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Molybdenum-based epoxidation catalysts heterogenized
in silica matrixes via the sol–gel method
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Abstract

MoO2(acac)2 has been encapsulated in silica matrixes prepared by hydrolysis/condensation of tetraethylorthosilicate. Alter-
natively, hybrid organic–inorganic matrixes were prepared by adding 3-(triethoxysilyl)propylethylenediamine or 1,4-bis(tri-
ethoxysilyl)benzene to the reaction mixture. All systems were tested in the epoxidation of cyclohexene orcis-cyclooctene at
70◦C usingtert-butyl hydroperoxide as the oxidant. In most experiments, 1,2-dichloroethane as a solvent and a molar ratio
of [Mo]:[TBHP]:[olefin] = 1:130:130 were employed. The catalysts immobilized in inorganic matrixes prepared in acidic
conditions showed high activity in the first run, which could be attributed to the occurrence of homogeneous catalysis; basic
conditions led to a significant decrease in activity with a concomitant decrease in the specific surface area of the matrix.
Hybrid systems were less active in the first run, but their activities remained almost constant in at least four consecutive runs.
Selectivities for epoxides were higher than 97% in all the cases. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Soluble Mo(VI) compounds are among the most
versatile catalysts for the epoxidation of olefins [1].
Homogeneous catalysis, however, presents several
drawbacks, in particular the recovering of the cata-
lyst at the end of the process, warranting a search
for supported-molybdenum catalysts. Research done
so far has focused on the use of organic polymers
as supports. Preparation of such polymer-supported
catalysts has usually been based on anion exchange
[2], cation exchange [3,4] and chelating ion exchange
resins [5–7]. Among these systems, the one based on
polybenzimidazole showed the best performance and
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stability [8,9]. Nevertheless, several drawbacks have
limited the utilization of these systems: (i) the insta-
bility of the catalyst due to molybdenum leaching;
(ii) the thermo-oxidative instability of the polymer
under reaction conditions; (iii) the poor mechanical
properties of the organic support. Recently, we de-
scribed the utilization of a diamino-functionalized
silica as a support and MoO2(acac)2 or Mo(CO)6 as
molybdenum sources [10]. Although the catalytic ac-
tivity of these catalysts was lower than those reported
for analogous polymer-based systems, molybdenum
did not leach from the surface. In the last years, the
sol–gel methodology has been applied to immobilize
soluble catalysts, using either inorganic [11] or hy-
brid matrixes [12]. Recently, we reported the use of
this approach to prepare rhenium-based epoxidation
catalysts [13]. We wish to report here some re-
sults concerning the encapsulation of molybdenum
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catalysts in inorganic and hybrid organic–inorganic
matrixes using the sol–gel method.

2. Experimental

2.1. Materials

1,4-Bis(triethoxysilyl)benzene was prepared accor-
ding to the literature [14]. Tetraethylorthosilicate
(TEOS, Aldrich), MoO2(acac)2 (Aldrich), ethyl
alcohol (Merck), tert-butyl hydroperoxide (TBHP,
88 vol.% in cyclohexane, Nitrocarbono, SA), cyclo-
hexene (Merck),cis-cyclooctene (Aldrich), dichloro-
methane (Merck), 1,2-dichloroethane (Merck), ethyl
acetate (Aldrich) andtert-butyl alcohol (Aldrich)
were used as received. Toluene (Merck) and tetrahy-
drofuran (Merck) were distilled under argon over
sodium/benzophenone.

2.2. Catalyst preparation

2.2.1. Inorganic matrixes
Catalysts I–III. These catalysts were prepared by

a procedure described by Blum et al. [15] with small
modifications. In a typical preparation, 200 mg of
MoO2(acac)2 was added to a 50 ml round bottom
flask, followed by the addition of 20 ml of THF, 4 ml
of degassed H2O (pH 4 or 10, adjusted with HCl or
NH4OH) and 20 ml of TEOS. After 30 min of mag-
netic stirring, a homogeneous solution was obtained.
On standing for a few hours, the yellow solution be-
came green. Gelation took place from 3 to 5 days.
After washing with CH2Cl2 in a Soxhlet (14 h), the
solid was dried in an oven (95–100◦C), pounded in a
mortar and passed through a 120-mesh sieve.

2.2.2. Hybrid matrixes
Catalyst IV. Seven milliliters of 1.2 mol/l HCl,

14 ml of ethyl alcohol, 250.0 mg (1.12 mmol) of
N-[3-(trimethoxysilyl)-propyl]ethylenediamine and
6.84 g (32.82 mmol) of TEOS were mixed in a 100 ml
round bottom flask, leading to a solution of pH= 1.6
which was stirred for 45 min. After the addition of a
THF solution of MoO2(acac)2 (70.0 mg: 0.21 mmol in
21 ml) the mixture was stirred for 50 min, followed by
a dropwise addition of an aqueous solution of Na2CO3
(25 ml, 4.13 mmol) which led to a color change from

yellow to green to blue and to a pH increase up to
10.0. Gelation took place in 1 h. The blue gel was
allowed to stand overnight, dried under vacuum,
washed with CH2Cl2 in a Soxhlet (24 h) and dried
again under vacuum for 24 h at room temperature.

