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Abstract

Active solid oxidation catalysts can be obtained by incorporating dioxomolybdenum(VI) species derived froi€@IMO®MePh), into
silica matrices via a sol-gel method. The supported catalyst has been characterized by elemental analysjspR{R&xd¥ption, FT-IR, FT-
Raman, UV-vis and solid-state MAS NMR spectroscopy, and a pathway for the reaction betwegDIMOBMePh), and tetraethoxysilane
(TEOS) is suggested. The molybdenum catalyst was tested in the epoxidation of cyclohexene in the presermatyfhydroperoxide
(TBHP). The conversion of cyclohexene and the selectivity to the epoxide were very high and increased further on raising the reaction
temperature.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction lysts over homogeneous analogues. Compared to polymer
supports, inorganic ones do not swell or dissolve in organic
Over the past three decades, direct oxidation of olefins solvents, and show better mechanical and thermal stabili-
using environmentally benign oxidants such as hydrogen ties. Various mono- or bidentate ligands have been used to
peroxide, oxygen and alkyl hydroperoxides in the presence functionalize a silica surface so that covalent bonds can be
of high-valent transition-metal catalyqts] has emerged as  formed between the catalytically active site and the support.
a very promising approach to the production of epoxides. Molybdenum-containing silicatef26] and molybdenum-
Transition-metals used as catalysts include rherjR]jprtita- incorporation in the framework of MCM-4127-31] or
nium [3], vanadium[4,5], molybdenum[6—13], selenium MCM-48 [29,32] have been reported, and some truly het-
and platinum[14]. In the case of molybdenum-containing erogeneous catalysts were obtained by such means. Sol—gel
complexes, oxomolybdenum species have been particularlytechnologies have been used to prepare amorphous silicates
widely investigated because of their high activity for selec- [33-35]. These silicates containing molybdeni86-39]dis-
tive oxidation[6—13]. Recently, considerable effort has been play high activity in the epoxidation of alkenes and the oxi-
directed towards the heterogenization of molybdenum onto dation of alcohols.
different supports, such as sili§h5] or polymers[16—25] We have previously reporteff0,41] that easily pre-
due to the well known advantages of heterogeneous catapared molybdenum(VI) containing complexes such as
MoO2X2(OPRs)2 (X=F, Cl, Br; OPRy = OPMePh, OPPh)
* Corresponding author. Fax: +86 10 62333132. exhibit high catalytic activities for the epoxidation of cyclo-
E-mail address: gewang33@126.com (G. Wang). hexene. The electronic and steric environment of the molyb-
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denum center can be adjusted by changing either X or R.by Neumann and Levin-ElagB5] for the preparation of
However, halogen-containing by-products and the phosphineMoOs3-SiO,. In a typical preparation, TEOS (49 mmol) was
oxide ligand were detected in the reaction system, which indi- dissolved in 14.7 ml ethanol, followed by addition of 98 mmol
cates that decomposition of the catalyst occurred. As with of water as a 0.1 M HCI solution. After magnetic stir-
other homogeneous catalysts, recovery of the catalysts, theiring and heating at 60C for 2 h, the solution was cooled
separation from the reaction products, and the difficulties to room temperature. To the partially hydrolyzed TEOS
associated with the recycling of the catalytic species are otherwas added 25 ml ethanol solution containing 1 mmol of the
problems. This work concerns the preparation and charac-MoO,Cl,(OPMePh), catalyst and another portion of 0.1 M
terization of supported catalysts based on these complexesiydrochloric acid. The pH of the final mixture was adjusted to
obtained by sol-gel methods. Our aim of the present study 2 and allowed to stand in the hood until all the volatile solvent
is to understand the structure of the supported catalyst andwas evaporated, leaving a homogenous transparent xerogel.
visualize an active catalytic behavior of our catalyst. After washing with CHCI, in a Soxhlet for 24 h, the xerogel
was dried under air at 12@ for 16 h to remove excess sol-
vent and water. Heating at this temperature is known to result

