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Hydrophobic amorphous mixed oxides AM-Ti3MeSi40Si were pre-
pared in the absence of modifiers as true xerogels with a narrow
mesopore distribution around 3 nm. These materials selectively
catalyze the quantitative conversion of olefins and allyl alcohols
with an excess of oxidizing agent (TBHP). Regio- and chemoselec-
tivity are comparable to literature data, most commonly obtained
with hydrophilic aerogel catalysts and large excesses of olefin.
c© 2001 Academic Press
INTRODUCTION

The direct epoxidation of olefins on Ti-containing porous
silicon dioxides and zeolites has received considerable at-
tention during the last few years. Titanium-substituted
silicalite-1 (TS-1) is a good catalyst for the epoxidation of
small olefins with hydrogen peroxide. The success of TS-1
as an oxidation catalyst spurred the synthesis of an increas-
ing variety of related zeolite-type catalysts, such as Ti–β,
TS-2, Ti–ITQ-2, or Ti–ZSM-12 (1). Although with increas-
ing pore size these materials can also oxidize larger alkenes,
there are still limitations of molecular size and only moder-
ate activity has been reported.

A very promising class of catalyst materials is the sol-
gel-derived aerogels, amorphous Ti–Si mixed oxides with
a relatively broad distribution of mesopores (9 nm), pre-
pared under supercritical conditions. These materials show
chemo- and diastereoselective behavior in the epoxidation
of a wide variety of alkenes and allylic alcohols (2). The
effect of organic modification of the catalyst on epoxida-
tion behavior has been studied by varying the amounts
of nonhydrolyzable methyl groups (copolycondensation of
tetraethoxysilane and methyltriethoxysilane (MTES)) (2).
Although the overall effects were not drastic, a significant
improvement of epoxidation activity was found for the ma-
terial made from 10 mol% MTES. In the catalyst prepa-
ration prehydrolysis of MTES was carried out in order to
adjust for the relative rate of hydrolysis of the two alkox-
1 To whom correspondence should be addressed.
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ides. Although this procedure is standard in the literature,
it should result in the formation of methyl-rich domains
(block copolymers) rather than in a homogeneous distri-
bution of covalent methyl groups throughout the materials.
Replacing these nonhydrolyzable methyl groups with fic-
tionalized organic groups resulted, in some examples, in
additional improvements of the catalytic activity of these
aerogels. When 3-acetoxypropyltrimethoxysilane was used
in the aerogel preparation, significant rate and selectivity
increases were reported for the epoxidation of cyclohexene
and cyclohexenol (3). By introducing the N,N-dimethyl-3-
aminopropyl group an epoxidation selectivity of 93% at
100% TBHP conversion was observed. (4). Clearly, the
presence of organic groups can improve the activity and
selectivity of these catalysts, but so far these new effects are
empirically found and are not understood in detail.

The discovery of Ti-substituted molecular sieve (TS-1)
allowed the use of environmentally friendly H2O2 as the ox-
idant for selective oxidation (5). The special activity of TS-1
is due to the tetrahedrally coordinated Ti in the framework,
its hydrophobic nature, and Lewis-acidic TiIV- sites (6). Due
to its small pores TS-1 is often claimed not to be active in the
oxidation of bulky molecules. To overcome this limitation
large-pore titanium-containing zeolites were synthesized,
Ti–β (7–10), Ti–HMS (11), and Ti–MCM-41 (12, 13), but
their performances were not comparable to that of TS-1
(14). Selective oxidation of unsaturated alcohols has been
reported by Sheldon et al. with TS-1 and H2O2 (15). With
TS-1 and urea peroxide or Ti–β zeolites and H2O2, diastere-
oselective oxidation of allylic alcohols has been reported.
In comparison with homogeneous Ti catalysts significant
selectivity differences are observed. However, despite the
much smaller pores of TS-1 little difference in relative ac-
tivity or selectivity compared to Ti–β is reported, indicating
a lack of pore size effects. The large amount of catalyst used
and the relatively long reaction times of 12–24 h seem to be
the major drawbacks (16).

Another group of materials useful for double bond epox-
idations is the Ti-containing MCM-type materials. These
materials have a very narrow distribution of mesopores and
as such are an interesting alternative to the Ti–Si aerogels,
0021-9517/01 $35.00
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which have a much broader pore size distribution. With a
MCM-41 catalyst containing Ti in the framework, a lower
total activity was reported for epoxidation reactions relative
to TS-1 or Ti–β zeolites (17). Higher selectivity and activ-
ity for the epoxidation of cyclohexene was reported for a
MCM-41 catalyst grafted with the Ti–Cp2Cl2 complex as the
active site (18). The same complex had already been used
in the preparation of a sol–gel-derived silica-based catalyst,
active and selective for epoxidations of nonactivated olefins
(19).