Catalyst V. 3.46 g (8.56 mmol) of 1,4-bis(triethoxy-
silyl)benzene, 7.65 ml (36.4 mmol) of TEOS, 10 ml of
ethyl alcohol and 1 ml of 1.2 mol/l HCl were added
to a 200 ml round bottom flask, leading to a solu-
tion of pH = 1.1. After 45 min under stirring, an
ethyl alcohol solution of MoO2(acac)2 (6 ml: 100.0 mg
or 0.31 mmol) was added. When an orange homoge-
neous solution was obtained (after 20 min under stir-
ring), the addition of 8 ml of an aqueous solution
of Na2CO3 (1.35 mmol) led to the formation of a
green gel. The green gel was treated as described for
catalyst IV.

2.3. Catalytic experiments

In experiments without solvent, the desired amount
of catalyst (usually, 0.04 mmol of Mo), 5.28 g
(45 mmol) ofcis-cyclooctene and 370 mg (3.60 mmol)
of TBHP were added to a two-neck 50 ml round bot-
tom flask equipped with a condenser. Reactions were
carried out at 80± 2 ◦C for 5 h (or, sometimes up
to 24 h). The reaction was monitored via GC analy-
ses of the liquid phase usingn-decane as an internal
standard (added to the sample after the catalytic ex-
periment). For cyclohexene, most experiments were
carried out with a solvent and at 70◦C using a mo-
lar ratio of [Mo]:[TBHP]:[olefin] = 1:130:130. GC
analyses were performed in an HP5890 series II gas
chromatograph, equipped with an HP5 capillary col-
umn(50 m×0.2 mm) and a flame ionization detector.
Products were quantified using calibration curves ob-
tained with standard solutions. TBHP consumption
was determined by iodometric titration.

2.4. Catalyst characterization

Nitrogen adsorption isotherms were determined
at −196◦C with a Micromeritics ASAP 2010 auto-
mated porosimeter. All calculations were performed
using the associated Micromeritics software. Samples
were degassed at 100◦C for a minimum period of
8 h prior to measurements. Samples size varied from
0.40 to 0.65 mg. Molybdenum concentrations were
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determined through ICP-AES (Perkin-Elmer Optima
3000 DV).

3. Results and discussion

Catalysts I, II and III were prepared from tetraethy-
lorthosilicate in order to evaluate the effect of the
pH and of the molybdenum content on the activity
and surface characteristics of the resulting systems
(Table 1). Thus, catalysts I and III were prepared
in acidic conditions, but with different molybdenum
loadings, and catalyst II was prepared in basic condi-
tion. In the case of catalysts IV and V, a hydrolyzable
ligand (N-[3-(trimethoxysilyl)-propyl]ethylenediami-
ne, catalyst IV) or a co-condensation agent (1,4-bis
(triethoxysilyl)benzene, catalyst V) was added to the
synthesis solution. The co-condensation agent was
expected to reduce the degree of 3D-cross-linking,
decreasing the rigidity and improving the swelling
properties of the resulting matrix. The presence of
both modifiers was also expected to affect the porous
system and thus the diffusion of the reagents inside
the matrix.

3.1. Matrix characterization

The nitrogen adsorption–desorption isotherms of
catalysts I, II and V are of type I (IUPAC classifica-
tion [16]), characteristic of microporous systems. The
lack of hysteresis in their desorption branches sug-
gests that the pores are smooth and cylindrical [17].
The volumes adsorbed at the lowest relative pressure

Table 1
Some characteristics of the catalysts

Catalyst Mo loading
(wt.%)a

pH of water BET surface
area (m2 g−1)

Porous volume
(cm3 g−1)b

Average pore
diameter (nm)b

I 1.53 4 538 0.24 0.69
II 1.44 10 369 0.15 0.63
III 3.93 4 NDc ND ND
IV 0.65 1.6d 262 0.23e 3.05e

V 0.50 1.1d 405 0.19 0.78

a Determined via ICP-AES analyses.
b Horvath–Kawazoe method.
c Not determined.
d pH of the solution.
e BJH method (adsorption branch).

represent ca. 60, 77 and 85% of the total pore volume
for catalysts I, II and V, respectively, indicating in all
the cases a large volume of extremely small pores. The
Horvath–Kawazoe differential pore volume plots for
catalysts I, II and IV are shown in Fig. 1. The plots for
catalysts I and V (not shown) are very similar and indi-
cate a straight pore size distribution. BET surface area,
pore volume and average pore size determined from
the isotherms are presented in Table 1. According to
these results, the presence of a rigid co-condensation
agent (as in catalyst V), at least in a molar ratio of 1:4
relative to TEOS, has a small influence in the surface
area and pore volume of the resulting system.

Catalyst IV is characterized by an isotherm of type
IV, with a type H2 hysteresis loop (IUPAC classifica-
tion [16]), shown in Fig. 2. The shape of this isotherm
indicates the presence of ink bottle or narrow-mouth
shaped pores [17]. The BJH adsorption pore size dis-
tribution is shown in Fig. 1. In a related work, we
observed that the presence of a hydrolyzable ligand
in the absence of the co-condensation agent led to a
nonporous system [13].

