidant in heterogeneous
olefin epoxidation catalyzed by MTO. Even
steroidal dienes, uracil and purine have been suc-
cessfully oxidized by the MTO/H,O,-urea system.
The system of epoxidation by urea-H,O, has also
been catalyzed by MTO on niobia (Nb,O5).!1% The
heterogeneous MTO can be supported on silica
functionalized with polyether tethers'®! or poly-

mer.'”? The polymer supported MTO proved to be
an efficient and selective catalyst for the olefin
epoxidation, even the highly sensitive terpenic
epoxides were obtained in excellent yield (> 90 %).
The catalytic activity was reported to be maintained
for at least five recycling experiments. MTO has
also been immobilized in mesoporous silica MCM-41
functionalized with pendant bipyridyl groups of the
type [4-(Si(CH,),)-40-methyl-2,20-bipyridine].!%3

Schuchardt et al.'*41% successfully supported
rhenium oxides Re,O, and ReO, on zeolite Y,
mixed alumina-silica and pure alumina as epoxi-
dation catalysts with anhydrous H,O, (solvent
EtOAc). Low conversions (X = 40 %) were ob-
tained for the epoxidation of cyclooctene due to the
ring opening promoted by the acidic Re centers and
cyclohexane diol with high selectivity (S > 96 %)
was obtained as the main oxidation product.

Immobilizing the homogeneous MTO catalysts
on an insoluble support is still an ongoing endeavor
to increase the reusability of catalysis in industrial
settings.

Al,O5 and Al,Os-supported catalysts

Alumina has been shown to have attractive cat-
alytic activity in the epoxidation of several alkenes
ranging from unreactive (terminal) alkenes to the
highly reactive terpenes using H,O, under nearly
anhydrous conditions, which can be dried in situ by
performing the reaction under reflux with Dean-Stark
water separation. The conversion of the various
alkenes is slightly lower (16 % ~ 60 %), but the se-
lectivity is really high (S > 97 %) after reaction of
5 h.!1% Completely anhydrous conditions result in
lower selectivity, as alumina catalyzed decomposi-
tion of epoxide and H,0, is prevented by the pres-
ence of only a small amount of water. The system is
not very reactive, however, for the epoxidation of
cycloalkenes.'”” As to the epoxidation of several
terpenic diolefins in anhydrous conditions using
alumina as a heterogeneous catalyst, basic alumina
was the catalyst that gave better activity and selec-
tivity. The reactivity of the substrate increases with
the nucleophilic character of its double bonds, and
the regioselectivity to some monoepoxides is also
related to this nucleophilic character.'® The ultra-
pure y-Al,O; obtained by the calcination of precur-
sors synthesized by sol-gel routes showed signifi-
cantly higher epoxidation activity compared to
commercial chromatographic neutral alumina.!®®
The surface hydrophilicity and the amount of weak
to moderate Breonsted acid sites are among the re-
sponsible factors for the catalytic activity of alu-
mina.
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There are also various Al,O; supported catalysts
in the epoxidation of olefin, such as Ag-Cs/a-Al,0,,'?
Ag/a-Al, Oy catalysts promoted by Ba, Cs and CL,!!
Au-Ag/AL,O,'"? using air or oxygen as oxidants.
Three heterogeneous systems were tested in the
epoxidation of a-isophorone to the epoxides. The re-
sults obtained using H,O,-urea were limited by the
low selectivity, while with TBHP-KF/ALO; the selec-
tivity was higher. The best result was obtained with an
excess of oxidant, leading to conversion of up to
X =96 %.'"> However, H,0, cannot be used with
KF/AL O, because of the solubility of KF.

Al,O; is an inexpensive and simple catalyst for
alkene epoxidation, the amount of water has a criti-
cal influence on the rate of the reaction. Almost no
activity was observed in the case of 60 % H,0,, due
to the ring open of the epoxide and the decomposi-
tion of H,0, due to the surface acidity of the alu-
mina. However, when the reaction is under abso-
lutely anhydrous conditions, the epoxide decompo-
sition is also strong.'?’