2. Experimental in only minimal changes in the xerogel. The same procedures
were applied using the phosphine oxide ligand in place of the
2.1. Materials complex and the resulting product is denoted SG-OPMePh

Dichloromethane (99%, Acros) was dried over calcium > 4 Caralytic experiments
hydride and distilled under nitrogen. Most materials were
obtained from commercial sources and used as received: The reactions were carried out without precautions
cyclohexene (99%, Acros), cyclohexene oxide (98%, Acros), to exclude moisture and oxygen, using a two-necked
cyclooctene (95%, Acros), 1-hexene (97%, Acros), 1-octene 25 m| round bottom flask equipped with a reflux con-
(+99%, Acros), decane (+99%, Acros), cyclododecene (TCI- genser and a septum. In a typical experiment, a mixture

EP), 1-decene (TCI-EP)err-butyl hydroperoxide (TBHP,  of cyclohexene (10 mmol), TBHP (15mmol), Mo catalyst
~5.5Minnonane, Fluka), and tetraethylorthosilicate (TEOS, (3.9 x 102 mmol) andn-decane (2.5mmol) as an internal

Beijing Chemical Reagents Company). standard for the GC-MS were magnetically stirred at the
o required temperature for 8 h. The reactions were monitored
2.2. Characterization by taking aliquots from the reaction mixtures every 30 min.

) . . The samples were analyzed by GC-MS. In order to quantify
Powder X-ray diffraction patterns were recorded using a the nature of our catalyst, two parameters, namely the con-
Shimadzu XRD-6000 instrument under the following condi- yersjon of olefin and the selectivity to olefin epoxide, were

tions: 40kV, 20mV and Cu K radiation. The samples were  ca|culated to describe the experimental results, as follows:
step-scanned in steps of 0°020) in the range 3—70using

a count time of 10 s/step. Infrared spectra were recorded 0N & ersion (C)= { 1 — [remaining olefin]} « 100%
Bruker Vector 22 FT-IR spectrometer using KBr pellets con- > [initial olefin]

taining 1% of the catalyst. UV-vis spectra were obtained

on a Shimadzu UV/2501PC spectrometer using the dif- { [olefin epoxide]

fuse reflectance technique. FT-Raman spectra were obtainedelectivity (S)= x 100%

on a Nicolet Raman 950 spectrometer. Nitrogen adsorp-
tion/desorption isotherms were measured at 77 K on a Quan- The conversion of cyclohexene and selectivity to cyclo-
tachrome instrument with nitrogen as the probe molecule. hexene epoxide was calculated using a calibration curve
The samples were degassed at 393 K for 2 h before measurefr? =0.999) obtained prior to the reaction.

ments 3P MAS NMR spectra were recorded at 121.49 MHz

on a Bruker Avance 300 spectrometer. The metal contents

were measured by the ICP technique using a Shimadzu ICPS3. Results and discussion

7500 instrument. GC-MS measurements were performed on

a Shimadzu QP-2010 instrument equipped with a capillary 3.1. Catalyst characterization

column (30 mx 0.25mmx 0.25m) using He as the carrier

> [oxo products

gas. The powder X-ray patterns of the catalyst supported on the
inorganic matrix (SGMo-S) are very similar to that of the con-
2.3. Synthesis of the catalysts trol silicate obtained from TEOS, indicating the retention of

the structure after supporting the catalyst on this matrix. Ele-
MoO,Cl;(OPMePh), was synthesized according to mental analysis of the resulting materials contain 1.2 mass%
the published procedudd0]. The heterogeneous catalyst, Mo, which is an appropriate concentration for catalytic appli-
SGMo-S was prepared by modifying the procedure describedcation[26].
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Fig. 1. FT-IR spectra of: (A) blank silicate; (B) Ma@l2(OPMePh), for Fig. 2. UV—vis spectra of: (A) blank silicate; (B) SGMo-S; and (C)
comparison; and (C) SGMo-S. MoO,Cl,(OPMePh), for comparison.
3.1.1. FT'IR type | according to IUPAC classificatidd6]. The pores are

