Available online at www.sciencedirect.com

SCIENGE@DIHECT° JOURNAL OF
CATALYSIS

'i'i
ol T e
ELSEVIER Journal of Catalysis 229 (2005) 72—-81

www.elsevier.com/locate/jcat

Thermolytic conversion of a bis(alkoxy)tris(siloxy)tantalum(V)
single-source molecular precursordatalytic tantala—silica materials

Richard L. Brutchey, Claus G. Lugmair, Lars O. Schebaum, T. Don Tilley

Department of Chemistry, University of California, Berkeley, CA 94720-1460, USA
Chemical Sciences Division, Lawrence Berkeley National Laboratory, 1 Cyclotron Road, Berkeley, CA 94720, USA

Received 1 September 2004; revised 13 October 2004; accepted 19 October 2004
Available online 24 November 2004

Abstract

The new complex!PrO),Ta[OSi(O Bu)s]3 (1) was prepared via silanolysis of Ta{Pr)s with (‘BuO)3SiOH and is a useful structural
and spectroscopic (NMR, FTIR) model of Ta(V) on silica. The complex was also used to prepare tantalum-containing silica materials, via
the thermolytic molecular precursor method (yielding@g - 6SiO, and TaOs - 18SiGy) or by graftingl onto mesoporous SBA-15 silica
(vielding a surface-supported tantala species, TaSBA-15). The solution phase thermolysisnohpolar media afforded homogeneous,
high-surface-area (ca. 450Pm 1) xerogels (TaOs - 6SiO,) that are amorphous up to approximately 12@0 A more silica-rich tantala—
silica material (TaOs - 18SiQ,) was prepared via a solution-phase co-thermolytic route with 1 and HOBI(]3, to yield a material with a
Si/Taratio of 1. It was demonstrated that tantala—silica materials are active as catalysts for cyclohexene oxidation.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction One alternative to the sol-gel method relies on the use
of single-source molecular precurs¢tg—22] Such precur-

) ) ) sors possess a defined ratio of elements to be incorporated
The rational design and development of new catalytic ma- g the target material and provide a low-temperature, kinet-

terials, for which the arrangements of atoms and nanostruc—ica”y controlled pathway to homogeneous, mixed metal ox-
tures are well defined, remains a formidable challenge for jge materials. A number of such precursors, which are tran-
chemists and materials scientifls3]. One method thathas  sjtion metal tristert-butoxy)siloxy complexes of the type
received considerable atterics the low-temperature sol-  M[OSi(OBu)s],,, have been prepared and studj2d—27]
gel route, which can produce metal oxide materials through These oxygen-rich molecular precursors can be thermolyt-
the hydrolysis and condensation of metal alkoxide precur- jcally converted to amorphous, homogeneous transition
sors (typically in polar medig$i—6]. One drawback to this  metal oxide—silica materials. Upon heating (usually below
method is that the formation of homogeneous, mixed metal 200°C), these molecular precursors eliminate isobutylene
oxide materials is complicated by the inherently differenthy- and water to give the transition metal oxide-silica mater-
drolysis rates for the various metal alkoxide precursors. Thusial, either in the solid state or in nonpolar media. Solution
it is often difficult to optimize the homogeneity of the re- thermolyses of the molecular precursors afford high-surface-
sultant materials, especiallyithout special precautions and area xerogels upon air-drying.
optimized experimental conditiofé—13] Silica-supported group V materials are known to be po-
tentially interesting alkene oxidation cataly§28—35] Al-
though considerable attention has been devoted to vanadium
* Corresponding author. and niobium silica-supported catalysts, only a few stud-
E-mail address: tdtilley@socrates.berkeley.edii.D. Tilley). ies have addressed the synthesis of silica-supported tanta-
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lum alkene oxidation catalys{29,30] Here we report the  2.3. Gelation of 1 in toluene [ TazOs - 65 02]
synthesis and characterizatiof a single-source molecular

precursor, (PrO»Ta[OSi(O'Bu)s]z (1), and its thermolytic A toluene solution ofl (0.361 g, 0.06 M) was sealed in a
conversion to tantala—silica materials. These materials have20-ml Parr reactor in a drybox under a nitrogen atmosphere.
been studied as cyclohexene oxidation catalysts. The reactor was placed in a preheated oven {Gg@or 24 h.

The wet gel was removed and air-dried for 1 week to form a
xerogel. The xerogel was rinsed with pentane @ ml) and
toluene (2x 5 ml) and was allowed to air-dry for 1 day. The

2. Experimental off-white xerogel was ground into a fine powder and dried
in vacuo for 12 h at 120C to yield 0.110 g of material.
2.1. General procedures Repeated syntheses ofsT - 6SiO, yielded materials with

similar carbon and hydrogen contents, and the same surface
areas (within experimental error).
All manipulations were conducted under a nitrogen at-

mosphere with the use of standard Schlenk techniques, or2.4. Gelation of 1 and (‘Bu0O)3SOH in toluene

in a Vacuum Atmospheres drybox, unless otherwise noted.[Ta,Os - 18505]