Porous materials encapsulated metal
complexes

The ship-in-bottle concept involves physical
entrapment of metal complexes in the cage of
zeolites, which can be free to move about within
the confine of the cavities of appropriate molecular
sieve host but are prevented from leaching by re-
strictive pore openings. It can be anticipated that
metal complexes not bound to the zeolite surface
will retain activity, and the crystalline microporous
host is expected to impart size and shape selectivity
to the catalyst. Most of the ship-in-bottle complexes
such as Mnsalen/NaY, CoPc¢/NaY, FePc/Nay,
RuF,(Pc/NaX, CoPc/EMT, Cosalophen/NaY/Pd(OAc),
RuF,,Pc/MCM-41 usually have been tested as cata-
lysts for the epoxidation of various olefins with
PhIO, +-BOOH, O, as oxidant.!'*!'> However, the
use of this type of catalyst is restricted to relatively
small reactants, considering smaller pores after the
encapsulated metal complex. Additionally, the zeo-
lite should provide a stabilizing effect since multi-
molecular deactivation pathways such as formation

HZOZ
[77-CsHsNCy6H3315[PO4(WO3)4]

of u-oxo or -peroxo bridged species will be pre-
cluded."> There were few reports for the epoxi-
dation of olefins with H,0,, one example was a
manganese-bis(bipyridyl) complex encapsulated
within the cages of zeolite Y. The resulting material
catalyzed the epoxidation of cyclohexene,''® which
not only retained the reactivity but also enhanced
the catalyst stability.

Although these materials seem to be stable un-
der oxidative conditions, their main disadvantage is
the relatively low loading of metal and limited
accessibility.

Polyoxometalates

The catalytic function of polyoxometalates has
been attracting much attention because their acidic
and redox properties can be controlled at atomic or
molecular levels. Various catalytic systems for
H,0,-based epoxidation catalyzed by polyoxo-
metalates can be classified into two groups accord-
ing to the structural and mechanistic aspects of
polyoxometalates: (1) catalyst precursors of
peroxotungstate or peroxomolybdate: the mono-
meric, dimeric and tetrameric peroxo species are
generated by the reaction of polymetalates with
H,0, and the peroxo species can catalyze the epoxi-
dation. The polyoxometalates act as catalyst precur-
sors; (2) transition-metal-substituted polyoxo-
metaltates: transition-metal-substituted polyoxo-
metalates are oxidatively and hydrolytically stable,
and various kinds of catalytically active sites can be
introduced. The sites influence the catalytic activity
and selectivity for the epoxidation.?

Various transition-metal-substituted polyoxo-
metalates can effectively catalyze the epoxidation
of olefins with H,O, under mild conditions. Hetero-
genization of this kind of catalysts is very desirable.
Xi et al. developed 7-[C;HNC,Hy;]5-[POL(WO3),]
based catalyst with special solubility characteristics
for the epoxidation of 1-hexene and cyclohexene at
high selectivities (S > 87 %).!'7 In their system, the
initially insoluble catalyst becomes soluble in aque-
ous H,O,-toluene due to the in situ formation of
7-[CsHNC, (Hy3 15 {POLW(0),(0,)4} (Scheme 2). At

»  [1-CsHsNC, gH3315{PO4[WOL(O),]}

insoluble

0]

2

soluble

RN

Scheme 2 — Reaction-controlled phase-transfer catalyst: w-[CsHsNC sHs3] ;/POWO3),]
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the end of the reaction in the absence of H,O,, the
catalyst precipitates out, facilitating its recovery from
the reaction mixture. The catalyst is stable and can
be recycled without loss of activity (Scheme 2). This
system combined the high reactivity of the homoge-
neous catalyst and the easy separation of the hetero-
geneous one. As a so-called reaction-controlled cata-
lyst, there are many aspects that should be explored
before it can be really used in industrial scale.

