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The tri(alkoxy)siloxy complexes MO[OSi(Bu)s]4 (1, M = Mo and2, M = W) were prepared from
MOCI, and LiOSi(OBu)z. Similarly, reactions of M@CI(DME) with LiOSi(O'Bu); afforded the new
siloxide complexes MgOSi(OBu)3], (3, M = Mo and4, M = W), which are themally unstable at
ambient temperature. More stable compounds were obtained by the crystallizatiBrandf4 in a
coordinating solvent, to form the ether adducts M@IBi(OBu)s](THF) (3a) and WQ[OSIi(OBu)3]2-
(DME) (4a). These compounds serve as soluble models for isolated molybdenum or tungsten atoms on
a silica surface and were characterized'Hy 13C, 2°Si, ®*Mo, and'®®W NMR, FT-Raman, FT-IR, and
UV —vis spectroscopies. Compount®, 3a, and4awere used to prepare metaixide silica composites
via the thermolytic molecular precursor method. The xerogels obtained from the thermolyis@s 24,
and4ain toluene contained mesoporosity with surface areas of 10, 230, 106, ancd? 270 nespectively.
Despite the high surface areas for most samples, these xerogels contadoM@&ins. Complexes and
2 were also used to introduce molybdenum and tungsten sites, respectively, onto mesoporous SBA-15
silica via displacement of the-OSi(OBu); ligand for a siloxyl group from the silica surface. All
molybdenum- and tungsten-containing systems were tested as catalysts for the epoxidation of cyclohexene
usingtert-butyl hydroperoxide (TBHP) or aqueous®} as the oxidant.

Introduction Several oxo-molybdenum and -tungsten complexes with
Surface-bound oxo-molybdenum and -tungsten species?aous supporting siloxide ligands, such as M@E@SiPh),,**
have attracted considerable attention in recent years becausi002(0SiMeBu)y(py),'® [0.Mo(O:SIBU,)]2," MoOg[(c-
of their relevance to a variety of catalytic reactions, including CeH107(Si7012)(OSiMey)],** WO[O(PhSIO)]o(THF), and
the selective oxidations of alkank%alkenes and alcohol4: WO,(OSiPh):(OSCHs),,' have been reported as models
Many research groups have reported synthetic methods whicHOr the active sites of molybdenum- and tungsten-containing
are proposed to generate a specific surface molybdenum and*otransfer catalysts. Although these molecular species
tungsten oxide species. At low coverage, the active sites havd €Present interesting structural models for isolated oxo-
been proposed to have various structures, including isolatedM?lyPdenum and -tungsten sites on silica, the presence of

dioxo surface specig$ @ isolated mono-oxo speciad;s3 the organic substituents on silicon complicates the direct
and dimeric surface s;Seci‘és{Scheme 1). ’ comparison of spectroscopic data with molybdenand

tungsta-silica catalysts.

*To whom correspondence should be sent. E-mail: tdtilley@berkeley.edu.  Our research has focused on the synthesis of single-source
T Current address: Department of Chemistry, University of Sussex, Falmer,

Brighton, BN1 9RH UK. molecular precursors to mixed-element oxié&es? For this
(1) Spencer, N. D.; Pereira, C. J.; Grasselli, R.JKCatal. 199Q 126,
546. (13) Banares, M. A.; Hu, H.; Wachs, I. H. Catal. 1994 150 407.
(2) Banares, M. A.; Fierro, J. L. G.; Moffat, J. B. Catal. 1993 142 (14) lwasawa, Y Adv. Catal. 1987, 35, 265.
406. (15) Huang, M.; DeKock, C. WInorg. Chem.1993 32, 2287.
(3) Giordano, N.; Meazzo, M.; Castellan, A.; Bart, J. C.; RagainiJV. (16) Kim, G.-S.; Huffman, D.; DeKock, C. Winorg. Chem.1989 28,
Catal. 1977, 50, 342. 1279.
(4) Louis, C.; Tatibouet, J. M.; Che, M. Catal. 1988 109, 354. (17) Gosink, H.-J.; Roesky, H. W.; Noltemeyer, M.; Schmidt, H.-G.; Freire-
(5) Ono, T.; Anpo, M.; Kubokawa, YJ. Phys. Chem1986 90, 4780. Erdbrugger, C.; Sheldrick, G. MChem. Ber1993 126, 279.
(6) Desikan, A. N.; Oyama, S. T. Chem. Soc., Chem. Commad892 (18) Feher, F. J.; Rahimian, K.; Budzichowski, T. A.; Ziller, J. W.
88, 3357. Organometallics1995 14, 3920.
(7) Takenaka, S.; Tanaka, T.; Funabiki, T.; Yoshida).92hys. Chem. B (19) Brisdon, B. J.; Mahon, M. F.; Rainford, C. @.Chem. Soc., Dalton
1998 102 2960. Trans.1998 19, 3295.
(8) Kim, D. S.; Ostromecki, M.; Wach, I. E.; Kohler, S. D.; Ekerdt, J. G.  (20) Tilley, T. D.J. Mol. Catal. A2002 182-183 17.
Catal. Lett.1995 33, 209. (21) Fujdala, K. L.; Tilley, T. D.J. Catal.2003 216, 265.
(9) Kim, D. S.; Ostromecki, M.; Wachs, |. B. Mol. Catal. A1996 106, (22) Terry, K. W.; Tilley, T. D.Chem. Mater1991, 3, 1001.
93. (23) Terry, K. W.; Gantzel, P. K.; Tilley, T. DChem. Mater.1992 4,
(10) de Boer, M.; van Dillen, A. J.; Koningsberger, D. C.; Geus, J. W.; 1290.
Vuurman, M. A.; Wachs, |. ECatal. Lett.1991, 11, 227. (24) Terry, K. W.; Lugmair, C. G.; Gantzel, P. K.; Tilley, T. EZhem.
(11) Williams, C. C.; Ekerdt, J. G.; Jehng, J.-M.; Hardcastle, F. D.; Turek, Mater. 1996 8, 274.
A. M.; Wachs, I. E.J. Phys. Chem1991, 95, 8781. (25) Terry, K. W.; Lugmair, C. G.; Tilley, T. DJ. Am. Chem. S0d.997,
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purpose, we have synthesized MO[OSEQ®);], and MG-
[OSi(OBu)s]2, where M= Mo and W. In related work,
Neumann and co-workers generated molybdenaad tung-

sta—silica materials via the synthetic intermediates MO[OSi-

(OBu)3]s (M = Mo and W), which were not isolated or

characterized In this paper, we present details on the

synthesis and characterization of MO[OSBO)3], and
MO,[OSi(OBu)s]2, which serve as models for mono- and

diethyl ether resulted in the elimination of four equivalents
of LiCl and formation of MoO[OSi((Bu)s]4 (1; eq 1). The
product was isolated by evaporation of the solvent under
vacuum and was extracted from the LiCl byproduct with
pentane. After three recrystallizations from pentane 20

°C, pale yellow crystals of were isolated in variable yields
(10—42%). The analogous reaction with WQ@roduced
WOI[OSIi(OBu)s]4 (2), which was obtained from pentane at

dioxo surface sites (Scheme 1). In addition, we have used—30 °C as a white opaque solid in 39% yield.
the isolated compounds as single-source precursors for the

synthesis of molybderaand tungstasilica materials, which

have been evaluated as catalysts for the epoxidation of MO[OSi(O'Bu),], + 4LICl

cyclohexene.

MOCI, + 4LiOSi(OBu), —
M = Mo (1), W (2) (1)

Aqueous impregnation is the most common method These compounds are soluble in nonpolar hydrocarbons and
employed for the deposition of molybdenum or tungsten hydrolyze very rapidly in air. Room temperatut¢ and**C

oxide species onto silice®:32However, in general it is

NMR spectra forl and2 reveal one resonance for the siloxy

difficult to achieve a high dispersion of the molybdenum or ligands. It therefore seems likely that the siloxide ligands

tungsten species with this meth8dror this reason, there

are oriented toward the basal corners of a pseudo-square

is considerable interest in the development of alternative pyramidal coordination geometry, as found for the majority
synthetic methods for the dispersion of molybdenum and of MOX, complexes (M= Mo, W).3¢4
tungsten on silica. Many of these methods feature reactions The addition of a diethyl ether solution of two equivalents

between a labile ligand in a metal complex (such as MoCl
Mo (17%-CaHs)a, MO2(173-CaHs)a, M0ox(OAC)s, or MoOx(acac))
with the hydroxyl groups on the silica surfatg?14:3335 As

of LIOSIi(O'Bu); to an ether solution of Mo&Zl,(DME) at
—78°C produced the complex Maf®DSi(OBu)3]» (3). This
complex was isolated from pentane-aB0 °C as colorless

discussed elsewhere, we have shown that the thermolyticcrystals in 30% yield. WgOSi(OBu)s]. (4) was prepared
molecular precursor route to oxide materials may also be in an analogous way and was isolated as colorless crystals
used to introduce catalytic sites onto the surface of a silica in 52% yield (eq 2).

support in a controlled manné&?1.3637|n this paper, we

describe how this method can be used for the introduction MO;Cl,(DME) + 2LiOSi(OtBU)3_’

of stable molybdenum and tungsten sites onto a silica surface. MO,[OSi(OBu),], + 2LiCl

M = Mo (3), W (4) (2)

The resulting materials have also been investigated as

epoxidation catalysts.