The FT-IR spectrum of the supported catalysig( 1B) smooth and cylindrical as indicated by the lack of hystere-
shows bands characteristic of the silicate structure, which is s in its desorption branches. A surface area of 328/gm

dominated by absorptions at 457, 553, 799 and 108X'cm  and the modal pore size of 5.8 nm were computed using the
due to SiO-Si bending and stretching vibrations. These Hgorvath—Kawazoe method.

bands are only slightly shifted compared to those of the
unmodified silicate Fig. 1A). A band at 953cm?! is
attributed to surface SOH vibrations[42] and is proba-
bly superimposed on absorptions due te&iMo bonds.
The presence of bands at 744, 718, 693 &nwhich can

be attributed to €H bending vibrations of phenyl groups in

3.1.4. 3'P MAS NMR spectroscopy

The3lP MAS NMR spectrum of SGMo-S displays three
resonances at41, 46 and 59 pptig( 4). For comparison, the
31p MAS NMR spectra for complex MogZl,(OPMePh),,
SG-OPMePh and OPMePh were also obtained, and they

S(il\/llo—tSAs an |r|1(dt;cat(|jor][gflt2(;§$rmatllon ofan yo;iupported display a single resonance at about 47, 35 and 30 ppm, respec-
catalyst. Aweakband a IS only presentin the spec- tively. In the preparation of SGMo-S, extensive washing

trum of the supported catalyst and appears in the range of
Mo—O vibrations[43]. This band was previously described with CH,Cl, should have removed any surface absorbed

33 h teristic feat f Mo at ted in sil OPMePh from the material. The fact that SG-OPMeRtas
i[cat]ea;Zt(r:iczgac enstic feature of Mo atoms supported in Sii- processed in an identical manner would suggest that the poly-

mer can somehow incorporate phosphine oxide, presumably

) by means of a Si-OP linkage. In the synthesis of SGMo-S, it
3.1.2. UV-vis spectroscopy

UV-vis spectroscopy was employed in the diffuse
110

reflectance mode for the supported catalyst together with ] o
the control silicate for comparison. For the Mo-containing 100+ /
species, the nature of the ligands plays a central role in deter- g —o—A DG—D’ODO
mining intensity and energy of the electronic spe¢ti4). 801 —o-D D/D’%%/
Moreover, the dispersion of Mo-atoms, the Mo-atoms sup- . ,D/G/,O/O/O

port interaction and the local Mo symmetry all influence o> 70 o /“/;U/O’O

the UV-vis spectrd45]. The supported catalyst exhibits 5 60 o0

four absorption bands in the 250-280 nm regibig( 2B) % 50- D/D/D/E/O’O

which are also observed in the spectrum of the free com- 5 1 o~

plex (Fig. 2C), which can be attributed to ligand—Mo charge 1

transfer bands. Most striking is the large difference in the 807

spectrum between SGMo-S and the control silicktg.(2A) 204

which clearly indicates that the Mo-containing moiety has 104

been anchored in the inorganic matrix. ol

00 01 02 03 04 05 06 07 08 09 10 11
3.1.3. Nitrogen physisorption Relative pressure, p/pg

Nitrogen adsorption—desorption isotherm of SGMo-S
recorded at 77 K is shown Fig. 3 which is characteristic of Fig. 3. Nitrogen adsorption—desorption isotherm of SGMo-S.
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Fig. 5. FT-Raman spectra of: (A) MaGl,(OPMePh), and (B) SGMo-S.
homogeneous catalyst was immobilized on the silica how-
ever. A band at 996 cnt is observed in the spectrum of
A SGMo-S, which can be assigned to the symmetric stretching
mode of Me=0 [51] for the silica modified Mo-containing
80 70 80 50 40 30 20 10 0 species as has been observed for related matgtig49,50]