Dry, oxygen-free solvents were used throughout. Benzene-

ds was purified and dried by vacuum distillation from A 6.0-ml toluene solution ot (0.462 mol) and’BuQ)3

sodium/potassium alloy. SiOH (2.760 mol) was sealed in a 20-ml Parr reactor in a dry-
TaCk was purchased from Strem Chemicals, Inc., and box under a nitrogen atmosphere. The reactor was placed in

sublimed prior to useiso-Propyl alcohol and triethylamine  a preheated oven (18C) for 24 h. The wet gel was removed

were purchased from Aldrich and distilled from calcium hy- and air-dried for 7 days to form a xerogel. The xerogel was

dride prior to use. Cyclohexene was purchased from Aldrich rinsed with hexanes (2 5 ml) and toluene (% 5 ml) and

and distilled prior to useAqueous hydrogen peroxide Wwas allowed to air-dry for 1 day. The off-white xerogel was

(H20,) (30%), cumene hydroperoxide (CHP) (80%), and ground into a fine powder and dried in vacuo for 12 h at

tert-butyl hydroperoxide (TBHP) (5.5 M in decane) were 120°C toyield 0.323 g of material.

purchased from Aldrich and used as received. T&Q

[36], ((BuO)SiOH[37], and SBA-1938] were prepared as ~ 2-5- Preparation of TaSBA-15

reported in the literature. ) )
The SBA-15 was dried at 13 in vacuo for 15 h and

' handled under a nitrogen atmosphere thereafter. A 0.121-g
2.2. Yynthesis of (‘PrO)2Ta[ OS(O'Bu)s] s (1) sample of SBA-15 was suspended in pentane (25 ml). A pen-
tane solution (30 ml) of. (0.016 g) was prepared and then
added to the stirred suspension of SBA-1592%. The re-
sulting mixture was stirred for 15 h and then filtered and
washed with pentane (8 20 ml). The grafted material was
dried for 2—3 h in vacuo to yield the as-prepared catalyst with
1.51 wt% tantalum loading (TaSBA-15, SA310 nf g~ 1),
as determined by inductively coupled atomic emission spec-
troscopy (ICPAES). A subsequent catalyst was prepared by
calcination of this material to 30 (10°C min~1) under a
flow of oxygen for 4 h.

A pentane (20 ml) solution of BuO);SiOH (8.43 mmol)
was added to a pentane (10 ml) solution of T&4P®s
(1.67 mmol) in a Schlenk tube under flowing nitrogen at
0°C. The reaction mixture was warmed to room tempera-
ture, and stirring was continued for 15 h. Subsequent re-
moval of the volatile materials in vacuo (26) yielded a
white solid, at which point exces$BuO);SiOH was sub-
limed away from the product (AL, 0.001 mm Hg, 4 h).
The white solid was taken up in a pentgteduene (ca. 11,
vol/vol) solvent mixture and kept at78°C for 72 h. An-
alytically pure colorless crystals were isolated-af8°C

(93%). (Anal. Calcd. for GzHesSizO14Ta (%): C, 46.31; A sample of catalyst (0.035 g) was added to a 50-ml

H, 8.97. Found: C, 46.37; H, 8.59. FTIR (c): 1389 w, round-bottom flask that was fitted with a reflux condenser
1365 m, 1242 m, 1192 m, 1114 m, 1071 s, 944 s, 831 W, and a septum. Acetonitrile (5.0 ml) and cyclohexene

802 vw, 701 m, 651 vw, 568 w, 550 w sh, 514 vw, 490 w sh, (2.5 ml) were added by syringe through the septum under
469 m, 457 w sh, 433 w:H NMR (benzenets, 25°C, a flow of nitrogen. Dodecane (50.0 pl) or toluene (23 pl) was
400 MHz): § 5.49 (sept, 2 H,J = 6.1 Hz, Ta(OPr)), added as an internal standard. The mixture was allowed to
1.52 (s, 81 H, Si(OBu)), 1.46 (d, 12 H,J/ = 6.1 Hz, equilibrate at the reaction temperature of65for 10 min.
Ta(O'Pr)). 13C{H} NMR (benzeneds, 25°C, 100 MHz):  Aqueous HO; (0.62 ml), CHP (1.0 ml), or TBHP (1.0 ml)

§ 75.28 Ta(GPr), 72.91 Si(®Bu), 31.87 Si(CBu), 26.96 was added by syringe to the rapidly stirred solution. Aliquots
Ta(O'Pr). 2Si{1H} NMR (benzeneds, 25°C, 99.4 MHz): (ca. 0.08 ml) were removed from the reaction mixture by sy-
§ —97.57.) ringe after 5, 30, 60, 90, and 120 min and then filtered and

2.6. Catalysis procedure
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cooled. The filtrate was analyzed by gas chromatographyunit cell parameters by collecting 60 10-s frames, followed
(GC), and assignments were made by comparison with au-by spot integration and least-squares refinement. A hemi-

thentic samples analyzed under the same conditions. sphere of data was collected with scans of 0.3 and a
collection time of 10 s per frame. Frame data were inte-
2.7. Characterization grated Y spot spread= 1.60°; Z spot spread= 0.60°)