Results and Discussion

Synthesis of the Precursor ComplexesThe reaction
between MoOCI and four equivalents of LiOSi(Bu)s; in

(26) Su, K.; Tilley, T. D.Chem. Mater1997, 9, 588.

(27) Coles, M. P.; Lugmair, C. G.; Terry, K. W.; Tilley, T. @hem. Mater.
200Q 12, 122.

(28) Rulkens, R.; Male, J. L.; Terry, K. W.; Olthof, B.; Khodakov, A.;
Bell, A. T.; Iglesia, E.; Tilley, T. D.Chem. Mater1999 11, 2966.

(29) Kriesel, J. W.; Sanders, M. S; Tilley, T. Bdv. Mater. 2001, 13,
331.

(30) Fujdala, K. L.; Tilley, T. D.Chem. Mater2001, 13, 1817.

(31) Juwiler, D.; Blum, J.; Neumann, &hem. Commurl998 1123.

(32) Srinivasan, S.; Datye, A. KCatal. Lett.1992 15, 155.

(33) zhuang, Q.; Fukoka, A.; Fujimoto, T.; Tanaka, K.; Ichikawa, M.
Chem. Soc., Chem. Commui®991], 11, 745.

(34) Ichikawa, M.; Zhuang, Q.; Li, G.-J.; Tanaka, K.; Fujimoto, T.; Fukoka,
K. Stud. Surf. Sci. Catall992 75(A), 529.

(35) Collart, O.; Van der Voort, P.; Vansant, E. F.; Gustin, E.; Bouwen,
A.; Schoemaker, D.; Ramachandra Rao, R.; Weckhuysen, B. M;

Schoonheydt, R. APhys. Chem. Chem. Phyk999 4099.
(36) Jarupatrakorn, J.; Tilley, T. . Am. Chem. So@002 124, 8380.
(37) Nozaki, C.; Lugmair, C. G.; Bell, A. T.; Tilley, T. DJ. Am. Chem.
S0c.2002 124 13194.

Compounds and4 are air- and temperature-sensitive. Stor-
age in the drybox at room temperature resulted in the decom-
position of these complexes within a few hours. To impart
further stability, adducts were obtained by recrystallization
of 3 and4 from coordinating solvents. Recrystallization of

a sample of3 in THF afforded MoQ[OSi(OBu)s]2(THF)

(34). However, theH and 3C NMR spectra of3a are
identical to those 08 and contain resonances for free THF.
Thus, the THF appears to be largely dissociated in solution.
In the solid state, the THF proved to be very labile and could
be easily removed under reduced pressure. Recrystallization
of a sample ofl in pentane/DME (1:1) afforded WIDSi(O-
Bu)s]2(DME) (4a). Compoundsaand4aare also thermally
sensitive, but more stable th&wand4. They may be stored

in the drybox at room temperature for a few days before

(38) Johnson, D. A.; Taylor, J. C.; Waugh, A. B. Inorg. Nucl. Chem.
198Q 42, 1271.

(39) Chisholm, M. H.; Folting, K.; Huffman, J. C.; Kirkpatrick, C. @org.
Chem.1984 23, 1021.

(40) Berg, D. M.; Sharp, P. Rnorg. Chem.1987, 26, 2959.

(41) Clegg, W.; Errington, R. J.; Kraxner, P.; RedshawJQChem. Soc.,
Dalton Trans.1992 1431.
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Table 1. Raman and IR Absorptions for 1, 2, 3a, 4a, and HOSI(@u); and Tentative Assignments

1 2 3a da HOSI(OBuU)3
Raman IR Raman IR Raman IR Raman IR Raman IR
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) (cm™) assignmerit
1460 s 1460 s 1457 s 1458 s 1456 s Oasyn{CHs)
1249 m 1244 s 1249 m 1244 s 1251s 1250 m 1250 s 1244 s 1249 m 1248 s v(CC)
1215 m 1215m 1215 m 1217 sh v(CC)
1198 w 1190s 1198 w 1196 s 1196 w 1190s 1203w 1195s 1199w 1198 s p(CCHg)
1086 s »(M=0)
1067 sh 1070 vs 1071w 1074 s 1077 vw 1074 s 1072 s 1068 S  vasyn(SIOC)
1042 w 1040 w 1040 w Vasyn(SIOC)
1030 s 982 w 1032 s 1019s 1031 m 951s 1031 m r(M=0)
1020 m 974m »(M=0)
1014 m »(CC)
976 w 964 m 970 m 958 m 955 m 960 m -—-M
921m 891 br, s 922 m 912 br, s 921 m 906 br, s 923 s 928 br, m 921m 914 br, w(SiO)
855 sh 891w 871w
843 m 858 s 842 w 833 m 841 m 835 m 840 w 831 m 835m 827m »(CC)
813s 806 w 815m 806 vw 813s 808 w 814 m 806 vw 806 m 798w v(CC)
710 w 704 m 712 vw 704 s 706 s 710 vw 704 s
651w 650 w 649 m 646 vw 662 m 660 m 649 m 652 w r(MO)
546 w 552 vw 551 w 532w 557 w 553 vw 551 w 540 w 628 s 627m  o(0SiO)
511w 513 sh 509 m 515m 521 br,m vsyn(SIOC)
501 m 499 m 498 m
476 m 476 m 476 s 480 m 486 br,m  dasyn{SIOC)
432w 432 m 428 m 432m 432 m v(CC)

a Abbreviations: v= very, s= strong, m= medium, w= weak, sh= shoulder, br= broad;v = stretching,0 = deformation,0 = rocking; sym=
symmetric, asym~= asymmetric.

significant decomposition occurs. The room-temperatdre  addition, Fournier et al. suggested that the UV band position
and 8C NMR spectra for3, 3a, 4, and 4a indicate a is more heavily influenced by Mo-support interactions and
symmetrical structure with equivalent siloxide ligands. the Mo dispersion than by the local symmetry at #1&°
Characterizations of Molybdenum Complexes.The Compound3 exhibits an absorption band at 284 nm, which
solution %Mo NMR spectra were obtained at 26.08 MHz is relatively high compared to that generally observed for
and chemical shifts were referenced to external aqueous 2Zetrahedral Mo(VI) species. However, this band is in close
M Na,MoO, at pH 1142 The spectrum ofl consists of a proximity to that observed fdat (296 nm). Thus, as suggested
single signal at-159 ppm (v1, = 186 Hz). This chemical by Fournier, the Mo coordination geometry seems to have a
shift lies in the range observed for M60Ocompounds ¢ rather small influence on the UWis band position.
—610 to +185)* The compoundda exhibits a singlet at Raman spectroscopy has proven to be a useful technique
—156 ppm {1, = 173 Hz) in its®*Mo NMR spectrum. for the characterization of structures for surface-bound metal
Significant chemical shift differences have been observed oxo species. For this reason, it was of interest to examine
for complexes of the Mo&" group upon changing the donor  the Raman spectra of compouridand3a, since their MoO-
atoms of the additional ligandsd (—219 to +630)444° [OSiOs)4 and MoQ[OSiOs], cores should mimic those of
Negative chemical shifts occur for MO species ligated isolated oxo-molybdenum groups on silica. However, the
exclusively by O atom#& The chemical shift of3a is at vibrational modes for such species may be influenced by
relatively high field compared to those assigned to dioxo- coupling to surface modé$Assignments of the bands may
molybdenum complexes containing siloxide ligands, such asbe aided by comparisons with the Raman spectrum for HOSi-

MOOZ[(C-C5H11)7(Si7011)(OTMS)] ((S —70.6, w1 = 220

HZ) 18 (42) Masters, A. F.; Brownlee, R. T. C.; O'Connor, M. J.; Wedd, A. G.;
ooe: . Cotton, J. D.J. Organomet. Cheni.98Q 195 C17.

