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ABSTRACT: Site-isolated Ti(IV) centers were introduced onto the
surface of a mesoporous SBA-1S support via the thermolytic molec-
ular precursor method. Prior to thermal treatment to generate
Ti—OH sites, residual silanol groups were capped via reaction with
Me,N-SiMe; to give TiMe,,SBA1S. After low temperature treat-
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of the resulting TiSBA1S catalysts and the Ti(IV) epoxidation
intermediates (formed upon treatment of Ti(IV) materials with TBHP or H,0,) were probed using diffuse-reflectance UV—visible
spectroscopy and infrared spectroscopy. A titanium-hydroperoxo species similar to that found in TS-1 is proposed for all catalysts.
Samples modified with phenol and pentafluorophenol exhibited conversions of 1-octene that are 20 to 50% higher than those for
TiMe.,,SBA15-0,, without a significant drop in selectivity for the epoxide product, 1,2-epoxyoctane, when TBHP was used as the
oxidant. With aqueous H, O, as the oxidant, the phenol-treated materials exhibited 1-octene conversions that are 15 to 50% greater
than those observed for TiMe,,,SBA15-0O,, and an increased selectivity for 1,2-epoxyoctane of 10 to 30%. Additionally, the
efficiency of H,O, usage, as monitored via 'H NMR spectroscopy, increased by a factor of 2 to three for catalysts modified with
phenol and pentafluorophenol, with respect to the efficiency observed over TiMe,,SBA15-0O,. Catalysts modified with acetic acid
and trifluoroacetic acid displayed decreased catalytic turnover numbers and epoxide selectivities when TBHP was used as the
oxidant, but exhibited catalytic turnover numbers and epoxide selectivities similar to TiMe,,SBA15-O, when H,O, was used as the
oxidant. After treatment of TiMe,,SBA15-O, with acetic acid, the H,O, efficiency decreased by a factor of 2 for the epoxidation of
1-octene with H,O,.
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B INTRODUCTION

Since the development of a heterogeneous, silica-supported
Ti(IV) catalyst by Shell in the 1970s," numerous Ti(IV)-based
catalysts have been studied for the direct functionalization of
inexpensive and readily available alkanes and alkenes into more
synthetically useful molecules such as aldehydes, ketones, and
epoxides.” ® Particular attention has been paid to supported,
site-isolated Ti(IV)/SiO, catalysts for selective oxidation reac-
tions, and in particular the epoxidation of olefins. Epoxides are
important chemical intermediates in the production of fine
chemicals, and products such as propylene oxide are used in
polyether polymer synthesis.”® The large-scale industrial pro-
duction of epoxides in the liquid phase generally involves
chlorinated solvents or coreactants, and produces equimolar
amounts of coproducts that can be of limited industrial use,
difficult to recycle, and/or environmentally harmful. Terminal
olefins (e.g, l-octene) present a greater challenge because of
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their electron-deficient nature as compared to cyclic olefins (e.g.,
cyclohexene), while their products are highly desirable as versa-
tile starting materials.'"®”"> Many of the known, effective tita-
nium-containing supported catalysts are based on titanium-
substituted zeolite frameworks (TS-1, TS-2, Ti-f3) with micro-
porous (~ 6 A) channels, which restrict their usage to smaller
substrates."® Thus, catalysts with larger channel diameters based
on mesoporous silica frameworks (MCM, SBA) are highly
desired.

A well-established technique for the preparation of isolated,
single-site transition metal catalysts is based on the thermolytic
molecular precursor (TMP) method,'*'® which employs metal
containing species rich in silicon and oxygen (in the form of
siloxy and alkoxy ligands) to deliver isolated active sites onto
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Scheme 1. Thermolytic Molecular Precursor Route for the Introduction of Site-Isolated Metal Centers onto Oxide Supports
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Scheme 2. Proposed Mechanism for Cyclohexene Epoxidation with H,0, and R, TiSBA1S Catalysts
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mesoporous supports under mild conditions (Scheme 1). These
precursor molecules react with surface silanol (Si—OH) groups
via protonolysis reactions to eliminate silanol or alcohol mol-
ecules and anchor the metal center to the surface. A mild
temperature (<500 K) treatment in oxygen may then be em-
ployed to generate metal hydroxide sites (M—OH), which can
then be further functionalized. This approach, along with the use
of similar molecules, has led to the development of numerous
site-isolated catalytic materials displaying improved activity and/
or selectivity in the oxidation of hydrocarbons.'¢™>*

In general, these materials inherently exhibit drastically lower
catalytic activities when aqueous hydrogen peroxide is used as the

oxidant in place of alkyl hydroperoxides, such as tert-butyl
hydroperoxide (TBHP). This poor performance of supported
titanium(IV) catalysts in the epoxidation of alkenes (via an
electrophilic oxygen transfer) using aqueous H,O, has been
attributed to competitive binding of water molecules in place of
H,0, and/or deactivation of the active hydroperoxy interme-
diate."*® Also, many metal-based catalysts catalyze the decomposition
of hydrogen peroxide to water and oxygen gas, leading to low
catalytic efficiencies for this reagent.*® Several studies in recent
years have addressed these issues with methods for the surface
modification of transition metal epoxidation catalysts to generate
hydrophobic surfaces and/or influence the structure of the metal
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Scheme 3. Synthesis of TiSBA1S, Surface Modification of TiSBAILS to Yield TiMe,,,TaSBA1S, and TiMe,,,SBA1S-O,, and

Surface Modification of TiMe_,,SBA1S-O, to Yield X,,TiMe
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site.>’ 3% In particular, the Lewis acidity of the metal center is
thought to play an important role in the activity of metal-
peroxide active species.35’36

The study described here was motivated by recent reports
indicating that siloxy groups bound directly to surface-bound,
active titanium(IV) centers via a Ti—O—Si linkage may greatly
improve catalytic performance for epoxidation.***”~*" Such
centers, (SiOgurface)3Ti(OSiR3), appear to be more electron
deficient and more active for alkene epoxidation compared with
the uncapped counterpart, (SiOguace)3Ti(OH), on the basis of
theoretical and experimental studies.>® *" The more electropos-
itive character of the capped titanium center could result in a
more facile electrophilic oxygen transfer from the Ti(IV)—OOH
intermediate to the olefin (Scheme 2). After the oxygen transfer,
the (SiOgygce) 3 Ti— OH unit and the coordinated silanol (pK, ~13)
molecule likely condense to release H,O and regenerate the
capped titanium center; a related process has been experimen-
tally observed for the epoxidation of ethylene and propylene with
H,0, and TS-1.**

The importance of hydrogen bonding in metal-based oxida-
tion reactions, specifically with regards to metal-peroxo and
metal-hydroperoxo species, has been addressed in several investi-
gations.*~* Specifically, hydrogen bonding involving metal-
peroxo species has been implicated as a key factor influencing the
rate of epoxidation of olefins.**® This type of interaction can
activate or deactivate a metal-peroxo species, as demonstrated
(for example) by the inactivity of deprotonated titanium-contain-
ing polyoxometallates, versus the more active, protonated
form.>>>' A recent report by Berkessel and Adrio detailed the
activation of H,O, toward olefin epoxidation through a network
of hydrogen-bondin§ interactions with several molecules of
fluorinated alcohol.*’ The study described here was designed
to probe such hydrogen bond effects in active centers of type A
(Scheme 2), by comparing the catalytic performance of surface-
bound Ti(IV) sites possessing various Ti—O—R groups
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(Scheme 3, R = Ph, C¢Fs, C(=0)Me, C(=0)CF;). These
groups, which should give rise to Ti(ROH)(OOH) species that
may be stabilized by intramolecular hydrogen bonding interac-
tions analogous to that in A, are expected to influence the
efficiency of catalytic epoxidation reactions. By varying the
proton-donor ability of the —OR group, it may be possible to
probe the role of this hydrogen-bond interaction in electrophilic
oxygen transfer to olefins.