with the use of SAINT. The datwere corrected for Lorentz

Solution 'H NMR spectra were recorded at 400 MHz and polarization effects. An abrption correction was per-
with a Bruker AM-400 spectrometer and were referenced formed with XPREP R = 0.2, Tmax= 0.62, Tmin = 0.50).
internally to the residual solvent proton signal relative to The 22,872 integrated reflections were averaged in point
tetramethylsilane. Similarly, solutio®®C and 2%Si NMR group 2/m to give 8238 unique reflection®; = 0.050).
spectra were recorded at 100 and 99.4 MHz, respectively.Of these, 4953 reflections were considered to be observed
295i MAS NMR data were collected on a CMX400 Infin- (I > 3.000(1)). No decay correction was necessary. Inspec-
ity spectrometer based on a 9.4-T magnet, with a frequencytion of the systematic abseas uniquely defined the space
of 79.4867 MHz, a spectrum width of 50 kHz, a°9fulse group P21/n. The structure was solved with direct meth-
length of 4 ps, and a pulse delay of 30 s. A direct polar- ods (SIR92) and refined by full matrix least-squares methods
ization pulse sequence was used with a 3-us pulse lengthwith teXsan software. Four oxygen atoms that were mod-
Tetramethylsilane was used as an external chemical shift ref-eled as disordered over two sites [O(9)-0(10), O(11)-0(12),
erence, and samples were spun at 7-10 kHz. Infrared spectr®(15)-0(16), O(17)-0O(18)] were refined isotropically. The
were recorded as KBr disks with a Mattson FTIR spectrom- remaining non-hydrogen atoms were refined anisotropically.
eter. Elemental analyses were performed at the College ofThe hydrogen atoms were ingled at calculated positions
Chemistry microanalytical lzoratory at the University of  but not refined. The number of variable parameters was 519,
California, Berkeley, and Galbraith Laboratories, Inc. PXRD giving a datgdparameter ratio of 9.54. The maximum and
experiments were performed on a Siemens D5000 X-ray dif- minimum peaks on the final difference Fourier map corre-
fractometer with the use of CugKradiation. Transmission  sponded to 1.85 and1.70 e/A3: R = 0.044, R, = 0.064,
electron microscopy was carried out on a Topcon EM-002B GOF= 2.11.
transmission electron microscope operating at 200 kV. Sam-
ples for energy-dispersive spectroscopy (EDS) were studied
on a JEOL JEM-200CX transmission electron microscope 3. Resultsand discussion
operating at 160 kV. EDS spectra were taken on a Gatan
detector connected to theeetron microscope, and atomic  3.1. Synthesisand characterization of
compositions were quantified with the use of thekSand (‘PrO),Ta[OS(O’Bu)3]3 (1)
Ta-L lines. We prepared samples for TEM studies by de-
positing a pentane suspension of the finely ground xerogels The tantalum complexlj was prepared by the addition
on carbon-coated copper or gold grids obtained from Ted of a pentane solution of BuO);SiOH (5 equiv) to a pentane
Pella, Inc. Nitrogen adsorption isotherms were performed solution of Ta(GPr)s
on a Quantachrome Autosorb 1 surface area analyzgr, andl‘a(O”Pr)s + 5HOSI(O'Bu)g
samples were outgassed at *20for at least 15 h prior pentane o
to measurement. Thermal dyses were performed on a anoer (‘PrO»Ta[OSi(O'Bu)s]s. (1)
TA Instruments SDT 2960 Integrated TGA/DSC analyzer '
at a heating rate of 1 min—! under a flow of nitrogen  The product, (PrO»Ta[OSi(O'Bu)s]s (1), was crystallized
or oxygen. Calcinations were performed with the use of a from a pentangtoluene mixture (5050, vol/vol) at —78°C
Lindberg 1200C three-zone furnace at a heating rate of toyield analytically pure, colorless crystals. For comparison,
10°Cmin~1 under a flow of oxygen, and the temperature Wolczanki has reported tantalum complexes containing no
was held constant for 4 h. GC analyses were performedmore than three siloX BuzSiO-) ligands39]. In contrast,
with an HP 6890 GC system and a methyl siloxane capil- Bradley has reported the homoleptic siloxide Ta(OSiMe
lary (500 m x 320 pmx 1.05 pm nominal), and integration ~ @s containing the less sterically demanding —~OSiMg-

was performed relative to dodecane or toluene. and[40].
Crystals of sufficient quality to acquire a single-crystal
2.8. Structural determination for 2 X-ray structure ofl could not be obtained, but an analogous

precursor, (EtQ)Ta[OSi(O'Bu)s]s (2), was synthesized in
Crystals of2 were grown from a concentrated pentane & similar fashion. The structure @fwas unequivocally de-
solution at—40°C. A colorless blocky crystal with dimen- ~ termined by single-crystal X-ray structure analysiShe
sions of 036 x 0.30 x 0.25 mm was mounted on a glass
f|per W|th Paratone N hyd.rocarbon oil. Qata were collected ~ 1 Crystallographic data fc. Crystal dimensions (mm)-86 x 0.30 x
with a Siemens SMART diffractometer with a CCD area de- (25, crystal system: monoclinic. Space grou2; /n. Unit cell dimen-
tector. We determined a prelinary orientation matrix and  sions and volume: = 13.70062) A, b = 16.91221) A, ¢ = 24.15264) A,
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nitrogen, heated at 1@ min—1). After heating to 1000C,

a ceramic yield of 32.5% was obtained, which is 4.3% lower
than the expected ceramic ydefor stoichiometric forma-
tion of TgOs - 6SIO, (36.8% expected). Analysis of the
volatile by-products (by'H NMR spectroscopy), trapped
from the solid-state decomposition bby vacuum transfer,
revealed a significant quantity dBuO)SiOH (0.32 equiv)

in addition to isobutylene. The volatilization of silanol is re-
sponsible for the slightly reduced ceramic yields observed
by TGA. The solubility ofl in organic solvents makes it
possible to carry out the thermal decomposition in solution.
The decomposition af was monitored by solutiolH NMR
spectroscopy and the quantification of the soluble decom-
position products against an internal standard (ferrocene)
in benzeneds. Heating at 160C for 24 h resulted in the
complete conversion df, the major products observed were
isobutylene (7.5 equiv) and isopropanol (1.3 equiv). Gel for-
mation was observed within 2 h.