The#°Si NMR spectra ofl. and3a contain resonances at  (43) Minelli, M.; Enemark, J. H.; Brownlee, R. T. C.; O'Connor, M. J.;

—99.9 and—96.3 ppm, respectively. For comparison, the ) \(/:Vﬁddt, A. G-CEOFX- CMhﬁlm- ?1385'\/'68’ ||1'69M Rockway T. W
29 . . ristensen, K. A.; ner, P. .} inellr, ., ROCKway, I. -
Si NMR resonance for a related dioxo complex containing Enemark, J. Hinorg. Chim. Acta 1981, 56, L 27.
a bridging, bidentate silandiolate, {0(0,SiBuy)]2,'” ap- (45) Minelli, M.; Yamanouchi, K.; Enemark, J. H.; Subramanian, P.; Kaul,
; B. B.; Spence, J. Tinorg. Chem.1984 23, 2554.
pears at-3.8 ppm, a}gd the analogous shift for the compound (46) Gosink, H.-J.; Roesky, H. W.; Schmidt, H.-G.; Noltemeyer, M.; Irmer,
[02Mo(OSiBu,).0],* was observed at10.2 ppm. E.; Herbst-Irmer, ROrganometallics1994 13, 3420.
The UV—vis spectra of molybdenum complexésand3 (47) Jezlorowski, H.; Knozinger, Hl. Phys. Chem1979 83, 1166.

. . . 48) Rana, R. K.; Viswanathan, Batal. Lett.1998 52, 25.
in toluene contain narrow absorption bands at 296 and 284E4Qg Fournier, M.; Louis, C.; Che M.; Chaquin, ?:_; Masure D Catal.

nm, respectively, assigned to ligand-to-metal charge-transfer 1989 119, 400.
(LMCT) band. In general, absorption bands around 230 nm ©9 ;‘g’aii‘é"g Y Ogasawara, $.Chem. Soc., Faraday Trans.1979
are attributed to octahedral and tetrahedral Mo(VI) cerfters. (51) Gajardo, P.; Grange, P.; Delmon, B.Phys. Cheml979 83, 1771.
Bands at 256290 nm have been assigned to tetrahedral (52) Gajardo, P.; Pirotte, D.; Grange, P.; DelmonJBPhys. Cheml979
83, 1780.

MoO, and bands at 276320 nm to octahedral Mo (53) Hanna, T. A; Ghosh, A. K, lbarra, C.; Mendex-Rojas, M. A;
species!*®52The overlap in these band assignments renders 54) 'F\illhemgtrzlld,I A L; Watsog, V(\é Hlnogg-BChgrﬂ.ZO%Aq 4§ﬁ- 1;;1. "

s : . g agg, N.; Immaraporn, B.; Giorgi, J. B.; Schroeder, T.user, M.;
UV —vis spectroscopy somewhat ineffective for the charac Dobler, J.- Wu, Z. Kondratenko, E.: Cherian, M.: Baerns, M. Stair,

terization of molybdenum coordination environments. In P.; Sauer, J.; Freund, H.-J. Catal.2004 226, 88.
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(O'Bu); (Table 1) and by previous assignments for the spectraor to a combination of both vibratiort&% From our IR

of MoOX, and MoQX, (X = F, Cl, or Br)% 5" Most
apparent in the Raman spectrumilois an intense band at
1086 cnt?, which can be assigned to the M@ stretching
mode of the G=MoO, moiety. The main feature of the
spectrum of3ais a band at 1019 cm, which can also be

spectroscopic results, the intensity of the-8—H bending
vibration (914 cm?) in the spectrum of HOSIi(Bu); is
relatively weak compared to that of the-SD—Mo vibration
in the spectrum ofl. Thus, we propose that the-SD—H
bonding vibration may not significantly contribute to this

assigned to a M&O stretching mode. These bands therefore band in the spectrum of molybdenailica materials with
reflect a generally observed trend, which is that the vibra- low concentrations of SiOH sites.

tional frequency associated with aNMloO, dioxo structure
is lower than that for a related,MoO monooxo speci€es.

The infrared spectrum o8a exhibits two overlapping
bands at 1020 and 1031 ck which were assigned to the

This assignment is in agreement with those reported for Mo=O stretch. These values are significantly higher than

MoOxX, (X = ClI, Br)*” and [GMo(O,SiBu,)]2.>° The less
intense bands at 1067 ci(in 1) and 1077 cm? (in 3a)
may be due to an asymmetric-8D—C stretching vibration.
The related band in HOSi(Bu); appears to be observed at
1040 cm1.2880 Pairs of bands at 921 and 546 cth{in 1)
and 921 and 557 cm (in 3a) may correspond to SiO
stretching vibrations, as observed at 921 and 628%dm
HOSI(OBuU)3.28.60.61

those for the corresponding stretches observed for MoO
(OSiPh), (948 and 932 cmt)!® but are very similar to the
corresponding values in f®o(O,Si'Bu,)], (1020 cnt?).5°
In addition, they correspond closely to the band assigned to
this stretch in the Raman spectrum (1019 ém
Characterizations of Tungsten ComplexesThe solution
183V NMR spectra were acquired at 20.84 MHz and chemical
shifts were referenced to external saturated aqueop¥/Sa

Hardcastle and Wachs have developed correlations be-at pH 9.167 The 3 NMR spectrum of2 exhibits a sharp

tween molybdenumoxygen bond distances and the corre-

single peak at-565.8 ppm. The chemical shift range for

sponding Raman stretching frequencies for a series of8W is in excess of 10 000 ppm, and the resonance position

reference molybdenum compourfdsipplication of these
correlations to the 1086 and 651 chbands ofl provides
values of 1.65(2) and 1.89(2) A for the M® and Mo-O

is strongly dependent on the coordination environn&hhe
chemical shift of2 lies within the known window for
tungsten in the VI oxidation staféhowever, the chemical

bond distances, respectively. These values are close to thosehifts for W(VI) species with similar bonding environments
expected on the basis of comparisons to related molybdenunare more upfield. For example, thA#W NMR resonances

complexes. For example, MoO(OMepossesses bond
distances of 1.672(5) and 1.880(6) A for the %0 and
Mo—O bonds, respectively. F@a, the correlations yield
1.68(2) and 1.88(2) A for the MeO and Mo-O bond
distances, respectively. For comparison, the=Mb and
Mo—0O bond lengths for Mog§OSiPh), are 1.692(7) and
1.815(5) A, respectivel}f

The infrared spectra ofl, 3a, and HOSI(CBu); are

of WO(OBu), and WO(OMe) were observed at386.9 and
—62.9 ppm, respectivelt. Thus, there is a marked downfield
shift on replacing alkoxide ligands withOSi(OBu); groups.
Macchioni et af® observed a downfield shift upon a decrease
in the coordination number from 6 to 5 (dimeric vs
monomeric W(VI) imido compounds). Thus, the downfield
shift found in 2 may result from a lower coordination
number, since the complexes WOBD), and WO(OMe)

compared in Table 1. The most intense infrared peak in all are thought to exist as dimefsAttempts to obtain %W

the spectra is assigned as the-8i—C stretching band at
ca. 1070 cm?, which compares well to the assignment made
for this band in the Raman spectra (1067 ¢érfor 1 and
1077 cmit for 3a). Many bands in the IR spectrum bfcan

be assigned to the OSi(OBu); ligands, but two bands at
1030 and 964 cmt are unique to the IR spectrum dfand
are assigned to vibrational mods for the #0 and Mo-
O—Si linkages, respectively. Previously, a peak at ca-940
970 cn1t in the spectra of molybdenum-containing silica
has been attributed to SO—H8384or Si—O—Mo*®® groups

(55) Alexander, L. E.; Beattie, |. R.; Bukovszky, A.; Jones, P. J.; Marsden,
C. J.; Van Schalkwyk, B. J1. Chem. Soc., Dalton Tran974 81.

(56) Collin, R. J.; Griffith, W. P.; Pawson, Dl. Mol. Struct.1973 19,
531.

(57) Adams, D. M.; Churchill, R. GJ. Chem. Soc. A968 2310.

(58) Desikan, A. N.; Huang, L.; Oyama, S. J. Phys. Chem1991 95,
10050.

(59) Haoudi-Mazzah, A.; Dhamelincourt, P.; Mazzah, A.; Lazraq,JM.
Raman Spectrosd.998 29, 1047.

(60) Beckmann, J.; Dakternieks, D.; Duthie, A.; Larchin, M. L.; Tiekink,
E. R. T. Appl. Organomet. Chen2003 17, 52.

(61) Barraclough, C. G.; Bradley, D. C.; Lewis, J.; Thomas, |JMChem.
Soc.1961, 2601.

(62) Hardcastle, F. D.; Wachs, |. H. Raman Spectrosd99Q 21, 683.

(63) Boccuzzi, F.; Coluccia, S.; Ghiotti, G.; Morterra, C.; ZecchinaJA.
Phys. Chem1978 82, 1298.

(64) Neumann, R.; Levin-Elad, Ml. Catal. 1997, 166, 206.