In this study, site-isolated Ti(IV) centers were introduced
onto the surface of mesoporous SBA-1S via the thermolytic
molecular precursor method.'*'>*> The resulting materials were
characterized by diffuse reflectance UV—visible (DRUV—vis)
spectroscopy, infrared spectroscopy, thermogravimetric analysis
(TGA), and hydroxyl group titration to probe the coordination
environment of the Ti(IV) species. After efficient capping of the
surface silanol groups via treatment with Me,N-SiMe; to pro-
duce a hydrophobic surface, a subsequent low temperature
treatment in oxygen was employed to generate surface Ti—OH
sites without decomposition of the —SiMe; capping groups.
These titanol sites were then modified with a series of small
protic molecules to generate new, surface-bound Ti—O—R
species. The performance of these catalysts in the epoxidation
of 1-octene with anhydrous tert-butyl hydroperoxide and aqu-
eous hydrogen peroxide was then evaluated.

B RESULTS

Synthesis and Characterization of Materials. Mesoporous
SBA-15 silica was synthesized according to a literature procedure.>®
Titanium-containing materials were synthesized according to pre-
viously reported procedures by grafting Ti(O'Pr)[OSi(O'Bu);];
onto the silica surface to yield TiSBA15."” After drying under
vacuum, these materials were modified with —SiMe; groups to
replace available terminal Si—OH sites, as described previously,
by reaction of TiSBA1S with (N,N-dimethamino)trimethylsilane
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Table 1. Elemental Analysis, Surface Modification, and Nitrogen Physisorption Data for Dispersed Ti(IV) Materials

Ti content Ti content —OH content X coverage X/Ti SEET iy
material [wt %]° [nm?]* [nm*]* [nm2]* [mol-mol ] [m*g '] [nm]

SBA1S 1.0 770 3.3
TiSBA1S 1.14 0.18 0.8 410 2.8
TiMe,,,SBALS 1.00 0.16 0.2 0.6 3.7 330 2.8
TiMe,,,SBA15-O, 1.00 0.16 0.6 330 2.8
(CeHs)copTiMe,,, SBALS 0.90 0.15 03 03 17 310 2.8
(CoFs)eapTiMe,,,SBALS 0.90 0.15 02 0.4 2.7 300 2.8
(CH;3CO) ., TiMe,,,SBALS 0.92 0.15 0.1 0.5 33 290 2.8
(CF3C0) . TiMe,,, SBALS 0.96 0.16 02 0.4 26 290 2.8

“ Determined by inductively coupled plasma (ICP) methods. * Determined by titration with Mg(CH,C¢Hs),+2THF. ‘X — capping group; —SiMes
(Me), C¢Hs, C4Fs, CH5CO, CF;CO. 9 Determined by carbon elemental analysis, TGA, and titration of residual —OH groups with Mg-

(CH,Cg¢Hs), - 2THE. “Pore radius determined from BJH adsorption.

(Me,N-SiMe;)** to afford TiMe,,SBA1S. This material was
treated in oxygen at 200 °C to decompose the siloxide and alkoxide
ligands bound to titanium and generate Ti—OH sites, while leaving
the —SiMe; capping groups intact.***” This treatment provided
samples designated as TiMe,,SBA15-O, (Scheme 3).

The degree of surface functionalization was determined from
carbon elemental analysis, TGA, and differences in surface
hydroxyl content. The density of surface —OH groups was dete-
rmined by monitoring reactions of the samples with Mg(CH,-
Ph),-2THF, and quantifying the amount of toluene evolved
after the reaction via 'H NMR spectroscopy.”* The extent of
surface Si—OH capping by Me,N-SiMe;, measured by titration
of the residual hydroxyls with Mg(CH,Ph), - 2THF, resulted in a
surface coverage of 0.6 groups per square nanometer (3.7 groups
per titanium atom; thus 72% of all Si—OH groups were con-
sumed, as shown in Table 1). Carbon elemental analysis and
TGA of TiSBA15 and TiMe,,,SBA1S5 displayed a large increase
in mass attributed to carbon, which when normalized to the mass
of the —SiMe; group, resulted in a similar coverage of —SiMe;
groups per square nanometer. After treatment in oxygen to
decompose the organic ligands bound to titanium and generate
surface Ti—OH sites, the surface hydroxyl content increased,
indicating that more —OH sites were created or became acces-
sible after oxygen treatment. The amount of carbon present in
TiMe,,,SBA15-0, also decreased, and this is consistent with an
observed increase in the —OH site density, and by an observed
reduction in mass during TGA experiments. Diffuse reflectance
UV —visible spectroscopy was used to probe the local structure of
the titanium centers in these catalysts. Figure 1 presents the
DRUV —vis spectra for TiSBA1S, TiMe,,SBA15, and TiMe,,,-
SBA15-0O,. All spectra are dominated by an absorption band
centered between 210 and 220 nm, ascribed to a totally sym-
metric ligand to metal charge transfer from the four neighboring
oxygen atoms to the titanium atom (O—Ti), characteristic of
site-isolated, tetrahedral titanium centers.>> Upon surface mod-
ification via —SiMe; groups and subsequent treatment in oxygen,
the absorption band broadens, but its maximum remains below
220 nm, and the onset of absorption is below 300 nm.

Infrared spectroscopy was employed to determine if the
treatment at 200 °C in oxygen might result in significant
decomposition of —SiMe; groups and regeneration of surface
Si—OH sites. Spectra of TiMe ,,SBA1S before heat treatment
samples exhibited weak intensity bands assigned to a minority of
Si—OH groups that were not replaced by —SiMe; moieties.
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Figure 1. DRUV—vis spectra for (a) TiSBA1S, (b) TiMe,,,SBA1S,
and (c) TiMe,,,SBA15-0,. Spectra are offset for clarity.