Fig. 1. ORTEP diagram of (Et@Ta[OSi(O’Bu)z]3 (2) at the 50% proba-
bility level. Terminal methyl groups (on tHeBuO- groups) and hydrogen
atoms have been omitted for clarity.

95 °C
1 Bulk samples of TgOs - 6SiO, were obtained via solu-
— 80 tion-phase thermolyses (150-18D) of 1 in isooctane or
& toluene (ca. 0.06 M) in a sealed Parr reactor under an at-
£ 60 mosphere of nitrogen for 24 h. This produced white gels that
g 10 4.8 occupied the entire volume of the original solution. Upon
i Biel air-drying for several days, the gels shrank to ca. 30% of
20 their original volume and becaahard, white materials. The
0 200 400 600 800 1000 gels were washed with pentane and toluene and then air-
Temperature (C) dried again overnight. The final xerogels were then ground

into a fine powder and dried in vacuo (120) for 12 h to
Fig. 2. TG? trace forl under a flow of nitrogen, with a heating rate of  provide the as-preparedJ@s - 6SiO; material.
10°Cmin—-.
ORTEP diagram of is shown inFig. 1, and bond dis- 3.3. Co-thermolytic synthesis of Ta;Os - 1850,
tances and angles are reported in $upplementary Infor- . _ _ _
mation In complex2 the five covalently bound ligands, in Previously we reported the co-thermolysis of a zirconi-
addition to one datively bound ®u group, form an ap- ~ Um-containing molecular precursor with Si(OE(QTEOS)
proximately octahedral coordination environment about the t0 produce homogeneous zirconia-silica materials with
tantalum metal center. This type of bonding mode for a tunable silicon to zirconium ratio$27]. Similarly, co-
datively bound OBu group from the —OSi(¢Bu); ligand thermolyses of the tantalum-containing molecular precursor
has been observed previously in the solid-state structures of(1) with (‘BuO)SiOH readily yielded tantala-silica materi-
Zr[OSi(O’Bu)s]4 and Hf[OSi(O'Bu)s]s [41]. The Ta—OSi als. Notably, the silanol ligand does not thermally convert
bond distances ranged from 1.860(5) to 2.041(7) A and areto silica in the absence of tantalum. SolutiéH NMR
similar to the Ta—OSi bond distances (1.80-1.94 A) previ- spectroscopic studies demtraded that kating benzene-
ously determined for silica-supported tantalum by EXAFS de solutions of1 and (BuO)SiOH (1:5.2 mol ratios) to

analysig42]. 160°C resulted in gel formation within 2 h. The precursors
("BuO)SiOH and1 were completely consumed and incor-
3.2. Thermolytic conversion of 1 to TayOs - 650, porated into the material after 2 h, and isobutylene (25 equiv)

was quantitatively observed as the only decomposition prod-
The decomposition behavior @fwas studied by thermo- ~ uct. Increasing the molar ratio df to (BuO)SiOH be-

gravimetric analysis (TGA). The TGA trace far(Fig. 2 yond 1/6 resulted in incomplete thermal decomposition of
shows an onset for weight loss at ca.°@with a precip- ("BuO)3SiOH after heating at 16TC for 24 h.
itous weight loss occurring at ca. 200 (under flowing Bulk samples of TgOs - 18SiQ, were prepared by com-

bining1 and (BuO)SiOH (1/6 mol ratio) in a toluene solu-
mg(l)o V — 55881(1) A%, ponje = 1261 gont. Radiation: tion and heating in a Parr.reactor under qitrpgen gl"IBﬂbr
Mo-K, (— 0.71069 A. Scan type (g’.‘g degrees per frame). Tempera- 24 h. .ThIS. preparation yielded a mgnollthlc, white gel that
ture of measurement:110°C. No. of reflections measured: total22,872, was air-dried for 1 week, washed with hexanes and toluene,
unique= 8238. Rgps= 0.044,w R2ops= 0.064, GORgps= 2.11. and then air-dried again for 1 day. The final xerogel was then
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ground into a fine powder and dried in vacuo at 1€0for
12 h.