NMR spectrum of4a failed to achieve an acceptable S/N
ratio before the compound decomposed. P& NMR
spectra of2 and 4a exhibit chemical shifts at-98.5 and
—88.8 ppm, respectively. These values are at relatively high
field compared to thé’Si NMR resonance for the SO—-W
group of WG O(PhSiO)} »(THF) (at —40.5 ppm3® but in

the region expected for 8i(OSi);(OM) center®7*

The UV-vis spectra of2 and 4a in toluene contain a
narrow absorption band at 284 nm, assigned to arVD
LMCT band. By comparing the spectra of W/HZSM-5 and
W/SIO, with tungsten compounds of known geometry, de
Lucas et af>73 proposed that a band at 220 nm could be
assigned to tetrahedrally coordinated W(VI), bands at250

(65) Raghavan, P. S.; Ramaswamy, V.; Upadhya, T. T.; Sudalai, A,;
Ramaswamy, A. V.; Sivasanker, $. Mol. Catal. A1997 122 75.

(66) Arnold, U.; Serpa da Cruz, R.; Mandelli, D.; SchuchardtJUMol.
Catal. A2001, 165, 149.

(67) Acerete, R.; Hammer, C. F.; Baker, L. C. WAmM. Chem. So4979
101, 267.

(68) Mann, B. EAAnnu. Rep. NMR Spectrost991, 23, 161.

(69) Macchioni, A.; Pregosin, P. S.; Ruegger, H.; van Koten, G.; Van der
Schaaf, P. A.; Abbenhuis, R. A. T. MMagn. Reson. Cheni994
32, 235.

(70) Lippmaa, E.; Magi, M.; Samoson, A.; Engelhardt, G.; Grimmer, A.-
R.J. Am. Chem. S0d.98Q 102, 4889.

(71) Miller, J. M.; Lakshmi, L. JJ. Phys. Chem. B998 102 6465.
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325 nm to octahedral species, and a band at 390 nm to bulkportion of isobutene is assumed to be present in the gas phase

WO;. The coordination geometry of tungstendiais likely

above the deuterated solvent. The molybdenum-containing

to be octahedral; thus, the observed spectrum is consistenmaterial formed at this temperature should have an average

with the literature.

Transition-metal oxides, because of their structural sym-
metry, are generally very strong Raman scattefdrsr this

reason, Raman spectroscopy has been widely used to identify

composition of MoSjO;;.

MO[OSi(OBu)yl, 5~ MSi,0y; + 6H,0 + 12CH=CMe,
M = Mo (1), W (2) (3)

condensed transition-metal oxide phases in the characteriza-

tion of various transition-metal-containing composites. The
Raman absorptions & and 4a are listed in Table 1. By
comparing Raman data for WQXand WQX, (X = F,
Cl),%57576the bands at 982 and 951 chwere assigned to
the W=0 stretching modes i and4a, respectively. These

The TGA results for2 under flowing nitrogen reflect an
onset temperature of ca. 10C and a weight loss that is
complete by 200°C. The ceramic yield of 35.1% is 2.6%
lower than that expected for stoichiometric formation of
WO3:4Si0; (37.7%) but is in good agreement with the

assignments are in good agreement with those reported forformation of WQ 54Si0, (35.8%). In addition, the solid
silica-supported tungsten materials. For example, the Ramarresidue recovered after heating to 10 was pale blue.

spectra of isolated oxo-tungsten on Sihder anhydrous
conditions display bands at 98284 cm1.8

The IR spectra o2 and4a exhibit very similar features
to those ofl and3a, respectively (Table 1), and display the
expected resonances for th®Si(OBu); ligands. Compound
2 displays a band in the IR spectrum at 1032 ¢mvhich
was assigned to the ¥50 stretching vibration. Two IR active
W=0 modes appearing at 1031 and 974 émonfirm the
presence of &is-[WO;]?" center in4a. These values are in
the region for stretching modes reported for surface@/
groups in W-containing mixed oxides under anhydrous
conditions (10151030 cm%).”” However, they are signifi-
cantly higher than those observed for \WQPhSiO)s} .-
(THF) (968 cnmtt) and WQ(OSiPh),(OSCHs), (945 and
893 cn11)® and approach those observed in halide com-
plexes’>76

Thermolytic Behavior of 1, 2, 33 and 4a. The decom-
position behavior of compounds 2, 3a, and4awas initially
probed by thermal gravimetric analysis (TGA). The TGA
trace forl under a flow of nitrogen shows an initial weight
loss starting at only 50C and a decomposition process which
becomes quite rapid at 8. The observed ceramic yield
at 1000°C was 32.9%, which is in close agreement with
the calculated yield for Mo@4SiO, (33.0%).

Thermolysis of a benzerngs solution of 1 (in a sealed
NMR tube with ferrocene as an internal standard) at k50
led to elimination of 9.2 equiv of isobutene, 1.5 equiv of
water, 0.15 equiv of HOSIi(Bu)z;, and gel formation. This
result should be compared with the expected yields for a
clean thermolysis via isobutene elimination (eq 3). The lower
than expected amount of water may be attributed to the low
solubility of water in benzene or the presence of an oxide
desiccant formed during the thermoly&ig.he small amount
of HOSIi(OBu); observed may be due to hydrolysis of
precursor species by water as it forms in the reaction. A

(72) de Lucas, A.; Valverde, J. L.; Canizares, P.; RodrigueAppl. Catal.
A 1998 172 165.

(73) de Lucas, A.; Valverde, J. L.; Canizares, P.; RodrigueAgdpl. Catal.
A 1999 184 143.

(74) Graselli, J. G.; Bulkin, B. JAnalytical Raman Spectroscapyiley:
New York, 1991.

(75) Ward, B. G.; Stafford, F. Hnorg. Chem.1968 7, 2569.

(76) Beattie, I. R.; Livingstone, K. M. S.; Reynolds, D. J.; Ozin, g.JA.
Chem. Soc. A97Q 1210.

(77) Ramis, G.; Cristiani, C.; EImi, A. S.; Villa, P.; Busca, & Mol. Catal.
1990 61, 319.

This result implies that tungsten is reduced during the
thermolysis under nitrogen. The TGA trace farunder
flowing oxygen is similar to the one obtained under nitrogen,
except that the ceramic yield of the off-white powder at 200
°C (38.6%) is higher and in agreement with the formation
of WO5-4Si0,. The decomposition of a benzedgsolution

of 2 was presumed to follow the process described by eq 3.
Heating at 15C°C for 1 h resulted in complete conversion
of 2; the products observed were isobutene (8.7 equiv), water
(1.5 equiv), HOSI(@u); (0.01 equiv), and HBu (0.005
equiv). Prolonged heating at 174 did not lead to a
significant change in this product mixture.

The TGA trace foBaexhibits an initial, precipitous weight
loss occurring at ca. 70C. The thermolytic conversion
process occurs in a stepwise fashion, with the first step
completed by ca. 400C and resulting in a 37.6% ceramic
yield, which approximately corresponds to the formation of
Mo0O;-2Si0; (36.3%). The second weight loss, occurring
between 650 and 100TC, is more gradual and appears to
correspond to the sublimation of M@ The ceramic yield
at 1000°C (20.9%) was only 4.4% higher than that expected
for 2Si0, (16.5%). Thermolysis of a benzexgsolution of
3a at 150 °C resulted in the evolution of isobutene (2.3
equiv), water (0.4 equiv), HBu (0.7 equiv), and THF (1.0
equiv). For comparison, the theoretical values for these
elimination products are given in eq 4.

MO,[0Si(OBU)gl,(L) &
MSi,O, + 3H,0 + 6CH,~CMe, + L

M = Mo, L = THF (3a); M = W, L = DME (4a)
(4)

The TGA trace forda exhibits a gradual weight loss
beginning near room temperature. At abouf85the weight
loss becomes more rapid and results in a ceramic yield of
45.1% at 1000C. This is slightly higher than the expected
ceramic yield for WQ@-4SiO;, of 42.3%. The decomposition
of a benzenals solution of4a occurred very readily. After
heating the solution at 85C for 3 h, a gel was formed. The
soluble decomposition products were determined to be

(78) Dazhuang, L.; Lixiong, Z.; Biguang, Y.; Jiaofeng, Appl. Catal. A
1993 105, 185.
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Table 2. Properties of the Xerogels Derived from 1, 2, 3a, and 4a X-ray diffraction (PXRD). The as-prepared sampl@sSi4
calcination ~ combustion analysisyrface areapore volume andMoSi2 were amorphous by PXRD, but heating to 400

sample temperature’C) % C % H (mgl  (cmPgd °C for 3 h under a flow of oxygen (heating rate of 10
MoSi4 071 <02 10 0.05 min~1) induced the crystallization of MofOThe crystallinity
MoSi4 300 <0.2 0.27 5.9 0.05 i i i
Mol 338 057 100 o5 of M_oS|2 _(ca!cmed at 400°C) was higher than that of
MoSi2 300 07 <02 110 0.5 MoSi4, as indicated by the PXRD pattern. These results are
wgii 300 211102 ig-g 328 8-2 possibly due to the higher molybdenum contenMaoSi2,
Wiz 311 066 270 0.8 which may facilitate the crystallite formation. After .the
WSi2 300 143 <0.2 260 0.8 samples were heated to 580 under oxygen, the crystallites
isobutene (5.6 equivIBUOH (1.0 equiv), water (0.4 equiv), of MoSi2 increased in size to ca. 45 nm, as approxm_1ated
and DME (1.0 equiv). by the Scherrer equatiof.The low temperature at which