3.2. P d 1l th to the het
Fig. 4.3 CP MAS NMR spectra of: (A) OPMeBh (B) foposed redction patiwdy 10 the Relerogeneous

MoO,Cl>(OPMePh),; (C) SG-OPMeP} and (D) SGMo-S. catalyst

is likely that some phosphine oxide dissociated and reacted ~With regard to the possible reaction pathway between
with the polymer. Therefore, the complex pattern observed in MoO2Cl2(OPMePh), and TEOS, the following results are
the solid state NMR spectrum for SGMo-S may be indicative observed: (1) most sol-gel reactions involve nucleophilic
of this, but lacking further proof, definitive assignments of substitutions based on agBSmechanism at Si and hydroxy-
these peaks is not possible. The peaks labeled ady i lated species are form§sl2,53} (2) elemental analysis of Cl
may also arise from P atoms from phosphine oxide bonded towas conducted by argentometry, which confirms the presence
Mo which is stabilized on the polymer, as we have additional of the chloride ligands; and (3) M® [51] stretching mode
data (FT-IR and X-ray) to suggest that Mo is incorporated. is observed in the FT-Raman spectrum of SGMo-S. These
Suffice it to say that the sample does not appear to containresults suggested that the heterogenization process might

free phosphine oxide. include the oxygen of TEOS initially linking to the molybde-
num center with concomitant dissociation of OPMgRbm
3.1.5. FT-Raman spectroscopy the molybdenum center, followed by hydroxylation between

The FT-Raman spectra of SGMo-S and the precursor com-TEOS and the molybdenum complex, finally resulting in a
p|ex are given |rF|g 5. The Raman bands at about 489 and molybdenum-containing silica network structure, as depicted
615cnt! are characteristic of the silica supp§47]. The in Fig. 6. This is also consistent with the observation of the
bands at 3063, 2990 and 2926 ¢h characteristic of the ~ above spectra.

C—H stretching vibrations of methyl and phenyl groups, are

present in both the homogenous catalyst and SGMo-S. The3.3. Epoxidation of olefins with TBHP as oxidant

band at 1586 cm! can be attributed to aromatic ring stretch-

ing. SGMo-S was tested as a catalyst for the epoxidation of

The band at 393 crt has been assigned to the Mo cyclohexene witHBuOOH as the oxygen source at a reac-
bending vibration[48]. It is noteworthy that a peak at tion temperature of 55C. SGMo-S shows high activity and
820cntl, which has been attributed to the asymmetric selectivity to cyclohexene oxide (sE@. 7). The conversion
stretching vibration of the MeO—Mo unit [49] was not of the substrate increases, and the selectivity to the epoxide is
observed in the spectrum of SGMo-S. This suggests thatconsistent at around 85%. It can be also seen that the reaction
dimeric molybdenum-containing moieties were not produced rate decreases as time elapsed.
during catalyst preparation. The bands at 942 and 9t3cm In order to determine the optimal reaction conditions we
associated with the asymmetric and symmetric stretching investigated the effect of varying the reaction temperature.
vibrations of the Mo®@ bond[40,50] disappeared after the  The kinetic and selectivity profiles for SGMo-S at different
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100 ing to GC-MS results, 2-cycloxhexen-1-one is the only by-
90.] product for all catalytic runs at different temperatures. While
1 —m— 353K the same epoxidation catalyzed by the homogeneous cata-
80 o ggg*é lyst MoO,Cl>(OPMePh), with ‘BOOH quickly reaches the
70+ maximum conversion at 83% in an hour and does not proceed
£ 604 further[41].
=
% 50-_
3]
% 40__ Table 1
O 304 “ Conversion and selectivity data for epoxidation of representative olefins
20_‘ using SG-Mo catalyst
10 1 Olefin Conversion (%) Product [selectivity (%)]
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Fig. 7. (A) Kinetic and (B) selectivity profiles for the epoxidation of cyclo- O
hexene with SGMo-S at different temperature. \))/\
70 100
9 A \(\’)9/< (100)