3.4. Characterization of tantala—silica materials Q'

By elemental analysis (inductively coupled plasma atom- TaSBA-15
ic emission spectroscopy), the/$a ratio for TaOs - 6SiIO,
was found to be 2.88., which is very close to the expected
ratio of 3/1. The elemental composition and homogeneity

T3205'1 BSIOQ

for TapOs - 18SiQy were probed by energy-dispersive X-ray Tay0526Si0,

spectroscopy (EDS). EDS profiles taken from local portions — R . .S S R

(ca. 30 nm) of the TgDs - 18SiQ» xerogel revealed a Bla -30 -50  -70  -90 -110 -130 -150
ppm

ratio of 8.34/1, which is within 10% of the expected value
and constant over randomly sampled local areas. The carbortig. 3.29si MAS NMR spectra of TaOs - 6SiOp, TayOs - 18Si0y, and
content for TaOs - 6Si0O, was found to be quite low (0.72%)  TaSBA-15 showing &, @2, Q3, and @ ranges of chemical shifts from
by combustion analysis. After calcination to 500 under inorganic framework silicon atoms.

flowing oxygen, the carbon content remained unchanged .
(0.75%). The carbon content for J@s - 18SiQ was found @)

to be 2.61% by combustion analysis and 0.25% after calci- \/_—\\/V
nation to 500 C under flowing oxygen. Carbon in the uncal- 5

cined, silica-rich TaOs - 18SiQ, xerogel most likely comes ©)

fromtert-butyl groups from HOSi(®Bu)3 added to the ther-
molysis mixture and is not uncommon for the thermolytic
molecular precursor rouf@7]. Thermogravimetric analysis
of TapOs - 6SiO, with a heating rate of 10C min—1 under
oxygen revealed a mass loss of 3.4% up to 350which (a)

probably corresponds to physisorbed and chemisorbed wa- w
ter and organic specid43]. Likewise for TaOs - 18SiOp, - - — : -

TGA revealed a mass loss of 4.6% when heated to°850 1200 1100 1000 900 800 700 600
Heating these materials to 1000 resulted in an additional Wavenumber (cm™)

1.0-3.0 wt% loss. Fig. 4. R 1 1t FTIR tra bf(a), TaOs - 6SI0, (b)
. . . ) ig. 4. Room temperature spectra bf(a), TgOs - 6Si ,
The crystallization behavior of 3@ - 6SiC; as a func TapOs - 18SiG, (€), and TaSBA-15 (d). The Ta—O-Si asymmetric stretching

tion of temperature was studied by powder X-ray diffrac- pang'is highlighted with a dashed line.

tion (PXRD). The xerogel derived frorh remained amor-

phous up to 1100C, when domains of the orthorhombic, The molecular precursdr can serve as a Spectroscopic
low-temperature form of s (L-Ta;Os) were detected  qgel for tantala—silica materials. The obser¢®8i NMR
[44]. Upon further calcination to 130 the peaks in  resonance fot at —97.57 ppm is in the region expected for
the PXRD spectrum sharpened with increasing crystallite \1_osj(0fBu); sites. The silicon environments of 3@ -
size. The xerogel derived from the co-thermolysids @ind 6Si0p and TaOs - 18Si0y were examined by solid-stat@Si
HOSI(O’Bu)s remained amorphous until the temperature pas NMR spectroscopy with the use of direct polariza-
went above 1000C, where domains of L-F&s were first  tjon and are typical of amorphous silica networkg( 3).
detected by very broad features in the PXRD pattern. As The 295j MAS NMR spectra reveal broad resonances cen-
with other multicomponent mixed-oxide ceramics, the tem- tered at—103 ppm for TaOs - 6Si0, and —108 ppm for
perature at which a single-component phase segregates anta,O5 - 18SiQ, that span the chemical shift range fof,Q
crystallizes can be used as a gauge of the original homogene63, and ¢ silicon environments. Th&°Si NMR spectrum
ity of the mixed-oxide material. For homogeneous mixed 0x- for Ta,Os - 18SiQ is shifted toward the ® (Si—(OSiy)
ides, more extensive diffusion must occur prior to nucleation chemical shift range, as expected for the more silicon-rich
and grain growth of the crystalline phaBts,45,46] This xerogel. The FTIR spectrum af exhibits strong Si—-O—
will delay the appearance of crystalline single-component Sj and Si-O-C overlapping bands centered at 1065cm
oxides. Bulk TaOs crystallizes into L-TaOs at ca. 750C, (Fig. 4). A strong band centered at 944 this observed
whereas TgOs - 6Si0; and TaOs - 18SiQ, required calci-  for the Ta—O-Si asymmetric stretching mdd@,48] The
nation to a temperature above 10@before L-TaOs was FTIR spectra of both T#s - 6SiO; and TaOs - 18SiG, dis-
observed. Similarly, Guiu and Grange found that a sol-gel- play a strong band for Si-O-Si at 1085 and 1078 ¢tm
derived TaOs - 5.2SiQ mixed oxide required calcinationto  respectively. Both materialsckibit the characteristic band
1200°C before crystalline L-Tg05 was observef43]. at 951 and 969 cm', respectively, for the Ta—O-Si asym-

Transmittance (a.u
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Fig. 5. TEM micrographs of Ts - 6SiO, (a) and TaOs - 18SiG, (b). f:i
o 300 17
. . E | Radius (A "l et
metric stretching modpt3,49,50] These observed bands at 3§ 500 .
ca. 960 cm! are generally thought of as an overlap of two =~ oo™
contributions (i.e., from the Ta—O-Si asymmetric stretching 100 i
mode and the Si—OH mode). After calcination of these mate-
rials to 500°C under flowing oxygen, the band for Ta—O-Si 0 — 3 :
is still observed, suggesting that a high number of Ta—O-Si 0 0.2 0.4 0.6 0.8 1.0
linkages remain intact. Relative Pressure (P/P,) (c)