Another direction to fully use the favorable
catalyst is to immobilize the catalyst to some spe-
cial supports. Functionalized silica particles were
always used to support the active transition-metal-
-substituted polyoxometalates. The catalyst could
well dispense the organic solvent, because the silica
surface was modified with the suitable hydro-
philicity and hydrophobicity. In addition, catalyst
recovery is simplified by use of filtration of silica
particle.''®120 Similarly, the dinuclear peroxo-
tungstate [ {W(=0)(0,),(H,0)},(u-0)]> was re-
cently immobilized on an imidazolium ion lig-
uid-modified silica. The resulting catalyst was
highly efficient in the epoxidation of various olefins
with H,O, as an oxidant in CH,CN at 100 °C, af-
fording high yields (up to 99 %) of the epoxides,
together with easy recovery of catalyst by a simple
filtration. The catalyst was reused several times
without loss of activity and selectivity.'?! The im-
mobilization of tungsten and phosphotungsten
(PW) catalytic species on both organic resins such
as Amberlite IRA-900 and hybrid silica materials
has been examined in the epoxidation of bulky
olefins.'?? In situ formation of peroxo-W species
bound to the immobilized P group results in the
most active catalyst and epoxidizes bulky olefins
such as cyclooctene, norbornene and geraniol with
good conversions and high selectivities (S > 93 %).
Especially the 7-C;H.N*(CH,),sCH;~(PW,0,,)*/si-
lica showed good performance in the epoxidation of
terminal, cyclic, highly substituted and aromatic
olefins with the corresponding epoxides selectivity
S > 97 %. More recently, Xi et al. reported a re-
versible supported catalyst, quarternary ammonium
heteropolyphosphatotungstate ~ compounds  sup-
ported on silanized silica gel, for the epoxidation of
allyl chloride to epichlorohydrin with H,O, under
solvent-free conditions. The selectivity to epoxide
and conversions of inactive allyl chloride based on
H,0, were both high, with § = 94.4 %, and X =
90.6 % respectively.'?

Supported porphyrins

Immobilization of metalloporphyrins onto a
solid support is another catalyst family for alkene
epoxidation. However, the synthesis of metallopor-
phyrins is challenging and low-yielding. Immobili-

zation onto a solid support can counteract this prob-
lem, enabling easier recovery and reuse of the cata-
lysts, and reducing the instability of the metallo-
porphyrins during the epoxidation reaction.

Miguel et al.'?* have reviewed the supported
metalloporphyrin catalysts for alkene epoxidation
with kinds of oxidants such as PhIO, NalO,
KHSO; NaOCl, and also H,0,. The performance of
the catalysts is usually lower using H,O, as an oxi-
dant than using other organic oxidants. Several syn-
thetic strategies and a wide range of supports can be
used. Metalloporphyrins can be immobilized via
coordinative binding between their metal centre and
a nitrogenous axial ligand (Scheme 3), which is co-
valently anchored to a support. Pyridine ligands
have been anchored onto organic supports to form
polyvinylpyridines (PVP) 1'% and have also been
immobilized on inorganic supports, such as silica
gel (Si—Py) 2. Imidazole attached to polystyrene
(PS—Im)!?6:127 or silica gel (Si—Im) 3, have also been
utilized. Several different metalloporphyrins have
been anchored to these supports and have been in-
vestigated mainly in the epoxidation of cyclooctene
with PhIO as the oxidant to replace H,0,, which al-
ways requires the presence of an additional ligand
such as imidazole. However, lower yields are usu-
ally achieved. The best system so far involved iron
monosulfonated porphyrin immobilized on Si-Im,
which formed epoxycyclooctane with a good yield
of Y =150 % (compared to only Y = 12 % with the
homogeneous analogue).

