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Abstract

Ti-MCM-41 was synthesized at pH 3, 7 and 11. The titanium content was
determined by AAS and found to be 4%, 3.2% and 4.5%, respectively. In order to
increase the titanium content in Ti-MCM-41, Ti(IV) ions were grafted onto Ti-
MCM-41 using TiCly in toluene and Ti(OBu)4 in ethanol. The incorporation of Ti
was determined to be 28% and 30%, respectively. The oxidation of olefins such as
cyclopentene, cyclohexene, norbornene and trans-2-hexene-1-ol with TBHP in the
presence of Ti-grafted Ti-MCM-41 were carried out in CHCl;. This system
successfully catalized the oxidation of these olefins toward the corresponding
epoxides with 60 to 90% reactivity and 95 to 100% selectivity.
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1. Introduction

Silica-supported titanium discovered by Shell
researchers, was the first really heterogeneous epoxida-
tion catalyst useful for continuous operation in the
liquid phase [1,2]. Titanium silicalite-1 (TS-1) is very
reactive catalyst for selective oxidation reactions in the
production of fine chemicals [3-5]. Because of the small
pore size of TS-1 and other microporous zeolites, large
organic molecules can not be accessed into the cavities
and the channels of the zeolites. This limits the uti-
lization of microporous titanium containing zeolites to
the selective oxidation of small organic compounds [6].

In 1992 Beck and coworkers [7] described a new
family of mesoporous silicates designated as M418S.
One of the members of M41S family is silicate MCM-
41. This material exhibits a hexagonal array of one
dimensional mesoporous whose diameter can be tuned

from 15 to 100 A [8].

Isomorphous substitution of heteroatoms such as B
[9], Al [10], V [11], Mn [12], Cr [13], Fe [14] and Ti
[15,16] in MCM lattice results in a new class of
molecular sieves [17]. In recent years, a series of Ti
containing mesoporous molecular sieves, such as Ti-
HMS [18], Ti-MCM-48 [19,20], Ti-MSU-1 [21] and Ti-
MCM-41 [22] have been synthesized. Titanium-
containing mesoporous titanosilicates are important
heterogeneous catalysts for oxidation reactions.
Catalytic activity of this modified Ti-MCM-41 has been
examined in the selective oxidation of substrates such as
anthracene [23], crotylalcohol [24], a-ecosanol [6], o-
terpens [25], hydroxylation of aromatic hydrocarbons
[26] and epoxidation of olefins [22,27,28].

In order to increase the titanium content in
framework of MCM-41, attempts have been made to
prepare Ti-MCM-41 at acidic, basic and neutral pH’s.
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We will show that grafting titanium compounds on Ti-
MCM-41 will lead to the incorporation of titanium to
the maximum amount on Ti-MCM-41 surfaces. Finally,
Ti-MCM-41 and Ti-grafted MCM-41 have been used
for the epoxidation of some alkenes.

2. Experimental

2.1. Physical Measurements

Powder XRD patterns were recorded on a
diffractometer with Cu K, radiation, with diffractometer
types, PW1710 (Philips) and Seifert 3003. FT-IR
measurements were performed on a FT-IR spectrometer
PU 9800 (Philips) KBr self supported pellet technique.
The oxidation reactions products were analyzed by GC
and GC-Mass using Philips PU 4400 chromatograph
(1.5 m 3% OV-17 column) and GC-Mass Agilent
Technologies 6890 N-mass selective detector type
Agilent 5973N, respectively.

2.2. Preparation of Catalysts

2.2.1. Synthesis of Ti-MCM-41

Ti-MCM-41 was synthesized according to the
procedure described previously [29,30]. Titanium
tetrabutoxide Ti(OBu); solution (0.2 ml) in 2 ml
propanol was mixed slowly with 3.7 ml of
tetracthylorthosilicate (TEOS) and the mixture was
stirred for 30 min. Then 1.2 g of C;¢H33(CH;);NBr in
6ml distilled water was added dropwise under vigorous
stirring. The pH solution was adjusted to 11 by
ammonium hydroxide. After stirring for one day, the
resultant gel was transferred into a teflon-lined
autoclave and heated at 373 K for 3 d. The composition
of the resultant mixture was 1 SiO,: 0.035 TiO,: 0.2
CTABr: 33.7 H,0. For running reaction at pH~3, the
same procedure was used and the pH was adjusted by
adding 0.1 ml H,SOy to the reaction mixture.