Transmission electron . copy (TEM) studies of Fig. 6. Nitrogen adsorption—desorption isotherms forQg: 6SiO, (a) and
Ta205 - 6310 and T@Q5 - 18SIQ revea!ed aggregates of TapOs - 18Si0y (b), and TaSBA-15 (c). Pore size distributions calculated
fine granules with a wide range of particle sizes, as Shown from the adsorption isotherm branch are shown as insets.

in Fig. 5. Nitrogen porosimetry was used to further eval-

uate the pore structures and surface areas of the tantala—

silica materials Fig. 6). The adsorption—desorption data als possess a wide range of pore sizes, with a considerable
for both TaOs - 6SIO; and TaOs - 18Si%» correspond amount of micropores with radii smaller than 20 &d. 6).

to type IV isothermg51], suggesting some mesoporosity; The materials were found to have relatively high BET sur-
however, a steep rise in adsorbed volume at relative pres-face area$s3], ranging from 450 rag~1 for TapOs - 6SIO,
sure (P/Po) > 0.8 is indicative of textural porosity52]. to 200 nfg~! for TapOs - 18Si%y. It has similarly been
The isotherm for TgOs - 6Si0, displays an H1 hysteresis  observed that co-thermolysis of the Zr[OSi®u)z]4 mole-
(IUPAC classification) that is indicative of a porous mate- cular precursor with TEOS resulted in a surface area lower
rial consisting of voids between agglomerates (i.e., rigidly than that of the parent Ze3 4Si0; material[27]. Calcina-
joined particles]51]. The isotherm for TgOs - 18SiG, on tion of TgOs - 6SiO, to 500°C under oxygen did not result
the other hand, displays an H3 hysteresis that is indicative ofin a change in surface area (448 g71), and likewise cal-

an almost nonporous material consisting of aggregates (i.e.cination of TaOs - 18SiQ to 500°C resulted in essentially
loosely coherent particlegb1]. In both cases, the materi- no change in surface area (228 g11). Calcination of these
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materials to 1000C resulted in a substantial loss of surface Also, based on the initial OH coverage of the support, the

area (to< 5 m?g~1), however. precursor reacts with only ca. 6% of the available OH sites
with a 1.51 wt% Ta loading. The exact structure of the

3.5. Synthesis and characterization of surface-supported surface—bound Ta species is currently unknown, however,

TaSBA-15 because of a lack of spectroscopic handles for such a low-

abundance species. The observed band at ca. 960 fon

the Ta—O-Si asymmetric stretching mode is not observed in
i the FTIR spectrumKig. 4), presumably as a result of the low
prepared by grafting onto a mesoporous SBA-15 substrate 15 \yto5, The M-O-Si stretching mode was also not observed
,(SA =690 n? g_,l' OH C.overage:-Z..O nnt2). The graft- in similarly prepared TiSBA-15 materigl&5]. Furthermore,

ing was accomplished via the addition1§0.015 mmol) to the29Si MAS NMR spectrum for TaSBA-15 reveals a broad
the substrate (120 mg) to give a material with 1.51 Wt% oqonance centered atl10 ppm that spans the chemical
(Si/Ta = 200/1) tantalum loading, as determined by in-  ghift range for &, Q3, and & silicon environmentsHig. 3.
ductively coupled atomic emission spectroscopy (ICPAES). The resonance for TaSBA-15 is further shifted toward the
A subsequent catalyst wasgmared by calcination of the Q* chemical shift range as coraged with the spectra for

TaSBA-15 material to 300C under oxygen to remove the TapOs - 6Si0, and TaOs - 18Si0, suggesting a more fully
organic moieties of the molecular precursor. This low weight -ondensed Sionetwork.

loading should result in single-site tantalum centers on the
silica surface[25,26] Furthermore, the grafted materials 3¢ Catalytic oxidation of cyclohexene
have surface areas (310%grl) that are reduced rela-

tive to that of the SBA-15 support; however, their ordered Samples of TeOs - 6Si0; and TaOs - 18Si0, (calcined
mesostructure was malnta!neq, as evidenced by retgnnon Ot 500°C) were found to exhibit catalytic activity for the ox-
the low-angle (100) refle(?t|on in the powder X-ray diffrac- idation of cyclohexene with TBHP, CHP, and aqueouh

tion pattern. The adsorption—desorption data for TaSBA-15 ¢ the oxidants. The surface-supported TaSBA-15 catalyst

correspond to a type 1V isotherm, characteristic of meso- a5 4150 found to be active for the oxidation of cyclohexene
porous SBA-15 materialsF{g. 6c) [25]. The pore size | uh TBHP CHP, and aqueousB.
distribution was observed to be relatively narrow, and the i ;

average pore radius, as determined by the nitrogen adsorp

tion isotherm, was 33 A. The pore structure of TaSBA-15 ¢4talyst (0.035 g). In control experiments with catalyst and
stands in contrast with that of thel@s - 6Si0; and TaOs - no oxidant, or with oxidant and no catalyst, no cyclohexene
18SiC, xerogels, in that it has a well-defined, mesoporous, ,yiqation products were observed by GC analysis. In addi-
hexagonally ordered pore structure (by nitrogen porosimetry tion, catalysts were stirredhiacetonitrile and cyclohexene
and low-angle X-ray diffraction). ~ for 1 hat65C before addition of the oxidant. The solution
Solution *H NMR spectroscopy was used to mMonitor yas then hot-filtered after 10 min and stirred for 2 h at€5
the grafting chemistry of. The reaction of surface Si-OH  There was no significant oxidation of cyclohexene after the
groups with1 resulted in the elimination of 1.5 equiv of  hot filtration, suggesting that leaching of catalytically active,
(‘BuO)sSiOH per grafted molecule df. This suggests that  so|uple tantala species is negligible under these experimen-
the tantalum species bind to the silica surface via 1 or 2 t5] conditions.