These spectra were essentially unchanged when the materials
were treated in oxygen at low temperature (TiMe,,SBA15-0,);
however, treatment at high temperatures (500 °C) regenerated
the Si—OH band to an intensity comparable to those of
unmodified TiSBA1S. Since no Ti—OH sites were identified
by FTIR experiments, direct evidence for the presence of
Ti—OH sites was obtained using the method reported by Lin
and Frei>® Briefly, samples of SBALS and TiMe,,,SBA15-O,
were treated with SnCl,:2H,0O in an acetonitrile/dichloro-
methane solution, and then filtered and dried to yield Sn-
SBA1S and Sn-TiMe,,SBA15. DRUV—vis spectra of both of
the resulting materials displayed intense absorptions for tin
species centered at 217 nm (Supporting Information, Figure S1A).
The spectra of Sn-TiMe,,SBA1S5 also displayed a shoulder
between 250 and 300 nm. This shoulder is absent in the sample
without titanium. These spectra and the difference of the two
spectra (Supporting Information, Figure S1B) exhibit a shape
and energy similar to those reported for Ti—O—Sn and other
bimetallic M—O—M’ complexes supported on molecular
sieves. > After treatment with SnCl,-2H,0, the spectrum
of TiMe,,,SBA1S remained unchanged, and did not exhibit a
shoulder between 250 and 300 nm.

Titanium-capped materials (CgXs)capTiMe,,SBA1S and
(CX3C0)0pTiMe,,SBALS (X = H, F) were obtained by

dx.doi.org/10.1021/cs200017s |ACS Catal. 2011, 1, 455-467
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Figure 2. (A) DRUV—vis spectra for (a) TiMe,,SBA15-O,, (b)
(CeHs) cap TiMe,,SBALS, and (c) (CFs) capTiMe,,, SBALS. (B) DR-
UV—vis spectra for (a) TiMe,,SBA15-O,, (b) (CH3CO)q,pTiMe,,,-
SBAL1S, and (c) (CF5CO).,TiMe,,,SBA1S. Spectra are offset for
clarity.

cap cap

treatment of TiMe ,,SBA15-O, with the appropriate protic
compound (C¢XsOH or CX;COOH, X = H, F) at 65 °C in
toluene to titrate the Ti—OH sites (Scheme 3). After washing
with toluene, these samples were filtered and dried at 120 °C
under vacuum. Solution state 'H NMR spectra of the filtrate
displayed resonances characteristic of water, the expected pro-
duct of the reaction of these molecules with surface Ti—OH sites.
Direct evidence for the presence of the individual, secondary
capping groups on the surface was obtained via DRUV—vis and
infrared spectroscopies. DRUV—vis spectra of the capped ma-
terials retained the intense absorption centered between 210 and
220 nm due to the symmetric O—Ti ligand-to-metal charge
transfer (LMCT),*® but also exhibited new features between 250
and 400 nm. In the case of (CXs)capTiMe ,,SBALS (X = H, F),
these transitions arise from phenol 7—z* transitions
(Figure 2A), and can also be observed in spectra of SBA-15
treated with phenol or pentafluorophenol (Supporting Informa-
tion, Figure S2), and solution state spectra of these molecules.
Similarly, the spectra of (CX3C0),,TiMe,,SBA1S (X = H, F)
and SBA-15 treated with acetic acid or trifluoroacetic acid
displayed new absorption bands below 400 nm (Figure 2B,
Supporting Information, Figure S2) similar to those observed
for acetic acid and trifluoro acetic acid in the solution state. It
should be noted that these bands are present regardless of solvent
choice, and are not due to residual toluene solvent present in the

0.4

Normalized Absorbance

2000 1900 1800 1700 1600 1500
Wavenumber [cm"]
Figure 3. Room temperature FTIR spectra for (a) SBA1S, (b) TiMe,,-

SBA15-0,, (c) (CH3CO)c,,TiMe,,SBA1S, and (d) (CF;CO)cqp-
TiMe,,,SBA1S. Spectra are offset for clarity.

system.®’  Additionally, infrared spectra of (CX3C0).cap-
TiMe,,SBA1S (X = H, F) exhibited new bands between 1600
and 1750 cm ™', due to carboxylic acid carbonyl stretches
(Figure 3). The carbonyl band for (CH3CO)c,,TiMe,,,-
SBA1S appeared at 1675 cm ™', at a slightly lower energy than
the band for (CF;CO).,, TiMe,,,SBALS at 1685 cm . These
bands are distinct from those associated with free acetic acid
(1715 em™") and trifluoroacetic acid (1783 cm™'). The shift of
the frequency of the C=0 band to lower energy is consistent
with bands observed for Cp,Ti[CO,CF;], (1710 ecm )%
Cp,Ti[OC(=0)'Bu]X (1636—1645 cm ', X = OC(=0)'Buy,
OC(=0)Ph, OTi(Cp,)(OC(=0)'Bu), and OC(=0)Bu),**
and other transition metal perfluorocarboxylate derivatives.> No
bands due to C—F stretches could be observed in spectra of both
(CF3CO).,, TiMe ,,SBA1S and (CgFs) oy TiMe,,SBALS.

Quantification of the number of secondary capping groups
present on the surface was determined from carbon elemental
analysis, TGA, and differences in surface hydroxyl content. All
modified catalysts (Xc,pTiMe ,,SBA1S, X = Ph, CgFs, C(=O)Me,
C(=O)CF;) exhibited decreased surface hydroxyl content com-
pared to TiMe ,,SBA15-O,, as measured by titration with Mg-
(CH,Ph),-2THF, though a minority of hydroxyls remained
unreacted in all capped samples. TGA of the modified samples
(containing secondary capping groups) demonstrated an increased
mass loss compared to TiMe,,,SBA15-O,, which, when normalized
to the molecular weight of the capping group, correlated well with the
number of hydroxyl groups that reacted with protic capping groups,
determined via titration with Mg(CH,Ph), -2THF. This was also
confirmed by the increased amount of carbon present in modified
samples compared to TiMe,,SBA15-O,, measured by elemental
analysis. The capping efficiencies for all samples were roughly
equivalent, with between 0.3 and 0.5 groups per square nanometer,
corresponding to between 1.7 and 3.3 groups per titanium atom
(Table 1). These numbers are larger than unity perhaps because of
the presence of a minority of residual silanol sites remaining after
titration with Me,N-SiMe;, which are also able to react with the
protic molecules used in this study, or because of a small amount of
leaching of titanium (though the titanium content remained close to
the value determined for TiMe_,,SBA15-O,; Table 1).