2.2.2. Synthesis of Ti-grafted Ti-MCM-41

In order to remove any physisorbed water before the
grafting procedure, the Ti-MCM-41 was dehydrated at
300°C for 24 h. Then 0.3 g of the Ti-MCM-41 suspen-
ded in toluene and 0.1 ml TiCl, was added to this solu-
tion at 0°C. The resulting mixture was stirred at room
temperature for several hours under reflux condition,
and then filtered and washed with toluene. The grafted
material was dried at room temperature. Calcination of
the sample was performed at 500°C. This sample is
designated as Ti-grafted Ti-MCM-41. The same proce-
dure was used for grafting Ti(OBu)4on Ti-MCM-41.
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2.3. Oxidation of Olefins

Oxidation reactions were performed in a stirring
round bottom flask fitted with a water-cooled
condenser. Reactions were carried out under atmos-
pheric pressure at 65°C in different solvents. Typically
0.2 g of Ti-MCM-41 or Ti grafted Ti-MCM-41 catalysts
and 20 mmol substrate in 5 ml of solvent was added to
the reaction flask with slow stirring. After a few
minutes, TBHP (24 mmol) was added to the reaction
mixture at room temperature. After 6 h, the reaction
mixture was filtered and the filtrate was analyzed by GC
and GC-Mass.

3. Results and Discussion

The XRD patterns of calcined samples of MCM-41,
Ti-MCM-41 (prepared at pH 3, 7 and 11) and Ti-grafted
Ti-MCM-41 are shown in Figure 1. With the exception
of sample prepared under acidic conditions, others
exhibited a well-defined reflection in their XRD
patterns, which is the characteristic sign of hexagonal
mesoporous MCM-41 [16,34-36]. In the case of Ti-
grafted-Ti-MCM-41, the intensity of djo peak
deteriorated and small peaks of d;jo and dy;, were
disappeared. These results are in good agreement with
those reported in literature [22,35-37].

The FTIR spectra of the prepared samples are given
in Figure 2. The asymmetric and symmetric stretching
vibration bands which appeared at ~1060 and 500-700
cm ' are consistent with those reported in literature [3],
(Fig. 2, a, b). For titanium-containing molecular sieves,
the IR absorbtion band at 960 cm ' has been assigned to
the presence of Si-O-Ti and, Si-OH groups in the
framework. It was observed that the intensity of the
silanol shoulder at 950-970 cm ' increased with respect
to the (Si-O-Si) band when titanium was added to
MCM-41 (Fig. 2 a, e). The vibration of grafting titanium
Ti-MCM-41 shifted to the lower frequency as well [23,
32,36,37].

The content of incorporated titanium at different
pH’s are given in Table 1. Maximum amount of 4.5% Ti
has been incorporated at pH=11. In order to increase the
amount of Ti in mesoporous framework, the grafting
procedure by TiCl, and Ti(OBu), was performed. It was
found that grafting Ti by TiCl, in toluene and Ti(OBu),
in ethanol at refluxing condition were 28% and 30%,
respectively (Table 2).

3.1. Catalytic Epoxidation of Cyclohexene

The epoxidation results of cyclohexene with TBHP
in the presence of Ti-MCM-41 (prepared at pH=11) in
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Figure 1. XRD patterns of (a) MCM-41, (b) Ti-MCM-41
(pH=3), (¢) Ti-MCM-41 (pH=7), (d) Ti-MCM-41 pH=11), (¢)
Ti-MCM-41 grafted by TiCl, and Ti(OBu),,
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Figure 2. FTIR spectra of (a) MCM-41, (b) Ti-MCM-41
(pH=3), (¢) Ti-MCM-41 (pH=7), (d) Ti-MCM-41 (pH=11),
(e) Ti-MCM-41 grafted by TiCly or Ti(OBu),.
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Figure 3. Effect of time on conversion of Trans-2-hexene-1-
ol to epoxide in CHCl; by Ti-grafted-Ti-MCM-41.
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refluxing acetonitrile, carbon tetrachloride, methanol
and chloroform are shown in Table 3. In the case of
CHCI; as solvent, the reactivity of oxidation was 41%
with  92% selectivity toward the formation of
cyclohexene epoxide.

Table 4 presents the oxidation results of different
olefins with TBHP as oxidant in chloroform in the
presence of Ti-grafted-Ti-MCM-41 as catalyst. It was
found that although the reactivity of olefins ranged from
62 to 90%, the selectivity of epoxide formation was
about 95 to 100%. According to the recent publication
of Bekkum and his coworkers [38] the reactivity trend
of norbornene epoxidation with H,O, in methanol in the
presence of titanium in different frameworks was
observed as Ti-beta-2 > Ti-Al-beta > Ti-MCM-41 > Ts-
1. Our results clearly indicate the higher efficiency of
our system which led to the formation of norbornene
oxide with 100% selectivity and 90% conversion. This
might be the key role of Ti-grafted-Ti-MCM-41 as cata-
lyst and chloroform as solvent. On the other hand, our
result of cyclohexene oxidation to cyclohexene oxide is
comparable to those reported by Kumar et al. [11].