—OH OH
-0
-0=si A —0=Si VTN
7T 2
-OH -OH

1 PVP 2 Si-Py 3 Si-Im

Scheme 3 — Immobilized axial ligands

There are also some inorganic supports such as
aminopropyl silica (APS), montmorillonite K,, and
some organic supports such as PEG. Electrostatic
interactions between an ionic metalloporphyrin and
a counterionic group situated on the support have
been shown to be stronger than the coordinative
ones. Anionic metalloporphyrins containing sul-
fonate groups have been developed and anchored
onto silica gel containing ammonium groups
(SiNR**) 4 and anionic silica gel (SiSO*) 5
(Scheme 4). Compared with coordinative bound
manganese porphyrins, these immobilized catalysts
have a shorter reaction time. One novel heteroge-
neous catalyst was developed by immobilization of
the robust Mn porphyrin on a modified silica which
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Scheme 4 — lonic silica gels

covalently bonded at the S-pyrrolic position of the
macrocycle.'?® The efficiency of the catalyst system
was evaluated for the epoxidation of cis-cyclo-
octene with H,O,, X = 89 % of substrate and S =
99 % can be obtained. H,O, has also been used as
oxidant for the epoxidation of the deactivated dou-
ble bond of an allylic alcohol (3-penten-2-ol) ca-
talyzed by manganese porphyrin encapsulated in
polydimethylsiloxane (a dense hydrophobic elasto-
mer)'? and by the manganese porphyrins immobi-
lized on (Si—Im)(SiSO?*") 5, but low yields were ob-
tained. Few studies have been carried out on the
epoxidation of alkenes other than cyclooctene.

Zhang et al.'*® reported the encapsulation of
chiral Ru-porphyrin into uniform mesopores of or-
dered mesoporous molecular sieves (MCM-41 and
MCM-48). When these catalysts were used in the
asymmetric epoxidation of olefins, ee values rang-
ing 43-77 % could be achieved. Notably, chiral
Ru-porphyrin immobilized on MCM-48 showed a
better reactivity for cis-alkenes than for trans-coun-
terparts, closely similar to the case of free chiral
Ru-porphyrin complex.

The reuse of supported metalloporphyrins re-
mains challenging, leaching of the catalysts into so-
lution can be observed due to cleavage of the spacer
chain between the porphyrin and the support.'3!
Nevertheless, some catalysts are already recyclable
several times without loss of activity.!*? In particu-
lar, ruthenium porphyrins have shown excellent re-
sults in terms of recyclability.'*3

Catalytic epoxidation mechanisms

Catalytic epoxidation mechanisms
over titanium silicates

Due to the exclusive properties of TS-1 on ole-
fin epoxidation, a lot of work has been devoted to
the study on the mechanism of titanosilicate cata-
lyzed epoxidation.’3*!3> A mechanistic rationaliza-
tion was proposed based on species 7 as an interme-
diary (Scheme 5).!3¢ The titanium is teterahedrally
coordinated in TS-1 catalyst, which coordinate the
solvent and is transformed into pentahedral and/or
octahedral. The solvent efficiency series can be jus-
tified by the result of decreasing electrophilicity

?
o O

Si0_0si +ROH, +H,0,
Ti S — Si0-Ti. ¢
i Nosi ~A~0—-H
sio” oSi -ROH, -H,0, 507, ©
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So_ 0 0 4

-H AT '
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Scheme 5 — Proposed mechanism for the TS-1 epoxida-
tion of olefins

and increasing steric constraint of species 7. The in-
creasing of R group size in the alcohol facilitates
the formation of 6 and favors the approach of the
olefin. The catalytic activity is decreased by higher
concentration of basic substrates and is improved
by the presence of acids. The epoxidation of termi-
nal double bond is very slow when compared to in-
ternal ones. These selectivity differences can be ex-
plained in terms of the double bond ability to coor-
dinate to the Ti active site as well as by steric de-
mands. More recently, Limtrakul e al.'’” used the
65T nanocluster, TiSiz,Oy,H,,, and calculated at the
9T/65T two-layered ONIOM level to investigate
the mechanism of alkene oxidation with H,O, over
titanium silicalite-1(TS-1) defect. The intermediate
titanium hydroperoxo in the bidentate form,
Ti(y’-O0H), occurring through the single-step dou-
ble proton-transfer mechanism aided by a neighbor-
ing silanol group, is proffered as the active species
in the oxidation process.