The surface areas and pore structures of the materials were
evaluated using nitrogen porosimetry. All samples displayed N,

dx.doi.org/10.1021/cs200017s |ACS Catal. 2011, 1, 455-467
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Table 2. Thermal Analysis (to 150 °C) of Dispersed Ti(IV)
Catalysts after Hydration for 48 h*

H,O content desorption temperature

material (wt %)" (°c)”
SBA1S 38.0 63
TiSBA1S 34.1 77
TiMe,,,SBALS 55 52
TiMe,,,SBA15-0, 122 57
(CsH) ap TiMe,,, SBALS 43 45
(C6Fs)cap TiMe,, SBALS 17.9 44
(CH5CO).,, TiMe,,SBA1S 217 73
(CF5CO).,, TiMe,,,SBALS 46.5 83

“Samples were stored in a sealed container with a saturated water
environment. * The minimum of endothermic transition for water loss
determined by DSC.

adsorption—desorption data consistent with type IV isotherms
(Supporting Information, Figure S3), with narrow pore size
distributions, characteristic of SBA1S type materials.>® The
unmodified TiSBA1S catalyst was found to have a Bru-
nauer—Emmet—Teller (BET) surface area of 410 m” gfl. The
surface area decreased with surface modification, with TiMe,p-
SBA15 and TiMe,,,SBA15-O, both having a surface area of 330
m” g, and again after modification with phenol or carboxylic
acid derivatives (down to 300—310 m* g ', and 290 m*> g~ "
respectively). The pore size distribution for all modified X, Ti-
Me,,,SBAILS catalysts was found to be similar to that of the
parent TiSBA1S (Table 1). The well-ordered mesostructure of
all TiSBA1S5 catalysts was preserved, as indicated by transmission
electron microscopy (TEM) and by the retention of the low
angle reflections in the small-angle X-ray scattering (SAXS)
patterns (Supporting Information, Figures S4 and SS). The
amount of titanium present in each sample was determined by
inductively coupled plasma (ICP) optical emission spectroscopy,
with a maximum titanium content of 1.14 wt % Ti found for
TiSBA15 (Table 1).

Hydrophobicity of Surface-Modified Materials. To study
the hygroscopic nature of the materials, samples were placed in a
sealed container with a saturated water atmosphere for 48 h,
followed by TGA and differential scanning calorimetry (DSC)
analysis (Table 2). Typically, mass lost below 150 °C corre-
sponds to physisorbed water molecules, since fully dehydrated
samples display little mass loss until temperatures above
250 °C.** This higher temperature mass loss corresponds to
the loss of surface —SiMej groups, as well as phenol and acetic
acid-type capping groups. The water desorption temperature was
taken as the minimum of the endothermic transition correspond-
ing to water loss. The unmodified TiSBA1S displayed a mass loss
of 34 wt % and a desorption temperature of 77 °C, similar to
unmodified, bare SBA1S. These values decrease upon grafting
—SiMej; groups on the surface to 5.5 wt % and 52 °C (TiMe,,p-
SBAL1S), and then increase slightly upon oxygen treatment to
122 wt % and 57 °C (TiMe,SBA15-0,), confirming the
hydrophobic nature of the materials after surface modification
and oxygen treatment. Catalyst samples modified with phenol-
type capping groups displayed decreased water desorption
temperatures and varied H,O loss below 150 °C. (CsHs)cap-
TiMe,,,SBA1S exhibited a low mass loss (4.3 wt %) and a
moderately decreased water desorption temperature (45 °C),
while (C6F5)C3PTiMecaPSBA15 had an increased mass loss
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Figure 4. (A) DRUV—vis spectra of samples treated with H,O,: (a)
TiMe,,pSBA15-05, (b) (CoHs) cop TiMe,, SBALS, and (c) (CoFs)cap-
TiMe,,,SBA1S. (B) (B) DRUV—vis spectra of samples treated with
H,0,: (a) TiMe,,,SBA1S-0,, (b) (CH3CO).,, TiMe,,,SBALS, and
(c) (CF3CO0),pTiMe,,,SBA1S. Spectra are offset for clarity.

(17.9 wt %), and a similarly decreased desorption temperature
(44 °C). In contrast, acetate and trifluoroacetate capping groups
significantly decreased the hydrophobicity of the catalyst surface,
leading to increased mass loss (21.7 wt % and 46.5 wt % for
CH;CO,,, TiMe,,,SBALS and CF;CO,,,TiMe,,,SBAIS, re-
spectively) and increased desorption temperatures (73 and
83 °C, respectively). In both types of capped catalyst, the
fluorinated capping group led to a more hydrophilic surface
(increased mass loss) but no additional decrease in the water
desorption temperature.

Observation of Titanium-peroxo Intermediates. Recent
work with related supported titanium and tantalum catalysts
identified catalytically active hydroperoxo (titanium) and peroxo
(tantalum) intermediates with DRUV—vis spectroscopy and
infrared spectroscopy.’*®* These intermediates were formed
when Ti(IV) and Ta(V) catalysts were treated with aqueous
hydrogen peroxide in the absence of olefin. In the same manner,
samples were treated with a 1:1 solution of 30 wt % H,O, and
acetonitrile, heated at 65 °C for 1 h (with stirring), cooled, and
dried under vacuum for 16 h. The LMCT (O—Ti) band in
spectra of all samples was red-shifted by about 5—10 nm, and an
additional absorption band centered at 260 nm appeared as a
broad shoulder on the original LMCT band (Figure 4). This
band was not present in samples without titanium, or in samples
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Figure 5. (A) Catalytic TON as a function of time during 1-octene
epoxidation reactions with tert-butyl hydroperoxide oxidant for TiS-
BA1S (0), TiMe,,,SBA1S (®), and TiMe,,,SBA15-O, (H). TON =
moles of 1-octene oxidation products per mole of titanium(IV). The
selectivity to 1,2-epoxyoctane remained greater than 90% at all times.
(B) 1,2-epoxyoctane selectivity as a function of time during 1-octene
oxidation with reactions with aqueous hydrogen peroxide (30 wt %) for

TiSBA15 (), TiMe,,,SBA1S (®), and TiMe,,,SBA15-O, (H).

cap cap

treated with H,O in place of aqueous H,O,, indicating that both
titanium and hydrogen peroxide are required to form the species
responsible for the new band. In all peroxide treated samples, this
new band can be removed via treatment with a solution of
cyclohexene and acetonitrile at 65 °C for 1 h. After cooling,
aliquots from these solutions contained significant amounts of
oxidation products (measured by gas chromatography), and the
DRUV—vis spectra resembled the original, untreated ones (not
shown). Samples treated with a 1:1 solution of toluene and tert-
butyl hydroperoxide displayed identical spectra to those treated
with aqueous H,O,. Infrared spectra also exhibited a broad band
between 3200 cm ™" and 3600 cm ™', which has previously been
ascribed to a titanium hydroperoxo intermediate.****

Catalytic 1-Octene Epoxidation. In control experiments with
an oxidant and no catalyst (or bare SBA-15), or with a catalyst
and no oxidant, no oxidation products of 1-octene were detected
by gas chromatography (GC) analysis. Previous reports from this
laboratory demonstrated that these types of titanium-based
catalysts do not significantly leach under the reaction conditions
chosen.'”** Additionally, "H and '*F NMR spectra of aliquots
taken during catalytic reactions contained no resonances asso-
ciated with the capping agents used in this study (C¢Xs and
CX;CO, X = H, F).