Inspection of the results in Table 4 reveals that with
the exception of cyclohexene, the other olefins have
exclusively led to the corresponding epoxides as the
sole products. Without leaving any telltale of oxidation
at allylic positions, one can propose the implication of
titanium oxo species as the reactive center of the
catalyst. These species would resemble that of
peroxycarboxylic acids upon complexation with TBHP
(Scheme 1). Since peroxycarboxylic acid epoxidizes the
olfins via a concerted eight electrons transition state, the
operation of a similar behaviour of the complexed
titanium oxo with TBHP coordinated to olefin double
bond is expected. When we carried out the oxidation of
trans-2-hexene-1-ol, the alkene conversion was 70%
with  100% selectivity toward the corresponding
epoxide. The operation of a similar mechanism
proposed by Sharpless and Sheldon for vanadium and
titanium catalyzed epoxidation of allyl alcohols is
suggested in this case [39,40].

The dependence of the reaction reactivity on the
reaction time indicates that the yield of trans-2-hexene-
1-ol epoxide increases with the reaction time and
reaches a plateau after 6 h (Fig. 3). When we changed
the oxidant to substrate ratio from 1:1 to 1.5:1, the
epoxidation yield increased to 80% conversion for
trans-2-hexene-1-ol.

The lower reactivity of MCM-41 relative to Ti-
MCM-41 may be due to its lower Ti content. Since
oxygen transfer from TBHP to alkene must occur within
the Ti-hydroxy group coordinated complex, the
conversion highly depends on the amount of Ti present
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Table 1. Ti content of Ti-MCM-41 at different pH’s Table 2. Ti content of Ti-grafted Ti-MCM-41
pH Ti (wt %) Type Treatment Ti (wt %)
4.0 MCM-41 TiCly 22
32 MCM-41 Ti(OBu), 24
11 4.5 Ti-MCM-41 TiCly 28
Reaction condition: Si/Ti=28 temperature 100°C Ti-MCM-41 Ti(OBu), 30

Table 3. Results of cyclohexene oxidation with TBHP over Ti-MCM-41 in different solvents

Type of solvent Conversion of Cyclohexene Product distribution TON
Epoxide others”

MeOH 5 100 - 2.2

CCly 21 86 14 233

CH;CN 58 44 56 64.4

CHCl, 41 92 8 45.5

Reaction conditions: catalyst 0.2 g; CHCl; 5 ml; cyclohexene 20mmol; TBHP 20mmol, reaction temperature 323 K
TON (turn over number): moles of cyclohexene converted per mole of Titanium
" others: mixture of alcohol, ketone and ether

Table 4. Oxidation of various alkenes with TBHP by Ti-grafted-Ti-MCM-41 in CHCl;

Substrate Total conversion Product distribution
Epoxide others”
Cylohexene 70 95 5
Cyclopentene 62 100 -
Norbornene 90 100 -
Trans-2-hexene-1-ol 70 100 -

Reaction conditions: catalyst 0.2; solvent: CHCl; 5 ml; olefin 20 mmol; TBHP 20 mmol, reaction temperature 323 K
" others: mixture of alcohol, ketone and ether

Scheme 1
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in catalyst. The reactivity trends of Ti-grafted-Ti-MCM-
41 > Ti-MCM-41 > MCM-41 is consistent with this
hypothesis. Moreover, no desorption was observed
during the course of reaction. Compared to the recent
published results of oxidation of unsaturated alcohols
[24] and epoxidation of cyclohexene [22], the
observation of high selectivity in the absence of
desorption seems remarkable.

4. Conclusion

Ti-MCM-41 has been synthesized at pH 3, 7 and 11.
The maximum content of incorporated titanium was
4.5% at pH=11. In order to increase the titanium content
in mesoporous Ti-MCM-41, grafted procedure was
performed by TiCly in toluene and Ti(OBu), in ethanol.
The grafted amount of titanium was found to be 28%
and 30%, respectively.

The catalytic behavior of Ti-MCM-41 and Ti-grafted
Ti-MCM-41 were investigated in liquid phase for
epoxidations of some olefins. It was found that the best
oxidation solvent is chloroform with simultaneous
highest selectivity toward the formation of the
corresponding epoxide.
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