Si-O-Ta linkages, and that the two structures are equally |y Fig. 7, the results of cyclohexene oxidation with the

In addition to the tantala—silica xerogels, a catalyst was

To compare the activities for the heterogeneous catalysts
(Table 1), we standardized the results with respect to mass of

abundant use of several tantala—silica catalysts (on a per-gram basis)
@OSQ e 0Si(08u)s are depicted. The TaSBA-Idatalyst exhibited a higher ac-
(Pr0), TA{OSI(0Bu). ] PrOm: oy PrO—go—OPr tivity for the oxidation of cyclohexene than the tantala—silica
2 33 [
OH OH OH OH QHOQ QHOH - OHO O OH, xerogels after 2 h. Use of TaSBA-15 as the catalyst’(®5
p— —HOSI(O'BU); — aica in acetonitrile) with B0, yielded 13.6% of oxidation prod-

(2) ucts after 2 h (based on oxidant), whereagOe 6SiO, and

Table 1

Tantalum-catalyzed oxidation of cyclohexene with® (65°C, reaction time= 2 h)

Catalyst Selectivity Selectivity Selectivity Total yield Initial rate?
cyclohexene cyclohexenol cyclohexenone based on HO, (mol oxidation products
oxide (%) (%) (%) (%) (molTa(V) catmin))

TapOs5 - 6SIO, 9.60 586 318 261 013

TapOs - 18Si0, 17.2 379 449 4.70 022

TaSBA-15 360 327 313 136 6.70

TaSBA-15 (300 C) 427 253 320 5.32 345

2 |nitial rate measured as the slope of the tangent to the plot of concentration versus:tim6,atormalized per mol of Ta(V).
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Fig. 7. Yield of cyclohexene oxidation products relative to initigh®$
concentration as a function of time during the oxidation of cyclohexene
with 0.035 g of TaSBA-15M), TaSBA-15 (300C) (@), TapOs - 18Si0,
(@), and TaOs - 6SIO, ().
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Fig. 8. Yield of cyclohexene oxidation products relative to initial®p (H),
CHP (@), and TBHP ) concentrations as a function of time during the
oxidation of cyclohexene with 0.035 g of TaSBA-15.

TapOs - 18Si%y under analogous conditns yielded 2.6%
and 4.7% of oxidation products, respectively. Calcination
of the TaSBA-15 material to 30@ under oxygen yielded
a catalyst with lower activity (5.3% yield of cyclohexene
oxidation as compared with 13.6%), which is consistent
with previous results on titanium-based catal\j26]. Cal-
cination may result in migration of the tantalum into the
framework silica, possibly facilitated by the siloxide ligands
of 1 that would be converted to new surface silica centers.
The TaSBA-15 catalysts areare selective for cyclohex-
ene oxide formation (36—43%, 2 h), anc,Ts - 6SiO; and
TapOs5 - 18SiG are less selective (10 and 17%, respectively).
Over the course of 2 h, the selectivity for cyclohexene ox-
ide drops as the abundance of allylic oxidation products in-
creases (e.g., initial selectivity of 52% for cyclohexene oxide
with the TaSBA-15 catalyst).

The results of cyclohexene oxidation with TaSBA-15 and
three different oxidants (TBHP, CHP, and®h) are shown
in Fig. 8 It appears that aqueous®;, is the most active
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Fig. 9. Turnover frequencies (TOFs) as a function of time during the
oxidation of cyclohexene with TaSBA-1M], TaSBA-15 (300C) (®),
TapO5 - 18Si0, (@), and TaOs - 6SiO, (x). TOF= moles of cyclohexene
oxidation products per mol Ta(V) per hour.

oxidant; the two organic peroxides have comparably lower
activities. The selectivities achieved with the different ox-
idants are markedly different, however. Use of the organic
peroxides results in high selectivities for cyclohexene oxide
formation (94 and 70% with CHP and TBHP, respectively),
whereas HO» is much less selective for epoxidation (36%).
Fig. 9 illustrates the catalyst activities in turnover fre-
guencies (TOF), defined as the moles of oxidation prod-
uct per mole Ta(V) per hour. The cyclohexene oxidation
is generally more rapid (regardless of oxidant or catalyst)
over the first 30 min of the reaction, and then the reaction
slows for the remaining 90 min. This is attributed to in-
creasing quantities of water atcohol formation with time,
thereby hindering formation of the tantalum-hydroperoxide
complex by strong binding of polar specigst]. The ini-
tial rate of cyclohexene oxidation, as showrileble 1 was
greater with the TaSBA-15 catalysts (initial rat6.70 mol
oxidation productgmol Ta(V) catmin)). These results are
possibly due to the presence of substrate-available, authen-
tic surface tantalum sites in the mesopores of the TaSBA-15
catalyst. The xerogel catalysts, on the other hand, have con-
siderable amounts of tantalum that are unavailable to sub-
strate throughout the microporous bulk of the material and
buried within in the silicate walls. It is well established that
cyclohexene cannot be oxidized in a microporous TS1 ma-
terial because of size constgs for the cyclohexene oxide
product[55]. The pores of the TaSBA-15 catalyst should
be large enough that diffusion does not limit the reaction
rate with acetonitrile as the solvent. The xerogel catalysts,
however, have a considerably microporous character and
might be affected by diffusion limitations and steric con-
straints. Potential differences in observed rates caused by
diffusion effects, particle size differences, hydrophobicity
differences, etc. were not amined. Specific surface areas
of the catalysts do not seem to affect the activity of these cat-
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alysts, at least in the high-surface-area regime studied herea co-thermolytic route witl and HOSi(OBu)z. This ex-