Of the three materials not modified by protic molecules (TiSBAL1S,
TiMe,,,SBA1S, and TiMe,,,SBA15-0,), TiMe,,,SBA15-0,
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Figure 6. Catalytic TON as a function of time during 1-octene
oxidation reactions with tert-butyl hydroperoxide oxidant for TiMe.,p-
SBA15-O, (M), (C¢Hs)c,pTiMe,,,SBALS (¢), and (CgFs)cap-
TiMe,,,SBA1S (A). TON = moles of l-octene oxidation products
per mole of titanium(IV).
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Figure 7. (A) Catalytic TON as a function of time during 1-octene
oxidation with H,0, for TiMe,SBA15-O, (M), (CgHs)cap-
TiMe,,,SBA1S (4), and (CgFs)copTiMe ,,.SBA1S (A). TON = moles
of l-octene oxidation products per mole of titanium(IV). (B) 1,2-
epoxyoctane selectivity as a function of time during 1-octene oxidation
with H,0, for TiMe_,,SBA15-0, (M), (CsHs)copTiMe,,SBALS (4),
and (CgFs)capTiMe,,p,SBALS (A).

cap

displayed the highest catalytic turnover number (TON, moles of
product per mole of titanium) in the epoxidation of 1-octene
with anhydrous tert-butyl hydroperoxide (Figure SA). The
selectivity for 1,2-epoxyoctane (the epoxide product) for these
catalysts remained essentially the same and was greater than 90%
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Table 3. Catalytic 1-Octene Oxidation with tert-Butyl
Hydroperoxide for (CX;CO),,TiMe,,SBA1S (X = H, F)
Catalysts”

material time [h] TON’ epoxide selectivity [%]
TiMe,,SBA15-0O, 2 36 97
82 99
107 99
24 167 >99
(CH;3CO),pTiMe,,,SBALS 2 22 80
57 93
71 94
24 150 97
(CF3C0) . TiMe,,, SBALS 2 25 63
N 79
63 92
24 123 88

“ Reaction conditions: 35 mg catalyst, 65 °C, S mL of solvent (toluene),
1.55 mL of l-octene, 1.1 mL of tert-butyl hydroperoxide (5.5 M in
decane) oxidant, 50 uL standard (dodecane). " TON = mol oxidation
products/mol Ti.

over a 9 h period. All three catalysts exhibited nearly identical
TONSs when the oxidant was changed to aqueous H,O, (not
shown). However, TiMe,,,SBA15-0, displayed the highest
selectivity to the epoxide (nearly 40% over a 9 h period), while
the other two samples displayed epoxide selectivities near 20%
(Figure SB).

Figure 6 depicts the catalytic TON as a function of time for the
phenol-capped catalysts with TiMe,,SBA15-O,, the most ac-
tive of the uncapped materials, included for reference. The
modified materials exhibited an increased conversion of 1-oc-
tene, with (CgHy)capTiMe,,SBA1S displaying a 50% increase
over the uncapped material at all times, and (Cst)cap'
TiMe,,,SBA1S displaying a 20% increase in TON at longer
times, with TBHP used as an oxidant. This increase occurred
without a significant loss in epoxide selectivity (80% after 0.5 h,
and greater than 90% after 1 h). These materials also exhibited
increased performance with aqueous H,O, as an oxidant
(Figure 7). The phenol capped sample, (C6H5)capTiM€cap'
SBA15, displayed a 50% increase in TON compared to TiMe,p-
SBA15-0,, and a significant improvement in epoxide selectivity,
reaching 56% after 2 h and rising to 68% after 9 h. The fluorinated
counterpart, (CgFs)capTiMe,,SBA1S, exhibited a 15% im-
provement in TON, and epoxide selectivity was increased to
roughly 50% during the reaction. Both samples are associated
with a significantly increased efficiency of H,0, (moles of
product(s) per mole of H,O, consumed) during the reaction,
doubling or tripling the efficiency displayed by the uncapped
TiMe,,,SBA15-0, catalyst (Table 5).

In contrast, carboxylic acid surface additives decreased the
catalytic TON (a nearly 30—40% decrease observed over 24 h of
reaction) when TBHP was used as the oxidant (Table 3). The
epoxide selectivity also decreased during short times, and then
rose during the course of the reaction, just below the level
exhibited by TiMe,,SBA15-O, (90—95% vs 95%). When H,O,
was used as the oxidant, the acetic acid-treated materials dis-
played a TON similar to that for TiMe,,SBA15-O, (~10%
change), and (CF;CO),,TiMe,,,SBA1S displayed an increase
in epoxide selectivity (~ 60% vs 40%), while the selectivity with
(CH3CO)CaPTiMecapSBA15 remained essentially unchanged

Table 4. Catalytic 1-Octene Oxidation with H,O, for
(CX3C0)0pTiMe,,SBALS (X = H, F) Catalysts®

material time [h] TON’ epoxide selectivity [%]
TiMe,,,SBA15-0, 2 12 37
6 22 40
9 29 41
24 46 45
(CH;CO),p TiMe,,,SBALS 2 11 38
19 39
9 24 38
24 52 49
(CF5CO0) . TiMe,,, SBAIS 2 13 71
6 21 62
9 27 58
24 49 59

“Reaction conditions: 35 mg catalyst, 65 °C, S mL of solvent (CH;CN),
1.55 mL of 1-octene, 0.62 mL of H,O, (30 wt % in H,O) oxidant, 25 uL
standard (toluene).  TON = mol oxidation products/mol Ti.

(Table 4). Both of these materials exhibited a decreased H,O,
efficiency to approximately 50% of that associated with TiMe.,-
SBA15-0, (Table 5). It should be noted that 'H and '°F NMR
spectra of aliquots taken during the reaction did not exhibit any
evidence for leaching of the capping groups. In all cases when
H,O0, was used as the oxidant, small amounts (~3—5%
selectivity) of 1,2-octanediol (the acid catalyzed ring-opening
product) were observed.

H DISCUSSION

Synthesis and Characterization of Ti(IV) Catalysts. Treat-
ment of the silica surface with Me,N-SiMe; anchors the Me;Si
group to a surface oxygen atom, liberating HNMe, (detected by

H NMR spectroscopy) as has been previously reported.”
Subsequent low temperature treatment in oxygen decomposes
the organic ligands on titanium, to generate Ti—OH sites, while
keeping the —SiMe; groups intact.>**® The presence of Ti— OH
sites was probed using the method of Lin and Frei, employing
SnCl,. The spectrum of Sn-TiMe,,,SBA1S was dominated by
the absorption due to tin, which lies on top of the LMCT band
for oxygen to titanium, but also contained an additional absorp-
tion extending out to 400 nm. This type of absorption has
previously been attributed to a metal-to-metal charge transfer
from titanium to tin (TiN/ Sn"—Ti'l/ Snm).56 The spectrum of
TiMe,,SBA1S5 remained unchanged after an analogous treat-
ment with SnCl,, indicating that an equivalent Ti—Sn metal-to-
metal charge transfer complex is not formed in this sample. This
suggests that the low temperature treatment in oxygen removes
the organic protecting groups bound to titanium, and is strong
evidence for the presence and availability of Ti—OH sites.
Further reaction of the newly generated Ti—OH sites with acidic
capping groups releases H,O (detectable by 'H NMR spectro-
scopy), anchoring the new capping group onto the surface. These
types of reactions have previously been reported for similar
supported Ti(IV) catalysts.>***%® These mild, low temperature
treatments do not disturb the mesoporous framework, as de-
monstrated by the type-IV isotherm obtained for all surface
modified samples, and by retention of the low angle reflection in
the small-angle X-ray scattering patterns.
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Table 5. Hydrogen Peroxide Efficiencies in the Oxidation of 1-Octene with Modified TiSBA1S Samples (C6X5)capTiMecaPSBA15

and (CX3CO).,,TiMe.,,SBA1S (X = H, F)*"

hydrogen peroxide efficiency [%]