TS-1 was confirmed stable towards H,O,, in
agreement with its well-known catalytic applica-
tions, while Ti-f is not stable.'* In TS-1, Si-O-Ti
bonds can react at room temperature with water or
other protic molecules, producing reversible Si-OH
and Ti-OH (or Ti-OOH in the case of H,0,), while
thermal treatment restores the initial Si-O-Ti bonds.
On the other hand, in Ti-3, H,0, gives rise to a high
amount of defects and to a partial removal of Ti
from the framework.

It is reported that tetrahedral Ti isolated by SiO
groups 7% in a silica matrix is also the most active
site for the supported oxides.

As to the silica supported Ti-catalyst, modifica-
tion of the silica surface with HCI could show a
surprisingly better performance as support for the
titanium centre than the parent silica. The use of a
weaker electrophilic species, such as an acyl chlo-
ride, allows the modulation of the support proper-
ties in such a way that it can be prepared as the best
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silica-supported titanium catalyst for epoxidation
with diluted H,0,.!4°

Catalytic epoxidation mechanisms
over mixed oxides

It is assumed that several different active Ti
sites'*! may be present in the mixed oxides and the
most active and selective site for olefin epoxidation
is the isolated tetrahedral Ti 8 (Scheme 6). Their
structures can cover the whole range from tetrahe-
dral Ti isolated by four SiO groups 8 to octahedral
Ti surrounded by six TiO groups 9 (titania nano-
domains). The transformation of isolated, tetrahe-
dral Ti to octahedral TiO, nanodomains may be vi-
sualized by a gradual replacement of SiO ligands
by TiO groups, and a change from 4 to 5 to 6
coordination. The first “step” in this direction is the
bidentate Ti site. This structural unit is present
in the soluble titanosilsesquioxane prepared from
Ti(O'Pr), and trisilanols 10, and also in silica-sup-
ported Ti(O'Pr), 11. The last step in the “hypo-
thetic” change from isolated Ti to anatase titania is
a Ti site that contains only Ti-O-Ti connectivity ex-
cept one Ti-O-Si bond (species 12). This structure
was assumed to be formed when the surface OH
groups of the titania aerogel were silylated.

Mesoporous mixed oxides containing tetrahe-
dral Ti were the most active catalysts for the epoxi-
dation reaction with organic hydroperoxide due to
the ease of access of bulky reactants to the Ti sites.
However, the same mesoporous mixed oxides were
ineffective for the epoxidation reaction with aque-
ous H,0, compared to titanosilicalite TS-1. Appar-
ently, the hydrophobicity of a mesoporous sample
is not adequate to screen out water from the active
Ti site.!'#? Interestingly, the poisoning of acidic cen-
ters yields a decreasing activity while increasing se-
lectivity.

Catalytic epoxidation mechanisms
over layered hydrotalcite

Yamaguchi, K. et al® depicted a possible
scheme of the epoxidation catalyzed by layered
hydrotalcite (Scheme 7). H,0O, attacks a basic
hydroxyl function on the surface of hydrotalcites to
form an HOO- species, which reacts with an amide
to generate a peracid together with NHj; in the aque-
ous phase. Further, the oxygen transfer from the
peracid to an olefin occurs at the surface boundary
between aqueous and organic phases. In addition,
anionic surfactant should be added to increase the
contact area of the interface between the aqueous
and organic phases and to enhance the transfer of a
lipophilic olefin from the organic phase to the inter-
face between the above two phases.