3.2. Catalytic activity

In a first series of experiments, the activity of cat-
alysts I–III was compared to that of a homogeneous
solution of MoO2(acac)2. As shown in Fig. 3, the het-
erogenized systems are less active, probably due to
diffusion problems. The catalysts prepared in acidic
conditions (I and III) are more active than that pre-
pared in basic condition (catalyst II). Diffusion is ex-
pected to be more difficult with catalyst II, owing to its
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Fig. 1. Differential pore size distributions for catalysts I, II and IV.

smaller surface area and pore volume (Table 1). The
influence of the solvent was evaluated with catalyst I.
As shown in Fig. 4, the activity is higher in the absence
of a solvent. Coordinating solvents (ethyl acetate and
tert-butyl alcohol) strongly reduce the catalytic activ-

Fig. 2. Nitrogen adsorption/desorption isotherms for catalyst IV.

ity. However, toluene and 1,2-dichloroethane lead to
good performances and the latter was used in many
experiments. Within the experimental error, no differ-
ences in activity were observed when using cyclohex-
ene orcis-cyclooctene.
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Fig. 3. Epoxidation of cyclohexene with catalysts I–III.
[Mo]:[TBHP]:[olefin] = 1:130:130; 3.4 ml 1,2-dichloroethane (sol-
vent); 70◦C.

Catalyst I was also tested in recycling experi-
ments. Although only a slight decrease in activity
was observed in the second run, the catalytic activity
decreased drastically in the third run (Fig. 5). The
decrease in activity was accompanied by a decrease
in TBHP consumption (Fig. 6). Quantification of
molybdenum in the matrixes after the catalytic reac-
tions showed almost no molybdenum losses; however,
leaching experiments, performed via removal of the
catalyst after 20 min reaction time and allowing the
reaction to proceed in solution (Fig. 7), suggested
that catalysis, at least in the first two runs, is ca. 50%
homogeneous [18]. These results also suggest that

Fig. 4. Effects of the solvent in the epoxidation of cyclohexene
with catalyst I. Same conditions as in Fig. 3 (reaction without
solvent: [Mo]:[olefin]= 1:1000).

Fig. 5. Catalytic activity of catalyst I in the epoxidation of
cis-cyclooctene in four runs. Reaction conditions: [Mo]:[TBHP]:
[olefin] = 1:80:1000; 80◦C.

Fig. 6. TBHP consumption in successive runs with catalyst I.
Reaction conditions as in Fig. 5.

in the third, fourth and subsequent (not shown) runs
catalysis would be truly heterogeneous.

Catalysts prepared in hybrid matrixes were tested
only in the epoxidation ofcis-cyclooctene. As it can be
seen in Figs. 8 and 9, these systems are less active than
those prepared in inorganic matrixes: with a hybrid
matrix a reaction time of 8 h was necessary to obtain
a TON = 60, while 1 h was enough with inorganic
matrixes (Figs. 3 and 5).1 In recycling experiments,
however, the hybrid matrixes behaved better since the

1 Initial turnover frequencies in the first run derived from Figs. 3,
8 and 9: catalysts I and III: 70 h−1; catalyst II: 24 h−1; catalyst
IV: 24 h−1; catalyst V: 22 h−1.
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Fig. 7. Leaching experiment with catalyst I. Reaction conditions as in Fig. 3.

catalytic activity remained almost constant for at least
four runs (catalyst IV, Fig. 8). In all the cases, hybrid
or inorganic matrixes, the selectivity to the epoxides
was higher than 97%.

When all results are taken together, it seems that the
catalytic activity cannot be directly related to the type
of the porous system: diffusion would be easier in a
mesoporous matrix. However, at least with the catalyst

Fig. 8. Catalytic activity of catalyst IV in the epoxida-
tion of cis-cyclooctene in four runs. Reaction conditions:
[Mo]:[TBHP]:[olefin] = 1:100:500; 80◦C.

prepared in this work (catalyst IV), other factors such
as the presence of a chelating ligand and the total
surface area must also play a role.

In spite of the lower reaction rates observed in
the heterogenized systems, the hybrid catalysts can
be recycled with almost no decrease in activity,
offering a promising route to the preparation of
molybdenum-based heterogeneous catalysts.

Fig. 9. Catalytic activity of catalyst V in the epoxidation of
cis-cyclooctene in three runs. Reaction conditions as in Fig. 7.
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4. Conclusions

The heterogenization of MoO2(acac)2 inside the
porous systems of silica matrixes or hybrid organic–
inorganic matrixes containing either 3-(triethoxysilyl)
propylethylenediamine or 1,4-bis(triethoxysilyl)ben-
zene leads to active catalysts for the epoxidation of
cyclic olefins. The hybrid catalysts can be recycled
at least four times without significant change in cat-
alytic activity. No correlation between the type of the
porous system and the catalytic activity or selectivity
could be observed.
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