2h
catalyst oxidation products” epoxide
TiSBA1S 2.0 0.4
TiMe,,,SBA1S 27 0.6
TiMe,,,SBA15-0, 62 2.1
(CeHs)capTiMe,,, SBALS 12.1 67
(CoFs)eapTiMe,,,SBAIS 142 6.6
(CH,CO).,, TiMe,,,SBAIS 3.5 16
(CF5C0) pTiMe,,, SBAIS 25 17

6h 24 h
oxidation products® epoxide oxidation products® epoxide
2.7 0.6 4.5 13
5.3 13 4.8 L5
7.9 3.1 14.3 6.2
13.6 9.0 18.2 12.4
11.2 S.0 10.3 52
3.0 13 6.3 2.9
2.8 18 4.5 2.5

“ Residual peroxide concentrations measured by 'H NMR. * Reaction conditions: 35 mg catalyst, 65 °C, S mL of CH;CN, 1.55 mL of 1-octene, 0.62 mL
of H,0, (30 wt % in H20) oxidant, 25 uL toluene (internal standard). “ Oxidation products: 1,2-epoxyoctane, 1,2-octanediol, 1-octen-3-ol, 1-octen-

3-one.

Techniques such as solution UV—visible absorbance spectrosco-
py, solid-state DRUV—vis spectroscopy, and infrared spectroscopy
can be employed to probe the local structure of supported metal sites
because of the sensitivity of the LMCT band to metal coordination
(UV—vis and DRUV—vis), and the appearance of metal—oxygen
and carbon—oxygen stretches (FTIR). The DRUV—vis spectra of
all supported Ti(IV) samples are dominated by a high energy LMCT
band centered between 210 and 220 nm. This type of absorption is
characteristic of an isolated, tetrahedral environment.®”*® No evi-
dence for larger titanium-oxide domains was observed for any sample
via transmission electron microscopy or by X-ray diffraction. The
absorption maxima for TiMe,,,SBA1S and TiMe,,SBA15-O, shift
by about 5 nm, and the absorption band broadens, implying a larger
distribution of titanium environments in these materials, a phenom-
enon that was observed previously with this molecular precursor.'”
However, the major absorptions for these materials still lie below
230 nm, indicating that most of the titanium continues to reside in an
isolated, tetrahedral environment.”” No bands corresponding to
Ti—OH and Ti=O stretching vibrations were observed in FTIR
spectroscopic analyses. DRUV—vis spectra for (CgXs) capTiMe p-
SBAL1S and (CX3CO),,TiMe,,,SBA1S (X = H, F) displayed new
absorption bands that appeared as shoulders in the 240 to 350 nm
range. In the case of (CgXs)capTiMe,,SBA1S (X = H, F), the
shoulder is indicative of 77—7* transitions of the phenolic capping
group, which is also seen in spectra of SBA-15 treated with phenol or
pentaflorophenol. However, spectra of samples without titanium do
not include the long trailing absorption extending out to 400 nm,
which is likely the result of the new Ti—O—X linkage. Infrared
spectra of (CX3CO) ., TiMe,,SBALS (X = H, F) exhibited bands
associated with carbonyl stretches at 1675 cm™ ' (X = H) and
1685 cm ™' (X = F), confirming the presence of these groups on the
surface, since the bands for the free acids appear at 1715 cm™ "
(X=H)and 1783 cm ' (X = F).

Observation of Ti—OOH Intermediates. Numerous studies
have been devoted to elucidation of the active species present in
Ti(IV) epoxidation catalysts.>*>**~*>*70 Both titanium-peroxo
(Ti—0O0) and titanium-hydroperoxo (Ti—OOH) species have
been proposed. Several molecular examples of titanium-peroxo
species have been observed and characterized.’*”" ~"* However,
it is generally accepted that these species are inactive in the
epoxidation of alkenes, in contrast to other transition metal
peroxo species of Ta, Mo, and Re, among others, >0 16475778

No molecular titanium-hydroperoxo species have been success-
fully isolated and characterized to specifically observe the hydro-
peroxo moiety. Previous spectroscopic studies in this laboratory
have identified a Ti—OOH intermediate in the epoxidation of
alkenes with H,0,.>** Spectroscopic identification of this
intermediate was made via the similarity of the DRUV —visible
absorption spectrum and infrared spectrum of the solid catalyst
with other known Ti—OOH species that are active for alkene
epoxidation, such as that in the titanosilicate TS-1.>%*

Upon treatment in H,O,, the LMCT band in the DRUV—vis
spectra of TiMe,,,SBA15-O, is red-shifted from the parent
O—Ti LMCT band for this sample, and a broad shoulder at
about 260 nm trailing to 375 nm develops. This matches the
previous report of surface modified Ti(IV) catalysts, suggesting
that surface modification prior to treatment in oxygen does not
remove the ability for the titanium atoms to interact with H,O,.
Upon addition of H,0,, the main LMCT band of the DRUV
spectra of both (CgXs)capTiMe,,.SBALS and (CX3C0)c,p-
TiMe,,,SBA1S (X = H, F) appears red-shifted from the un-
treated material, and a broad shoulder in the same region as
TiMe,,,SBAL1S is observed. The Ti—OOH stretch also becomes
visible in FTIR spectra for treated samples as a broad band
centered near 3450 cm”™ ', as has been previously observed.”*
This suggests that a similar titanium-hydroperoxo species is
present in all capped materials. It should be noted that this
new band is blue-shifted from the band observed for H,O,-
treated TS-1 (ca. 400 nm),” and further study of this system
including Raman and/or X-ray absorption spectroscopies should
be conducted to determine what specific differences exist be-
tween the two systems. The new DRUV—vis band is also
removed upon treatment of the Ti(IV)/H,O, catalysts with an
alkene, which produces oxidation products and provides further
evidence that this is indeed an active intermediate in the
epoxidation of alkenes.

Catalytic Performance. All titanium-containing materials are
active for the epoxidation of 1-octene. The initial capping of
surface silanol groups led to an increase in alkene epoxidation
rate and increased epoxide selectivity with either oxidant used,
as has been observed for several other supported Ti(IV)
systems.>>**7?% This seems at least partly because of the
increase in surface hydrophobicity (seen in the smaller amount
of adsorbed water and lower desorption temperature), which
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suppresses coordination of polar products (epoxide, diol) and
the epoxidation byproduct (tert-butanol and water) to the Ti(IV)
species on the surface. Thermal treatment in oxygen may ease the
steric congestion around the active centers, caused by the
surrounding bulky —OSi(O'Bu); ligands, and allow oxidant
and substrate molecules to access the Ti(IV) atoms more readily.
Surface hydrophobicity also plays a role in increasinég‘ the H,O,
efficiency, as observed with related Ta(V) catalysts.