Ilham et al.'® reported Mg/Al hydrotalcite-like
materials for the epoxidation of styrene, using a
combined oxidant of H,O, and acetonitrile in the
presence of acetone and water as solvents. When in
the absence of nitriles, no activity is observed. A
combined effect between the oxidant, acetonitrile
and the hydroxyl groups of the hydrotalcite sample
is necessary to improve the epoxidation reaction
(Scheme 8).

The tungstate-exchanged hydrotalcite showed
good activity in the epoxidation of olefins with the
assistance of bromide. Scheme 9 illustrates the pro-
posed epoxidation mechanism.?-'* Note that Br
anions can be recycled from bromohydrin, making
water the only byproduct. The main differences
with the industrial two-step halohydrin processes
are the controlled catalytic production of “Br™,
which replaces the addition of element halogen, and
the in situ transformation of bromohydrin. Thus,
isolation of bromohydrin is no longer needed.
Moreover, the bromide-assisted epoxidation is char-
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Ti —_— > —— — _ni
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Scheme 6 — Representation of active sites in titania—silica mixed oxides: 8-9) the range from isolated tetrahedral Ti to octahe-
dral Ti in anatase TiO, nanodomains; 10) titanosilsesquioxane as epoxidation catalyst; 11) the proposed active site
in silica-supported Ti(O'Pr), ); and 12) silylated octahedral titania
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Scheme 7 — Proposed mechanism for the hydrotalcites catalyzed epoxidation of olefins with isobutyramide as additive
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Scheme 8 — Proposed mechanism for hydrotalcites used in the epoxidation of styrene with acetonitrile as solvent
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Scheme 9 — Proposed epoxidation mechanism for WO, — LDH catalyzed epoxidation of olefin

acterized by much higher turnover frequencies than
classical W-catalyzed epoxidation.

Catalytic epoxidation mechanisms
over Al,0; and supported rhenium oxide

The reaction mechanism of the Al,0,/H,0,-cata-
lyzed alkene epoxidation probably involves Al-OOH
species'® (Scheme 10). First, the alumina reacts
with the H,0,, forming the active species Al-OOH,
which further react the olefins with the oxygen
transferred to produce the resulting peroxide. The
deactivation of Al,O; is not straightforward. Some
chemical and physical changes associated with the
deactivation of the alumina used for catalytic

epoxidation with H,O, are attributed to the pres-
ence of water in the reaction mixture and to the ad-
sorption of organic moleculars on the alumina sur-
face. On the other hand, water plays an important
role related to prolonging catalyst lifetime by shift-
ing the equilibriums of the adsorption of byprod-
ucts. !4

Tetrahedral ReO,” species are attached to alu-
mina surfaces by covalent Al-O-Re bonds. The
proposed mechanism'* of ReO,-Al,O, catalysts
was depicted in Scheme 11. Reaction of sur-
face-Al-O-ReO; 13 with H,0, gives the peroxo
species 14, which reacts further with H,O, to form
complex 15. Oxygen transfer from 15 to the olefin
yields the epoxide and complex 14.
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Scheme 12— Proposed mechanism of metalloporphyrin-
-catalyzed olefin epoxidation using H,O, as
oxidants

Catalytic epoxidation mechanisms over
ship-in-bottle materials and
metalloporphyrin-based catalysts

Kenneth and coworkers!#¢ assumed the mecha-
nism of the ship-in-bottle material is radical in na-
ture. The FePc/NaY catalyzed oxidation of alkanes
in acetone was reported to involve a radical mecha-

nism, while changing the solvent to a polymer
membrane results in activity, which has been de-
scribed as a mimic of enzyme P-450 which involves
oxo chemistry.