Xerogel Formations from 1, 2, 3a, and 4aThe facile MoO; crystallizes inMoSi4 gnd MoSi2 su_ggests that the
thermal elimination of organic fragments fram2, 3a, and ~ X€rogel may not be atomically well-mixed or that the
4a allowed the solution-phase formation of inorganic net- diffusion of molybdenum species is quite facile. Even though
works via thermolysis. Heating toluene solutionslp?, 3a,  the blue color of the as-prepargdSi4 andWSi2 suggests
and4ato 180°C in a sealed Parr reactor under a nitrogen & Presence of the reduced W centers, no other W species
atmosphere produced blue gels within 18 h. Upon air-drying, than hexagonal Wé&phase was detected by PXRD. After
these gels shrank to ca. 30% of their original volume and calcinations to 300C, peaks corresponding to crystalline
became hard, pale blue materials. The pale blue color of theséVOs sharpen and increase in intensity. The crystallinity of
materials suggests that the Mo(V1) and W(VI) centers from WSi2 was higher than that diVSi4, as observed for the
the precursors were reduced during the thermolysis reactionsmolybdenum analogues. Heati#¢Si2 under oxygen at 500
The gels were washed with pentane and then air-dried for °C yielded a mixture of hexagonal and monoclinic WO
another 24 h. The final xerogels were ground into fine The presence of the crystalline Wadicates that dispro-
powders and dried at 12€ under reduced pressure for 18 portionation of the W-O—Si linkages of the precursor into
h to provide the as-prepared materialgtoSi4 (from 1), W—0-W and Si-O—Si connectivities during the thermoly-
WSi4 (from 2), MoSi2 (from 3a), andWSi2 (from 4a). sis process is relatively facile. The Raman spectra of the as-

Elemental analyses of the as-prepakéalSi4 andMoSi2 preparedVSi4 andWSi2 also confirm the presence of WO
revealed Mo/Si molar ratios of 0.27 and 0.50, respectively, domains, with bands at 810 and 720 ¢i#f
which correspond very closely to the expected ratios (0.25 Infrared spectra oMoSi4 and MoSi2 (Figure 4a in the
and 0.50) and indicate that the original stoichiometry of the Supporting Information) resemble those of molybdenum-
precursors are retained upon thermal conversion to Mo/Si/O substituted silicate®:% The IR spectra exhibit strong Si
materials. Similarly, the as-prepar®dSi4 andWSi2 have O—Si stretches at 1080 and 1180 (broad shoulder)@nd
W/Si ratios of 0.26 and 0.51, respectively. The organic lattice vibrations for silica at 460 and 575 cin Raman
contents of these as-prepared materials are shown in Tabl&pectroscopy is much more sensitive than PXRD (detection
2. Calcination to 300C under a flow of oxygen removed limit of ca. 50 A) in the detection of Mo@domains. The
most of these organic residues as determined by combustiorRaman spectra of uncalcinédoSi4 and MoSi2 are pre-
analyses. sented in Figure 4b (Supporting Information). Peaks at ca.

Thermogravimetric analyses of the as-prepafedi4and 1000, 825, and 680 cm are attributed to the formation of
MoSi2 materials under a flow of oxygen revealed further MoO; in the silica matrixt158 These results were also

WE|ght losses of up to 15% through 700, attributed to Supported by DRUWvVis spectroscopy. Mo®exhibits an
dehydration and condensation of the network as well as adsorption maximum at 330 cth in the DRUV-vis
removal of any organic residues and water. In addition, the spectrumi! and broad absorption bands at 300 and 320 nm
material changed color from blue to white at ca. 3@  \yere observed favoSi4 andMoSi2, respectively. The low

suggesting the presence of only the fully oxidized Mo(VI)  dispersity of metal centers iMoSi4, WSi4, MoSi2, and
at this temperature. Above 70Q, the TGA results oMoSi4 WSi2 is presumably a result of the high metal loading.

andMoSi2 revealed a significant weight loss of 14.3% and
37.5%, respectively, perhaps because of partial sublimation
of M00Os.”8 The TGA results for the as-prepar¥dSi4 and

Nitrogen porosimetry was used to further evaluate the pore
structures and surface areas of eSi4, WSi4, MoSi2,
: ) and WSi2 materials (Table 2). All samples exhibit a type
WSi2 revealed weight losses of up to 10% through 1800y, v, isotherm with a H3 hysteresis, which is indicative of

(under o>(<jygen),. WQ'%h alre cons||sten|t with thﬁl organltr:] a tenuous assemblage of particles that define slit-shaped
contents determined by elemental analyses (Table 2). The, o162 The corresponding pore size distributions are quite

as-prepare®VSi4 andWSi2 materials changed color from broad with - . -
. . . pore radii ranging from 5 to 1000 A. Additionally,
blue to off-white at ca. 300C. The off-white color persisted as-prepareoSi4 has a surprisingly low surface area

until ca. 600°C when the powder became pale yellow. The 1 1
yellow color, associated with crystalline W@ontinuously of 10 mg™* compared fo the surface of 10Ggn’ in the

intensified until 1000°C. The changes of colors suggest that

(79) Scherrer, PGotting. Nachr.1918 2, 98.

the W reduced centers in the as-prepavé8i4 and WSi2 (80) Zhang, Z.; Suo, J.; Zhang, X.; Li, Bppl. Catal. A1999 179, 11.
materials were oxidized during the heating under oxygen. (81) Slng. K. SI W.; Everett, D. FII( H“:';lul, R’A; l\/lloscrt])u, Ii Plergttl, R.A;
The crystallization behavior dfloSi4, WSi4, MoSi2, and ouquerol, J; Siemieniewska, Pure Appl. Chem1985 57, 603.

] - ' (82) Gregg, S. J.; Sing, K. S. WAdsorption, Surface Area and Porosity
WSi2 as a function of temperature was studied by powder 2nd ed.; Academic Press Inc.: London, 1982.
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Scheme 2
o 0
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g ¢ ¢ (O'Bu)
('BUO)3SiO T o \OSi(O'Bu)a OI/6 :

Table 3. C and H Elemental Analysis Results for 1.02 wt % Mo/

gs—prepared/loSQ. This resu_IF is counter-mtunwe, consider- SBA-15 and 1.64 Wt % W/Sba-15
ing the larger amount of silica present MoSi4. The as-

. . obsd C and H
preparedVSi4 andWSi2 have surface areas of 230 and 270 _ theor values of elemental anal.
m2g~1, respectively. These surface areas are quite high, sample possible structure  C, H (%) (%)
considering the presence of the crystalline Y@tected by ~ 1.02wt%Mo/SBA-15 P’Pg :I(SCheme Z)C'C:B%SOHH:O%g7 C: 4.51,H: 0.85
PXRD in the samples. Calcinations of these as-prepared g4 wtsewisea-15 Type C: 3.86, H: 0.73 C: 5.10, H: 1.19
materials to 300C under a flow of oxygen resulted in essent- Type Il C: 2.57,H: 0.49

ially no change in surface areas or pore volumes (Table 2).

Grafting of 1 and 2 onto SBA-15. The precursor Thermogravimetric analyses of the grafted samples re-

complexesl and2 were grafted onto the mesoporous SBA- yealed a preC|p|tou§ weight loss through 4@0correspond-
ing closely to organic contents found by elemental analyses.

15 support by stirring a suspension of the supportin a hexaneThe PXRD and M adsorption indicate that the regular

,SA\(;IUtLOnnre(zcttgz p:zzﬂ:zg: fe;)r: dlg hrzzigslﬁgxiﬁeper;:rne' structures of the SBA-15 support remain intact after the
y b yp 9 9 grafting procedures. Furthermore, the intensity of the hy-

react|p n were re loved by filtration and washing of the droxyl band (ca. 3700 cm) associated with the silica surface
resulting solid with hexane. The metal content of the resulting . . :
in the IR spectra is considerably attenuated upon the

materials is in close agreement with the stoichiometries . . . .