(> 200 nfg1).

The catalyst activities reported here for the oxidation
of cyclohexene are comparable to the activities recently
reported for niobia—silicecatalysts under similar condi-
tions[55]. Hartmann and co-workers reported cyclohexene
oxide yields of up to 15% (after 2 h) for microporous crys-
talline NbS-1 and Nb/silicalite-1 catalysts, with selectivities
up to 80% for cyclohexene oxide formation. A mesoporous,
noncrystalline NbMCM-41 calyst providel good yields
of cyclohexene oxidation products (ca. 20-45% after 2 h)
as well[33,56] In contrast, previously reported SBA-15-
supported, single-site Ti(IV) catalysts are much more active
(98% yield of oxidation products) for the oxidation of cyclo-

pands the tunability of the thermolytic molecular precur-
sor route by allowing variable metal-to-silicon ratios. Fur-
thermore, because HOSIi(Bu)s cleanly converts to Si®

via the stoichiometric elimination of isobutylene and water
in the presence of tantalum, the presence of incompletely
condensed alkoxy groups is avoided, unlike the case with
TEOS[27].

To our knowledge, this work represents the first utiliza-
tion of tantala—silica materials as cyclohexene oxidation cat-
alysts. The most active catalyst for the oxidation of cy-
clohexene has grafted tantala sites (TaSBA-15) and uses
H20O, as the oxidant in acetonitrile at 8& (initial rate of
6.70 mole oxidation product per mole Ta(V) per minute).

hexene and give cyclohexene oxide selectively (90-100%) The organic peroxides TBHP and CHP are also viable and

[25]. This Ti(IV) system was limited to the use of organic
peroxides (CHP, TBHP), however, with yields less than 5%
obtained when aqueous;8, was used. It appears that ti-
tanium cyclohexene oxidation catalysts are inherently more
active, but comparable group V niobium and tantalum cat-
alysts can operate when aqueougdhl is used as the oxi-
dant.

4, Conclusions

more selective, but less active, oxidants. Conversely, pre-
viously reported TiSBA-15 catgéts were extremely active

in cyclohexene epoxidation with CHP and TBHP as oxi-
dants but essentially inactive in combination with®3.
This suggests that Ta(V) is more tolerant of the presence
of water for cyclohexene oxidant than the analogous Ti(IV)
system, which perhaps is a result of an extra coordination
site for group V metals, assuming an equal number of sur-
face Si-O—-M linkages. It is interesting to note that Basset
and co-workers have developed Ta(V)/giCatalysts that
are very active in the epoxidation of allylic alcoh{@®,30]

Here we described the preparation and characterizationGiven the observed activity of catalysts described here, this

of a new bis(alkoxy)tris(siloxy)tantalum(V) single-source
molecular precursor, PrOyTa[OSi(O'Bu)z]z (1). This

suggests that the activity of alkene oxidation by heteroge-
neous tantala—silica catalyts is highly substrate dependent.

compound represents an interesting model for tantala sites in

silica, and the single-crystal X-ray structure of an analogous
compound, (EtQ)Ta[OSi(O’Bu)s]s (2), provides structural
information on such sites. The Ta—OSi bond distances of
1.860(5)—2.041(7) A are similar to those previously reported
by Roesky and co-workers for a model tantalum siloxide
cage complex (1.984-1.987 A47]. Both of these model
complexes are in good agreement with Ta—OSi bond dis-
tances determined for silica-supported tantalum oxide by
EXAFS analysef42,50] Furthermore, thé°Si NMR chem-

ical shift forl at—97.57 ppm provides an important spectro-
scopic reference for Ta(V)/Ssystems. Because of a lack
of analogous TaOSi©model complexes, no direct spectro-
scopic2°Si NMR comparisons can be made; however, a se-
ries of early transition-metal siloxy complexes of the type
MOSIOs (M = Ti, Zr, Hf, V) has been prepardd1,57,58]

The group IV complexes of the type M[OSi(Bu)s3]4
exhibit 2°Si NMR resonances at103.24,—100.50, and
—97.06 ppm for M= Ti, Zr, and Hf, respectively. Moreover,

a V(V)=0 complex of the type OV[OSi((Bu)sz]3 exhibited
a2°Si NMR resonance at98.00 ppm. The observed chem-
ical shift for 1 comes where expected, compared with these
slightly different early transition-metal siloxy complexes.

In this study it was shown thdlt is a versatile reagent
for both the preparation of bulk tantala—silica xerogels and
the grafting of tantalum centers onto the surface of silica. In
addition, more silica-rich materials can be obtained through
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