The proposed mechanism of metallopor-
phyrin-catalyzed olefin epoxidation using H,O, as
oxidant is shown in Scheme 12. The catalytic reac-
tion requires the presence of an additional ligand
such as imidazole. This co-catalyst helps cleave the
0O-0 of the metal hydroperoxoporphyrin 17 hetero-
lytically, formed by reaction between the metallo-
porphyrin and H,0,.!2*

Besides, transition-metal-substituted Keggin-type
polyoxometalates (Zn, Ti, Fe, and Mn-substituted)
can act as effective catalysts for H,0,-based epoxi-
dation. Yamase and coworkers'4” proposed that the
intermediate from the synergistic interaction between
n?-peroxo Ti(O,) species with [PTi, W, O,
acted as an electrophilic center for the olefin on the
catalyst. The coordination of Ti*" in Ti-polyoxo-
metalate is octahedral-like geometry, which is dif-
ferent from the Ti, Si-catalyst with tetrahedral coor-
dination.'*® In addition, the solvent nature had a
strong effect on the stability of Ti-POM toward
H,0, and, therefore, on its catalytic activity in
epoxidation of olefins.

Conclusions and prospects

A broad range of solids including frame-
work-substituted molecular sieves, inorganic oxide
and supported catalysts, porous materials encapsu-
lated metal complexes, layered-type materials,
peroxometalates, supported porphyrin catalysts and
some others have been tested as catalysts for the
liquid phase epoxidation with H,O, as oxidants. All
these catalyst systems have shown potential in ole-
fin epoxidation, sometimes depending on the reac-
tion conditions. Among these, the catalyst systems
with W, Ti and Mo have a much better prospect of
industrial application from the economical view-
point, although these catalysts and reaction
conditions should be further optimized.

However, the catalytic performance of most
catalysts still cannot satisfy all requirements of
commercialization. Further improvements should
still be sought to meet the need of industrial pro-
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cesses with H,O, as oxidants. For supported metal
catalysts, the problem of leaching of active species
must be overcome. Since a variety of possible prod-
ucts may be obtained under catalytic oxidation, one
of the key problems is to invent novel catalysts
with much higher selectivity to an objective prod-
uct. In the meantime, the treatment technologies
of byproducts or recycling of co-products should
be improved. For some catalysts, only the oxidants
such as PhIO, rBOOH, benzaldehyde, and m-chlo-
roperoxo benzoic offer more efficient properties
rather than H,0O,. Modification of such kinds of
catalysts could perhaps offer an alternative to
obtaining new catalysts, which could be used in
the presence of H,O,. For epoxidation of some
functionalized olefins to high value-added che-
micals, the activity and selectivity should be a pri-
ority.

The merger of the advantageous properties of
homogeneous and heterogeneous catalysis bears
great potential and a few attempts have been made
to heterogenize homogeneous transition metal cata-
lysts, such as the use of reaction-controlled
phase-transfer catalyst, and the immobilization of
homogeneous catalysts, etc. Still, the number of
satisfying catalyst systems, which are robust, recy-
clable and afford rates and selectivities comparable
to those of their homogeneous counterparts is rather
limited.

The deep understanding of the mechanisms is
of great importance for the design of solid
epoxidation catalysts, which is still underdevel-
oped.”*!# To the best of our knowledge, the mecha-
nisms for the epoxidation catalysts reported previ-
ously only involve the activation of H,O, over cata-
lysts first to form usually peroxo- active sites, and
then react with the olefins by transforming the oxy-
gen to produce the epoxides. Is there any reaction
initiated with the activation of olefins first, fol-
lowed by the reaction with H,0,? More efforts
should be made to investigate the mechanisms to
afford a guideline for the novel catalyst design and
facilitate realization of greener epoxidation pro-
cesses with H,0, as oxidant.

Besides, the interaction of substrate and sol-
vents,'*" the effect of water, the leaching of the ac-
tive transition metal in the heterogeneous catalysts,
the deactivation of the catalysts, and the kinetics
of the reaction are significant for the guidance of
good design of catalysts for epoxidation. All of
these need further study. Finally, future develop-
ment of industrial catalysts for green epoxidation
should also take into consideration production
costs, easy separation and regeneration besides high
catalytic activity and selectivity.
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S - selectivity, %
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