. . ntroduction ofl or 2. Evidence from these IR spectroscopic
employed in the synthetic procedures. The samples preparedresults suggests that the attachment of the precursor mol-
from 1 and 2 are denotedVo/SBA-15 and W/SBA-15, 99 . o . P .

ecules was predominantly via ligand displacement. Calcina-

respect_ively. The maximum metal loadings _(obtained by tions ofMo/SBA-15andW/SBA-15to 500°C for 6 h under
employing a large excess of the corresponding precursor)a flow of oxygen did not affect the pore structures and did

were 1.85 wt %4Vio/SBA-15(0.22 Mo/nn) and 3.34 wt % not result in formation of Mo® or WO; domains as
W/SBA-15 (0.22 W/nn?). The maximum metal coverages . .

o ) o s determined by PXRD. Additionally, the lack of the charac-
are similar to those achieved by graftin@rO)Ti[OSi(C- istic ab ion bands for Moacand WG in IR and
Bu)gs (0.28 Ti/nn®% and Fe[OSi(@Bu)g«(THF) (0.26 Fe/  Lcristic absorption bands for Mand WQ in IR an

a3 ' Raman spectra oMo/SBA-15 and W/SBA-15 further

nv)* onto SBA-15. confirm the absence of MaoQand WQ domains in the

The chemical reactions associated with the grafting processcorresponding materials. However, the vibrations ascribed
were monitored byH NMR spectroscopy. The reactions of g the M—0O—Si linkages remain unresolved, perhaps because
the precursors with silica were expected to proceed via aof the low metal loadings and the thickness of the SBA-15
displacement of the siloxide ligands by surface hydroxyl wajls. The DRUV~vis spectra of the uncalcined 1.49 wt %
groups?*3"#The major product from the grafting reactions  Mo/SBA-15 and 3.34 wt %V/SBA-15 resemble the UV
of 1 and 2 in benzeneds was identified by'H NMR vis spectra of their corresponding precursors Witk values
spectroscopy as HOSi{Bu)s. Only a trace amount of HO  of 285 and 274 nm, respectively. Calcination of these samples
Bu was detected in the grafting reactionlpfand none was  to 500°C in situ did not change thegdg.x values, suggesting
detected in the grafting reaction 2fThus, these precursors  no change to the local environment of the metal centers.
appear to bind to the surface exclusively via reactions of Catalytic Oxidation of Cyclohexene.Samples of, 2,
the siloxide ligand. MoSi4, MoSi2, WSi4, WSi2, Mo/SBA-15, andW/SBA-15

The 'H NMR spectroscopic studies of the grafting reac- were investigated as catalysts in the oxidation of cyclohexene
tions suggest the formation of structures involving bonding with tert-butyl hydroperoxide (TBHP) or aqueous hydrogen
interactions between the silica surface and each molybdenunperoxide (30% HO,) as the oxidant. It was found that the
or tungsten center (Scheme 2). Comparisons of the consumpmolecular precursor$ and2 in toluene at 65C are active
tion of the precursors and the production of HOSKQ®); and selective homogeneous catalysts for the epoxidation of
during the grafting process provide some evidence for the cyclohexene with TBHP as the oxidant. After 1 h, the
predominant structure for the grafted metal species, as 0.7 cyclohexene oxide yields were 49.3 and 6.3% (relative to
1.0 equiv of HOSIi((Bu); was recovered from preparative initial peroxide) forl and2, respectively. These conversions
scale grafting reactions. Also by elemental analysis, the correspond to 28 and 3 turnovers, respectively. In addition,
carbon and hydrogen contents (Table 3) are consistent withthe selectivities toward the production of cyclohexene oxide
a structure with one bonding interaction between the silica were greater than 99%. However, both molecular precursors

and the metal center (type | in Scheme 2). underwent decomposition as solid precipitates appeared after
the first hour of their catalytic reaction.
(83) Roveda, C.; Church, T. L.; Alper, H.; Scott, S.Chem. Mater2000Q Samples ofMoSi4, MoSi2, WSi4, WSi2, Mo/SBA-15,

12, 857. and W/SBA-15 exhibited activity as catalysts for the
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H
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2 HZO 2

Figure 1. Yield of cyclohexene oxidation products, cyclohexene oxide, cyclohexen-1-ol, and cyclohexen-1-dhesedative to initial oxidant, TBHP or

H20,, with 1.02 wt %Mo/SBA-15 or 1.64 wt %W/SBA-15 catalysts.

oxidation of cyclohexene with TBHP orJ9, as the oxidant.
In general, the initial cyclohexene oxide production is rapid

flow of oxygen were further studied. The oxidation of
cyclohexene with TBHP at 65C in toluene (with 1.02 wt

over the first 30 min of the reaction, and a reduced rate is % Mo/SBA-15or 1.64 wt %W/SBA-15 catalyst) proceeded
observed thereafter. This is attributed to the increase inwith high selectivity &98% at 2 h), but at a low rate. After

quantities of water or alcohol coproducts in the reaction
mixture, thereby hindering formation of the active metal

2 h, the conversions were only 8.0 and 5.4% for 1.02 wt %
Mo/SBA-15 and 1.64 wt %W/SBA-15, respectively. In

peroxide complexes and the subsequent reaction with cy-addition, the recyclability oMo/SBA-15 was studied by

clohexené? In control experiments wittMoSi4 or 1.02 wt
% Mo/SBA-15 catalyst and no oxidant, or with oxidant and

using the catalyst in a second reaction run. Before being
reused, the catalyst was separated from the reaction mixture

no catalyst, no cyclohexene oxidation products were observedby filtration at the reaction temperature, was washed with

by gas chromatography (GC) analysis after 2 h.
XerogelsMoSi4 and MoSi2 (calcined to 300°C under

hexane, and was dried under vacuum at room temperature.
A decrease in activity was observed in the second run (4.4

oxygen) were active catalysts with TBHP as the oxidant at vs 7.9% epoxide yield), and this is possibly due to the
65 °C in toluene and yielded 48.5 and 34.0% cyclohexene deactivation of the molybdenum species during the first run.

oxide after 2 h, respectively. These catalysts were 100%

Experiments employing #D, in acetonitrile at 65°C

selective toward the production of cyclohexene oxide after revealed significantly different activities in the oxidation of

a reaction time b2 h (% selectivity = 100([epoxide]
[epoxide] — [epoxide]), wheret is the reaction time). The
production of cyclohexene oxide is greater fMdoSi4 than

for MoSi2 (both per mass of catalyst and per Mo basis),
despite the surface areabSi4 being ca. 100 fy* less.
This may be due to a higher concentration of inactive
molybdenum species iMoSi2, which may result from its
high molybdenum content. With J@, as the oxidant, the

cyclohexene (Figure 1). The 1.02 wtRko/SBA-15and 1.64

wt % W/SBA-15 catalysts were active in the oxidation of
cyclohexene; however, the major product was cyclohexen-
1-one. After 2 h, the yields of cyclohexene oxide were 0.5
and 1.4% while those of cyclohexen-1-one were 9.9 and
1.5%, with 1.02 wt %dMo/SBA-15 or 1.64 wt %W/SBA-

15 catalysts, respectively. To determine whether the active
species leached into solution during a typical catalytic run,

reactivity was very low and it appeared that molybdenum a sample of 1.02 wt 9%10/SBA-15 with TBHP in toluene
species leached into solution (by visual observation of the or with H,O, in acetonitrile was heated to 6% for 1 h

solution color). BothWSi4 and WSi2 exhibited a very
similar reactivity and were only slightly active in the
epoxidation of cyclyhexene with TBHP, yielding only 2.0
and 1.9% cyclohexene oxide after 2 h, respectively.
TheMo/SBA-15andW/SBA-15 materials were active in
the oxidation of cyclohexene at 88 in toluene with TBHP

with rapid stirring. The mixture was then filtered via cannula
while still hot, and the filtrate was treated with cyclohexene
at 65°C. Samples taken from this reaction mixture after 2 h
contained no cyclohexene oxidation product, indicating that
leaching of a catalytically active molybdenum species had
not occurred. However, we cannot rule out the possibility

as the oxidant (Figure 1). Unlike the titanium-based catalysts that catalytically inactive species have leached into solution.

(SBA-15 supported Ti[OSi(Bu)s]4),%¢ calcination does not

have a significant effect on the catalysts’ activities. The as-

prepared 1.49 wt %1o/SBA-15 afforded 8.7% epoxide after
2 h, while the calcinedVlo/SBA-15 yielded 9.6% epoxide
in the oxidation of cyclohexene with TBHP. Thus, only
materials that had been calcined to 5@for 6 h under a

(84) Sheldon, R. AJ. Mol. Catal.198Q 7, 107.