The increased activity exhibited by (CgXs)capTiMe ., SBALS
(X = H, F) catalysts is consistent with previous reports that
describe the capping surface Ti—OH and Si—OH species with a
variety of groups. These include replacement of the hydrogen
atom with species such as —SiR3, —SO,(OH), calixarene-based
molecules, O—C(R)-C(R’)-O, and n-CgH,,-C(H)(0O)-CH,O
(the latter two with two bonds to Ti through the two oxygen
atoms).>* 369680782 Theoretical calculations suggest that active
sites which are more electron deficient are more reactive toward
oxygen transfer to the olefin.>® Additionally, active sites derived
from capped titanium (Ti—OR) species are predicted to be more
electropositive and more selective than those derived from
uncapped (Ti—OH) groups, based on X-ray absorption studies
and theoretical calculations.*® *' Phenoxide-based ligands have
also been shown to partially delocalize charge into the six-
membered ring, leading to more electropositive metal centers.®
DRUV—vis and FTIR spectra of both samples suggest that a
similar intermediate is formed for all new catalytic species. The
poorer performance of (CgFs)capTiMe,,SBA1S, which would,
in theory, provide an additional electron withdrawing substituent
bound to titanium, can perhaps be ascribed to the small decrease
in surface hydrophobicity (~ 13 wt % more adsorbed H,O)
compared to (C6H5)CaPTiMecaPSBA15.

The decreased activity exhibited by (CX3CO)C3PTiMecaP-
SBA1S (X = H, F) is also consistent with a decreased surface
hydrophobicity, allowing for the coordination of water and polar
products to the Ti(IV) centers on the surface. Additionally, the
proximity of the carbonyl moiety of the acetic acid capping group
could allow for donation of electron density from the oxygen
atom to the Ti(IV) center. This would in turn increase the
electron density of the metal center, and diminish the apparent
electron-withdrawing effect of titanium, leading to a species less
active for electrophilic oxygen atom transfer in the active Ti(IV)-
hydroperoxo species. A similar situation was reported for isolated
Ti(IV)-calixarene molecules with pendant aldehyde groups in
close proximity to the Ti(IV) atom.** These effects do not
prevent the formation of the active titanium hydroperoxo
(Ti—OOH) species, as observed by DRUV—vis and FTIR
studies. The higher amount of ring-opening products observed
for these catalysts is also consistent with an increased polarity of
the surface as compared to TiMe,,SBA15-O,, which would
result in higher affinity for the more polar epoxide product
molecule and water, and promote the secondary ring-opening
reaction to produce 1,2-octane diol.

B CONCLUDING REMARKS

Modification of TiSBA1S to produce uncapped titanol sites
on a silylated surface (TiMe,,SBA1S5-0,) yielded a catalyst
more active, selective, and eflicient for the epoxidation of
l-octene with both anhydrous fert-butyl hydroperoxide and
aqueous hydrogen peroxide. Subsequent capping of the Ti—OH
sites with protic molecules led to two types of catalysts; those
modified with phenolate and those modified with carboxylate

groups. To our knowledge, this is the first report of hetero-
geneous titanium epoxidation catalysts possessing fluorinated
groups on the surface. Samples modified with phenol groups,
(C6Xs)capTiMe,,SBALS (X = H, F), exhibited marked im-
provement in catalytic activity (20—50% higher turnovers) and
epoxide selectivity (up to 30% higher) with both TBHP and
H,0, as oxidants (roughly double the epoxide yield of TiMe,,p-
SBA15-0,). Additionally, with these catalysts, the efficiency
of H,O, usage was increased by a factor of 2 to 3 during the
course of the catalysis. Samples modified with carboxylic acids,
(CX3CO)caPTiMecaPSBA15 (X = H, F), exhibited decreased
catalytic activity with TBHP (up to 40% lower TON and 10%
decrease in epoxide selectivity), but with small improvements in
activity when H,O, was used (little change in TON but up to
20% increased epoxide selectivity). These materials; however,
were less efficient in the use of H,O, (50% decrease). Thus,
carboxylate groups appear to deactivate the titanium centers
toward catalytic olefin epoxidation, by changing the structure of
the active site and/or by decreasing the hydrophobicity of the
surface. Future studies in this area should focus on the develop-
ment of new molecular precursors incorporating electron-delo-
calizing and/or electron-withdrawing functionalities (perhaps in
place of the isopropoxide ligand in Ti(O'Pr)[0Si(O'Bu)s]5),
which might eliminate the need for multiple surface treatments
after synthesis of the catalyst.

The improvement in catalytic activities reported here are
comparable to or better than several recently reported for
modified, heterogeneous Ti(IV) systems that utilize H,O,.
Nur and Endud reported nearly a doubling of epoxide yield
upon sulfation of the surface of TS-1, and binding of —OS-
(O),OH groups to titanium centers.*® Post-synthetic silylation
of a mesoporous titanosilicate (Ti(IV)-MCM-41) catalyst gave a
sample that exhibited an 80% increase in catalytic turnovers and a
20% increase in epoxide selectivity.”” A supported Ti(IV)
catalyst, with a hydrophobic surface, reported by the same
authors, displayed smaller gains in catalytic activity (30% increase
in turnovers and 10% increase in epoxide selectivity).”” The latter
catalyst also displayed a nearly identical change in catalytic
activity when TBHP was used as the oxidant (30% increase in
turnovers and 7% increase in epoxide selectivity).

B EXPERIMENTAL SECTION

General Procedures. All manipulations were conducted under an
inert nitrogen atmosphere using standard Schlenk techniques or a
Vacuum Atmospheres drybox, unless otherwise noted. Dry, oxygen-free
solvents were used throughout. Benzene-ds was purified and dried via
vacuum distillation from sodium/potassium alloy.

Toluene and 1-octene were purchased from Aldrich and distilled over
sodium prior to use. Phenol was purchased from Fisher Scientific and
sublimed prior to use. Pentafluorophenol was purchased from Aldrich
and distilled prior to use. fert-Butyl hydroperoxide (TBHP, 5.5 M in
decane) and Ti(O'Pr), were purchased from Aldrich and used as
received. Aqueous hydrogen peroxide (30 wt %) was purchased from
EM Science and used as received. Tin dichloride hydrate was purchased
from Allied Chemical, and used as received. (N,N-Dimethylami-
no)trimethylsilane was purchased from Gelest, Inc. and used without
further purification. Mesoporous SBA-15,% (‘Bu0);SiOH,** Mg-
(CH,CgHs),-2THF,* and Ti(OiPr)[0Si(O'Bu);]5*® were prepared
as reported in the literature, dehydrated under dynamic vacuum, and
stored in a vacuum atmospheres drybox until used.
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Synthesis of TiSBA15. A sample of SBA-15 was dried at 120 °C
under vacuum for 16 h and handled under a nitrogen atmosphere.
A 7.7 g sample of SBA-1S was suspended in hexanes (100 mL). A 40 mL
solution of 2.14 g (2.39 mmol) of Ti(O'Pr)[OSi(O'Bu);]; in hexanes
was added via cannula at 25 °C under vigorous stirring. The resulting
mixture was stirred for 72 h, filtered via cannula, and rinsed with hexanes
(3 x 50 mL). The filtered material was dried under vacuum for 2 h at
25 °C and subsequently for 12 h at 120 °C.