tempergtures are shown Fmg 7A and B_’ re_s_:pectlvely. The Reaction conditions were as follows: reaction time and temperature were
conversion of cyclohexene increases significantly as the reacgp and goc, respectively. Olefin (10 mmol), TBHP (15 mmol), Mo cata-

tion temperature is raised. Interestingly, the selectivity also lyst (3.9x 10-3 mmol) ands-decane (2.5 mmol) as an internal standard for
increases with an increase in reaction temperature. Accord-GC-MS analysis.
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The catalytic behavior of SGMo-S in the epoxidation of [11] FE. Kuhn, AD. Lopes, A.M. Santos, E. Herdtweck, J.J. Haider,

cycloolefins and terminal alkenes was also tested with TBHP
as the oxygen sourcelgble 1. For cycloolefins, similar
quantitative olefin conversions within 8 h are observed for

C.C. Romao, A.M. Santos, J. Mol. Catal. A: Chem. 151 (2000)
147.

[12] F.E. Kuhn, A.M. Santos, A.D. Lopes, |.S. Goncalves, E. Herdtweck,

C.C. Romao, J. Mol. Catal. A: Chem. 164 (2000) 25.

cyclohexene and cyclooctene, and somewhat lower conver{13] F.E. kuhn, A.M. Santos, I.S. Goncalves, C.C. Romao, A.D. Lopes,

sion for cyclododecene.
The epoxide selectivities for the three cycloolefins are
>96% in each case. The difference in olefin reactivity is

presumably due to hindered access of the larger cycloolefin

to the active sites of the catalyst. SGMo-S is also active
for the epoxidation of terminal alkenes, which are known
to be difficult to epoxidize. The reactivities of 1-octene
and 1l-decene are similar, whilst that of 1-hexene is co
siderable higher. The epoxide yield increases as the chai
length of the olefin decreases and this can also be attribute
to less steric hindrance. In all runs the selectivity to

Appl. Organometal. Chem. 15 (2000) 43.

[14] D.E. De Vos, M. Dams, B.F. Sels, P.A. Jacobs, Chem. Rev. 102
(2002) 3615.

[15] D.C. Sherrington, S. Simpson, J. Catal. 131 (1991) 115.

[16] S.V. Kotov, S. Boneva, J. Mol. Catal. A: Chem. 139 (1999) 271.

[17] D.C. Sherrington, S. Simpson, React. Polym. 19 (1993) 13.

[18] M.M. Miller, D.C. Sherrington, S. Simpson, J. Chem. Soc., Perkin
Trans. 10 (1994) 2091.

n- [19] M.M. Miller, D.C. Sherrington, J. Catal. 152 (1995) 368.
jZO] M.M. Miller, D.C. Sherrington, J. Catal. 152 (1995) 377.

21] M.M. Miller, D.C. Sherrington, J. Chem. Soc., Chem. Comm. (1994)
55.
[22] G. Olason, D.C. Sherrington, Macromol. Symp. 131 (1998) 127.

the corresponding epoxides is almost 100%. These resultd23] T. Brock, D.C. Sherrington, J. Swindell, J. Mater. Chem. 4 (1994)

clearly indicate the olefin size and the accessibility of the

active sites in the heterogeneous catalyst affect the catalytic[24] é 13,

reactions.

4. Conclusions

FT-IR and UV-vis spectra, etc. confirmed that
molybdenum-containing silicates can be prepared via

a simple sol—gel process. A possible reaction pathway was

proposed based on elemental analy$ie, MAS NMR and

UV-Raman spectroscopy results. Under certain conditions,

high catalytic yields and selectivity for the epoxidation of

cyclo- and terminal olefins may be obtained. Increasing the

reaction temperature is a useful way to increase selectivity.
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