To make comparisons between the different systems
studied here, the catalyst activities in turnover frequencies
(TOFs), defined as moles of epoxide produced per mole of
metal per hour, were determined. Figure 2a illustrates the
catalyst activities in the epoxidation of cyclohexene with
TBHP in toluene at 65C. The supported catalyst§jo/
SBA-15andW/SBA-15, have a very similar activity profile.
The initial rate of cyclohexene oxidation was much greater
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Figure 2. Turnover frequencies (TOFs) as a function of time during the epoxidation of cyclohexen¥&lo&id (¢), MoSi2 (W), WSi4 (a), WSi2 (x),
1.02 wt %Mo/SBA-15 (x), and 1.64 wt %N/SBA-15 (+). (a) TOF= moles cyclohexene oxide per moles M(VI) per hour. (b) TOoles cyclohexene
oxide per gram catalyst per hour.

for the SBA-15 supported catalysts versus the xerogels.studies of isolated oxo-molydenum and -tungsten sites on
However, this comparison can be misleading, as it assumessilica. Related molecular models based on molybdenum and
that all of the metals in the catalysts are equally accessibletungsten siloxide complexes, such as M5iPh),,'° [O.-
for reaction with the substrates. It is only reasonable for the Mo(O,SiBuy)].,t” WO{O(PhSiO)}»(THF), and WQ-
metat-supported catalyst$/o/SBA-15 andW/SBA-15, to (OSiPh),(OSCHs)-,2° have been investigated, but these
assume that all of the metal centers are available for the Compounds possess—st bonds which tend to Comp”cate
reaction, whereas for the xerogel materidl®Si4, MoSi2, their spectroscopic properties.
WSi4, andWSi2, the metals are located throughout the bulk .
of the material. Therefore, it may be better to compare the " this study, we have shown that the molecular complexes
TOFs of the different catalyst systems in terms of the mass 1 4@ serve as relatively clean and efficient precursors for
of the catalyst (Figure 2b). In these comparisons, we seethe preparation of metal oxidesilica composite materials,
that MoSi4 and MoSi2 are better catalysts thavio/SBA- MoSi4, MoSi2, WSi4, andWSi2. However, the materials
15 and W/SBA-15, while WSi4 andWSi2 are less active. ~ formed from thermolysis of—4ain toluene do not consist
However, the activities 0fVSi4 andWSi2 became compa- of isolated molybdenum or tungsten in a matrix of silica but
rable to those ofW/SBA-15 after the first hour of the  contain MoQ or WO; nanodomains, as shown by PXRD,
epoxidation. Raman, and DRUWvis spectroscopies. Thus, unlike in
) several other cas@%23.2527.29.3¢he single-source molecular
Concluding Remarks precursors do not afford highly dispersed mixed-element
The oxo-molybdenum and -tungsten siloxide complexes samples. However, it may be possible to produce more well-
1—4a provide good spectroscopic models for isolated oxo- dispersed Mo/Si@and W/SIQ samples by increasing the
molybdenum and -tungsten on silica. Characterization datasilica content via cothermolyses bf-4awith HOSi(OBu);
for these complexes offer benchmarks for spectroscopicas a silica sourc®.



Isolated Oxo-Molybdenum and -Tungsten Sites

The compoundd4 and?2 also appear to be useful for the
introduction of molybdenum and tungsten centers, respec-
tively, onto the mesoporous SBA-15 surface. Subsequent
calcinations to 500C removed the organic groups from the
grafted species while the mesoporous structures were main
tained. A good dispersion of metal centers on the SBA-15
surface was achieved, as no Mp@ WQO; aggregation was
observed by PXRD, IR, Raman, and DRBVis spectros-
opies.

The materialsMoSi4, MoSi2, WSi4, WSi2, Mo/SBA-

15, andW/SBA-15were investigated as epoxidation catalysts
and were found to be active in the oxidation of cyclohexene.
All materials were highly selective in the production of
cyclohexene oxide>95%) when TBHP was used as the
oxidant. Using aqueous;B, as the oxidant, however, greatly
reduced the cyclohexene oxide selectivities. In general, the
molybdenum-containing catalysts are more active than the

Chem. Mater., Vol. 17, No. 7, 2803

LiOSi(O'Bu)s. A 1.6 M solution of"BuLi in hexane (30.0 mL,
48.0 mmol) was added dropwise to a cooled’@ solution of
HOSI(OBu); (12.7 g, 48.0 mmol) in diethyl ether (75 mL). The
reaction mixture was then allowed to warm and was stirred at room
temperature for 20 h. The volatile materials were removed in vacuo,

and the product was redissolved in pentane. Concentration and
cooling (—30 °C) of the resulting solution yielded LiOSi{Bu)z

in 81% yield (10.5 g). Anal. calcd for gH,70,4SiLi: C, 53.06; H,
10.01. Found C, 53.04; H, 10.084 NMR (300 MHz, benzene-

dg): 0 1.53 (s, 27H, OWe;).

MoO[OSi(O!Bu)3]4 (1). A solution of MoOC]}, (0.250 g, 0.988
mmol) in EtO (30 mL) was cooled te-78 °C in a dry icelPrOH
bath and a solution of LiOSi(Bu); (1.06 g, 3.94 mmol) in EO
(30 mL) was added dropwise. The mixture was allowed to slowly
warm to room temperature and was stirred for a total of 3 h. The
volatile materials were removed in vacuo and the product was
extracted from the LiCl with pentane (3 20 mL). Recrystallization
(3x) from pentane at-30 °C affordedl as pale yellow crystals
(10—42%). Anal. calcd for GgH;0¢0:7SisMo: C, 49.46; H, 9.64.

tungsten-containing ones. Furthermore, among the catalystqzOund C, 49.33; H, 9.69H NMR (300 MHz, benzenek): & 1.56

studied here, the molybdenum sitesMio/SBA-15 were the
most active in the epoxidation of cyclohexene with TBHP
in toluene at 65°C. Although they are not exceptional

(s, 108H, OMe3).13C{*H} NMR (125.8 MHz, benzend;): 6 73.6
(s, OCMe3), 32.4 (s, OB/es). 2°Si NMR (99.35 MHz, benzene-
ds): 0 —99.86 (s, Bi(OBuU)3). Mo NMR (26.08 MHz, benzene-

catalysts for the epoxidation of cyclohexene, these materialsds): 6 —159. IR (Nujol mull, Csl, cm?): 1365, 1244 s, 1215 m,

may have applications in selective oxidations of other
hydrocarbons.

Experimental Section

All manipulations were performed under an atmosphere of
nitrogen with standard Schlenk techniques and in a Vacuum
Atmospheres drybox. Dry oxygen-free solvents were used through-
out. Calcinations were performed with a Lindberg 12Q0three-
zone tube furnace. NMR spectra were recorded on a Bruker AV300
(at 300 {H) MHz), AVB400 (at 26.1 $¥Mo0) MHz), DRX500 (at
125.8 {3C) or 99.4 {°Si) MHz), or AV500 (at 20.8 183W) MHz).
Infrared spectra were acquired as Nujol mulls with Csl cells on a
Mattson Infinity Series FTIR spectrometer. Surface area and pore

volume analyses were measured by using the BET method on a
QuantaChrome Autosorb-1 surface area analyzer with all samples

heated at 120C, under vacuum, for a minimunf & h immediately
prior to data collection. Powder X-ray diffraction was performed
on a Siemens D5000 diffractometer with CuKadiation of
wavelength 1.54056 A. DRU¥vis spectra were recorded on a
Varian Cary 4 UV-vis spectrometer with MgO as a reference.
UV —vis measurements in solution were performed on a Hewlett-

Packard 89532A diode array spectrophotometer. Raman spectra

were recorded by Hololab series 5000 from Kaiser Optical Systems
Inc., using a laser (60 mW, 532 nm). GC anyalyses were performed
with a Hewlet Packard HP 6890 Series GC system using a methyl
siloxane capillary (50.0 nx 320 um x 1.05um nominal), and
integration was performed relative to an internal standard (dode-
cane). Elemental analyses were performed by Galbraith Laboratorie
(Mo, W, and Si) or the College of Chemistry’s Microanalytical
Facility at the University of California, Berkeley (C and H). The
starting materials HOSi(Bu);,8¢ MoO,Cl,(dme)8” WO,Cl,(dme)88

and SBA-13°were prepared according to the literature procedures.
All reagents were purchased from Aldrich and used as received,
unless stated otherwise.

(85) Brutchey, R. L.; Lugmair, C. G.; Schebaum, L. O.; Tilley, T.D.
Catal. 2005 229, 72.

(86) Abe, Y.; Kijima, I. Bull. Chem. Soc. Jpril969 42, 1118.

(87) Kamenar, B.; Penavic, M.; Korpar-Colig, B.; Markovic, Borg.
Chim. Actal982 65, L245.

(88) Dreisch, K.; Andersson, C.; Stalhandske, Rolyhedron1991 10,
2417.

S

1190 s, 1070 br vs, 1030 s, 964 m, 891 br s, 858 s, 806 w, 704 m,
650 w, 552 vw, 511 w, 501 m, 476 m, 432 w.