Synthesis of Surface Modified TiSBA15 Materials. A S ¢
sample of TiSBA1S was suspended in S0 mL of hexanes. A 20 mL
hexanes solution of 8.0 g (45.3 mmol) Me,N-SiMe; (7 equiv based on
initial silanol content) was added via cannula at 25 °C, under vigorous
stirring. The suspension was stirred for 20 h under a flow of nitrogen.
The solid was then filtered via cannula, rinsed with hexanes (3 x 10 mL),
dried under vacuum for 12 h at 120 °C, and stored in a drybox. This
material is denoted TiMe ,,SBA1S. A sample of this material was
treated in oxygen at 200 °C for 16 h, dehydrated at 120 °C under
vacuum, and stored in a drybox. This material is denoted TiMe.,p-
SBA15-0,.

Titration of Ti—OH Sites in TiMe.,,SBA15-O,. Samples of
SBA1S and TiMe,,,SBA15-O, were treated using the procedure
reported by Lin and Frei.*® A solution (100 mL) of 0.1 wt % SnCl, - H,O
in acetonitrile/dichloromethane (1:1) was added to a 0.2 g sample of
catalyst. The solution was stirred for 0.5 h, filtered via cannula, washed
with dichloromethane, dried under vacuum at room temperature for 12
h, and stored in a drybox. The resulting materials are designated Sn-
SBA1S and Sn-TiMe,,,SBAI1S.

Synthesis of (CX3C0).,pTiMe ., SBA15 (X = H, F). A sample of
TiMe,,SBA15-O, was suspended in 20 mL of toluene. A toluene
solution of CX3COOH (X = H, F, S equiv based on initial silanol
content) was added to the suspension via cannula at 25 °C, under
vigorous stirring. The suspension was heated at 70 °C and stirred for
24 h under a flow of nitrogen. The solid was then filtered via cannula,
rinsed with hexanes (3 X 10 mL), dried under vacuum for 12 h at
120 °C, and stored in a drybox.

Synthesis of (CeXs)capTiMec,pSBAT5 (X = H, F). A sample of
TiMe,,,SBA15-0, was suspended in 20 mL of toluene. A toluene
solution of C¢XsOH (X = H, F, S equiv based on initial silanol content)
was added to the suspension via cannula at 25 °C, under vigorous
stirring. The suspension was heated at 70 °C and stirred for 24 h under a
flow of nitrogen. The solid was then filtered via cannula, rinsed with
hexanes (3 x 10 mL), dried under vacuum for 12 h at 120 °C, and stored
in a drybox.

Observation of Titanium-peroxo Intermediates. Samples
activated with hydrogen peroxide were prepared by adding 2.0 mL of a
1:1 mixture of acetonitrile and 30 wt % H,0, to 0.050 g of TiMe,,p-
SBA15-0,, (CX3C0)c,,TiMe,,,SBALS, or (CeXs)capTiMec,p-
SBA1S. The sample was then heated at 65 °C for 1 h. All volatile
materials were removed under vacuum at 25 °C for 16 h, and samples
were transferred to a drybox prior to measurement. Reactions of these
materials with cyclohexene were conducted by adding 2.0 mL of a 1:1
solution of acetonitrile and cyclohexene and 25 uL of toluene (as an
internal standard) to 0.03S g of the material. The suspension was heated
at 65 °C for 1 h, and a sample (0.1 mL) was remove, filtered, and
analyzed via GC. All volatile materials were removed under vacuum at
25 °C for 16 h, and samples were transferred to a drybox prior to
measurement.

Characterization. Solution NMR spectra were recorded at 400
MHz using a Bruker AVB-400 spectrometer (‘H, "*C, '°F). Nitrogen
adsorption measurements were measured using a Quantichrome Auto-
sorb 1, and samples were outgassed for 1 h at 120 °C prior to
measurement. Infrared spectra were collected using a Thermo Nicolet
6700 FTIR spectrometer. Elemental Analyses were performed by the
College of Chemistry microanalytical laboratory at the University of
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California, Berkeley, Galbraith Laboratories, and Columbia Analytical
Services, Inc. DRUV—vis spectra were collected using a Varian-Cary 300
Bio spectrophotometer with a diffuse reflectance attachment. MgO was
used as the 100% transmittance standard. Thermal gravimetric analyses
were preformed with a Seiko Instruments Inc. EXSTAR 6000 TG/DTA
6300 under a flow of 100 cm® min ' of nitrogen or oxygen and a heating
rate of 5 °C min~ . DSC measurements were performed with a TA
Instruments DSC 2010 Differential Scanning Calorimeter with a heating
rate of $ °C min~ ' Oxygen treatment of materials was conducted using a
Lindberg 1200C three-zone furnace with a heating rate of S °C min
under a flow of air or oxygen, with a 4 h isothermal soak. Hydroxyl group
content of samples was determined by reaction with Mg(CH,C¢Hj),
2THF and quantification of the evolved toluene with 'H NMR
spectroscopy. GC analyses were performed on an HP 6890N system
using a phenyl methyl polysiloxane DB-S capillary column (30.0 m X
320 ym X 1.00 um), and integration was performed relative to the
dodecane internal standard.

Catalytic 1-Octene Epoxidation. A sample of catalyst (0.035 g)
was added to a 25 mL round-bottom flask fitted with a reflux condenser
and a septum. Under a flow of nitrogen, solvent (S mL) and 1-octene
(1.5 mL) were added via syringe. Dodecane (50 uL) or toluene (25
uL) was added as an internal standard. The mixture was heated to 65 °C
where it was allowed to equilibrate for 15 min before the oxidant (1.1 mL
TBHP, 5.5 M in decane, or 0.62 mL of H,0,, 30 wt % in H,0) was
added via syringe to the rapidly stirring solution. Aliquots (100 L) were
taken from the reaction mixture via syringe, filtered, and cooled. The
filtrate was analyzed by gas chromatography (GC), and products were
assigned based on known samples analyzed under the same conditions.
Additional aliquots (100 uL) were taken to measure residual peroxide
concentrations via "H NMR spectroscopy. Concentrations were deter-
mined via relative peak integration to a dichloromethane internal
standard.

Il ASSOCIATED CONTENT

© Ssupporting Information. DRUV—vis spectra for Sn-
SBAI1S5 and Sn-TiMe,,,SBAL1S, difference of Sn-TiMe,,,SBA1S
and Sn-SBA1S DRUV—vis spectra, DRUV—vis spectra of
SBA1S samples treated with phenol (CsHsOH), pentafluoro-
phenol (C¢FsOH), acetic acid (CH;COOH), and trifluoroacetic
acid (CF;COOH), nitrogen adsorption—desorption isotherms,
and small-angle X-ray scattering patterns for SBA-15 and all
dispersed Ti(IV) catalysts. This material is available free of
charge via the Internet at http://pubs.acs.org.
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