WO[OSIi(O'Bu)s]4 (2). A solid mixture of WOC]}, (0.500 g, 1.46
mmol) and LiOSi(CBu); (1.58 g, 5.85 mmol) was dissolved in
Et,O (50 mL). The resulting reaction mixture was stirred at ambient
temperature for 18 h. The volatile materials were removed under
vacuum and the product was extracted from the LiCl with pentane
(3 x 20 mL). Concentration and cooling t630 °C afforded2 as
a white powder (39%). Anal. calcd for,§H;0¢0:7Si,W: C, 45.99;

H, 8.68. Found C, 45.61; H, 8.934 NMR (300 MHz, benzene-

de): 0 1.56 (s, 108H, O®le;). °C{'H} NMR (125.8 MHz,
benzenads): 6 73.7 (s, @Me3), 32.4 (s, OB/es). 2°Si NMR (99.35
MHz, benzeneds): 6 —98.47 (s, (Bi(OBu)3). 183W NMR (20.84
MHz, benzeneds): ¢ 565.8. IR (Nujol mull, Csl, cm?): 1366 s,
1244 s, 1215 m, 1196 s, 1074 br s, 1032 s, 970 m, 912 br s, 833
m, 806 vw, 704 s, 646 vw, 532w, 513 sh, 499 m, 476 m, 432 m.

MoO,[OSi(O'Bu)3], (3). A solution of freshly prepared Mo®
Cl,(DME) (1.00 g, 3.46 mmol) in EO (30 mL) was cooled to
—78°C in a dry icelPrOH bath and a solution of LiOSi{Bu);
(1.87 g, 6.92 mmol) in EO (30 mL) was added dropwise. The
mixture was allowed to warm to room temperature and was then
stirred for 24 h. The volatile materials were removed in vacuo and
the product was extracted from the LiCl with pentanex(35 mL).
Concentration and cooling to30 °C afforded3 as colorless crystals
(32%). Anal. calcd for GuHs4010Si;Mo: C, 44.02; H, 8.31. Found
C, 43.90; H, 8.311H NMR (300 MHz, benzenek): ¢ 1.38 (s,
54H, OQVies). 13C{1H} NMR (125.8 MHz, benzends): 6 74.3
(s, OCMes), 31.9 (s, O®/es). IR (Nujol Csl, cnTh): 1367 s, 1243
m, 1189 s, 1078 vs, 1028 m, 951 s, 902 s, 834 w, 804 w, 721 w,
703 m, 661 w, 506 w, 473 w, 428 m.

MoO,[OSi(OBu)s](THF) (3a). Recrystallization o8 from THF
at—30 °C afforded colorless crystals (30% from MgC,(DME))
that turned opaque on exposure to vacuum. Anal. calcd for
CagHs2011SiMo: C, 46.27; H, 8.60. Found C, 46.59; H, 8.88l
NMR (300 MHz, benzenek): 6 3.57 (m, 4H, OCly); 1.41 (m,
4H, CH,); 1.38 (s, 54H, O®le;). 13C{1H} NMR (125.8 MHz,
benzeneds): 6 74.3 (s, @Mey), 66.2 (s, @THy), 31.9 (s, O®ey),

26.2 (s,CH,).2°Si NMR (99.35 MHz, benzends): ¢ —96.34 (s,

(89) Zhao, D., Huo, Q.; Feng, J.; Chmelka, B. F.; Stucky, GJDAm.
Chem. Soc1998 120, 6024.
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OSi(O'Bu)s). Mo NMR (26.08 MHz, benzeneds): 6 —156. IR dehydrated at 200C for 24 h under a dynamic vacuum. A 0.5-g
(Nujol Csl, cnrl): 1367 s, 1250 m, 1215 sh, 1190 s, 1074 br s, sample of the support was suspended in hexane (25 mL). A hexane
1031 m, 1020 m, 955 m, 906 br s, 835 m, 808 w, 706 s, 660 m, solution (25 mL) ofl or 2 was prepared, the concentration of which
553 vw, 509 m, 476 s, 428 m. depended on the desired metal loading. The precursor solution was
WO[OSi(O'Bu)3]2 (4). A solution of freshly prepared Wl- then added to the SBA-15 suspension. The resulting mixture was
(DME) (0.500 g, 1.33 mmol) in EO (30 mL) was cooled te-78 stirred at room temperature for 19 h and then filtered and washed
°C in a dry ice/PrOH bath and a solution of LiOSi{Bu)s (0.716 with hexane (3x 25 mL). The grafted material was dried at room
9, 2.65 mmol) in EO (30 mL) was added dropwise. The mixture  temperature under reduced pressure. Calcination of the sample was
was allowed to warm to room temperature and was then stirred for performed in a tube furnace under flowing oxygen. The temperature

a total of 3 h. The volatile materials_ were removed in vacuo and was ramped at a rate of°C min-! to 500°C, and this temperature
the productlwas extractgd from the LiCl with pentanex(30 mL). was maintained for 6 h. These samples are designated/BBA-
Concentration and cooling t630 °C afforded puret as colorless 15 and W/SBA-15.

crystals (52%)H NMR (300 MHz, benzenek): 6 1.39 (s, 54H, )
OCMey). Catalysis ProceduresA sample of catalyst (0.025 g) was added
WO,[0Si(O'Bu)s](DME) (4a). Recrystallization of4 from to a 50-mL round-bottom flask. Toluene (5.00 mL) and distilled
pentane/DME (1:1) at-30 °C afforded analytically purda (52% cyclohexene (1.00 mL, 9.88 mmol) were added by syringe through
from WO,Cl,(DME)). Anal. calcd for GgHg.O1:SibW: C, 40.38; a septum under a flow of nitrogen. Dodecane (0.250 mL) was added
H, 7.75. Found C, 40.08; H, 7.684 NMR (300 MHz, benzene- as an internal standard via micropipet. The mixture was allowed
de): 0 3.34 (m, 4H, ®1y); 3.24 (m, 6H, OCGi3); 1.41 (s, 54H, to equilibrate at the reaction temperature of€for 10 min.tert-
OCMe;). BC{H} NMR (125.8 MHz, benzends): o 73.3 (s, Butyl hydroperoxide (1.00 mL, 5.5 mmol) was added by syringe
OCMey), 72.7 (s,CHy), 60.7 (s, OCl3), 31.6 (s, O®1e3).2°Si NMR to the rapidly stirred solution. When aqueous hydrogen peroxide
(99.35 MHz, benzends): 6 —88.77 (s, Gi(O'Bu)s). IR (Nujol (0.50 mL, 4.4 mmol) was used as the oxidant, acetonitrile (5.00
Csl, cnl): 1367 s, 1244 s, 1217 sh, 1196 s, 1072 br s, 1031 m, mL) was used as a solvent. Aliquots (ca. 0.15 mL) were removed
974 m, 960 m, 945 m, 928 br m, 831 m, 806 vw, 704 s, 652 w, from the reaction mixture by syringe after 10, 30, 60, 120, 180,
540 w, 515 m, 498 m, 480 m, 432 m. and 1440 min and then filtered. The filtrate was analyzed by GC,
Xerogel Formations from 1, 2, 3a, and 4a.Representative  and assignments were made by comparison with authentic samples
solution thermolyses were carried out as follows: A 20-mL Parr analyzed under the same conditions.
reactor was charged with a toluene (5.0 mL) solution of either
(0.500 g, 0.429 mmolR (0.500 g, 0.400 mmolBa(0.500 g, 0.688

mmol), or4a (0.500 g, 0.600 mmol) in a glovebox §ldtmosphere). ) . X -
The reactor was then placed in a preheated oven af@gor 18 Office of Energy Research, Office of Basic Energy Sciences,

h. The wet gel was removed and air-dried for ca. 72 h to form a Chemical Sciences Division, of the U.S. Department of Energy
xerogel. The xerogel was rinsed with pentane«( mL) and was ~ under Contract No. DE-AC03-76SF000098. J. J. thanks the
allowed to air-dry for another 24 h. The xerogel was then ground Royal Thai Government for support with a DPST scholarship.
into a fine powder, dried in vacuo for 18 h at 120, and stored ~ We also thank Professors A. Stacy (PXRD) and E. Iglesia
under N in a glovebox. The following xerogels were formed from (DRUV-vis, Raman) for the use of instrumentation. We are
1, 2, 3a, and4a, respectively: MoSi4, 0.164 g (32.8%)MoSi2, grateful to Dr. H. van Halbeek for technical assistance With
0.190 g (38.0%)WSi4, 0.223 g (44.8%)WSi2, 0.27 g (54.0%). Mo and83W NMR spectroscopy.

Calcinations of the xerogels were carried out in a Lindberg 1200

°C three-zone tube furnace _un(lder a flow of @50 mL min). Supporting Information Available: TGA traces forl and3a,
The heating rate was 1 min~! and the final temperature was PXRD patterns foMoSi4, MoSi2, WSi4, andWsi2, IR and Raman
maintained for 3 h. All materials were heated at 220for at least spectra forMoSi4 and MoSi2, and a plot of TBHP yields as a
18 h in vacuo and subsequently stored under after each function of time (PDF). The material is available free of charge

calcinat_ion stage. . via the Internet at http:// pubs.acs.org.
Grafting 1 and 2 onto SBA-15.To remove any physisorbed

water before the grafting procedure, the SBA-15 support was CM040344E
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