In the past we have demonstrated that amorphous micro-
porous mixed oxides (AMM) with a narrow pore size dis-
tribution (comparable to that of zeolites) can be prepared
by simple sol–gel procedures. A variety of Ti–Si mixed ox-
ides (AMM-TixSi) were prepared from titanium tetraiso-
propoxide (TIPOT) and tetraethoxysilane (TEOS) under
acidic sol–gel conditions. Since these materials are prepared
in solution and dried in the open atmosphere, they can
be classified as xerogels. Ultra violet diffusive reflectance
(UV-DRS) studies showed that Ti is homogeneously dis-
tributed in these materials (20). This has been confirmed
by EXAFS studies as well as by high-resolution transmis-
sion electron microscopy (HRTEM) with selected area en-
ergy dispersive X-ray analysis (EDX) (21). These materials
are active and selective for alkene epoxidation with TBHP
(22), although a 4 : 1 excess of alkene over TBHP had to
be used. A drastic decrease in epoxidation turnover fre-
quency was observed with increasing molecule size (from
1-hexene to 1-pentadecene), confirming a significant pore
size effect (shape selectivity) comparable to that of TS-1
(21, 23). However, in all these reactions, excess olefin was
used and, still, maximum TBHP conversion was limited to
about 40%. By copolycondensation of TEOS and TIPOT
with MTES nonhydrolyzable methyl groups were intro-
duced into the amorphous framework, resulting in a dra-
matically improved catalytic performance. Not only did the
total conversion increase from about 40 to 100%, but even
hydrogen peroxide could be used as oxidizing reagent (24).
It was shown that with increasing Me content the materials
became increasingly hydrophobic. With pulse field gradient
NMR it has been shown that this increased hydrophobicity
does not affect the diffusion of unpolar hydrocarbons in the
micropores, but drastically increases the mobility of water
and polar molecules (25). Apparently, polar molecules, such
as products, reagents, or impurities, clog micropores with
hydrophilic surfaces. It has been shown that the activity and
selectivity of these amorphous catalysts are comparable to
that of the crystalline TS-1 in various selective oxidation
reactions (24). Although several problems of selective oxi-
dation could be addressed with these AMM materials, the
narrow pore size of these microporous materials still rep-
resented a major limitation.
We report here the preparation of hydrophobic meso-
porous amorphous mixed oxides (AM) in the absence of
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modifiers or templates (true xerogels) and their perfor-
mance relative to their microporous counterpart (AMM)
as selective oxidation catalysts under liquid phase reaction
conditions.

EXPERIMENTAL

All solvents and reactants were dried carefully prior to
the reactions.

Catalyst Preparations

Microporous catalyst. For the preparation of AMM-
Ti3MeSi40Si57: 40 mmol MTES and 57 mmol TEOS were
placed in a 100-ml PP beaker equipped with a magnetic stir-
ring bar and mixed with 3 mmol titanium propoxide. After
agitation for 15 min this solution was diluted with 300 mmol
ethanol. Subsequently 4.38 ml HCl (8 mol/liter) was added
dropwise to the well-stirred solution, which turned from
colorless to yellow.

Drying procedure. The clear solution in the beaker was
densely covered with polyethene foil and stirred for another
24 h. The polyethene foil was taken off to allow evapora-
tion of the volatiles. The gelation occurred within 1–2 days.
After 5 days the sample was heated from room temperature
up to 338 K with 0.1 K/min and kept at this temperature for
100 min. Then, the temperature was allowed to rise to 523 K
at the rate of 0.1 K/min for 5 h. Finally the samples were
cooled down to room temperature at the a rate of 2 K/min.
The glass was then crushed with a mortar and milled in a
ball mill for 20 min. The materials have been characterized
previously (24). For simplification, this microporous cata-
lyst hereafter is identified as AMM-Ti3.

Mesoporous catalyst. The preparation of AM-Ti3
MeSi40Si57 followed the same procedure as the microporous
catalyst, except for the drying process, which was modified.

Drying procedure. Thereafter the clear solution in the
beaker was densely covered with polyethene foil and stirred
for another 24 h. Then the solution in the beaker was placed
in the hood for 4 weeks. Then the foil was punctured with
about 10 holes to allow for slow evaporation of the solvent
and allowed to stand for another 3 months. Thereafter the
sample was heated from room temperature up to 338 K with
0.1 K/min and kept at this temperature for 100 min. Then,
the temperature was allowed to increase to 523 K at the
rate of 0.1 K/min for 5 h. Finally the samples were cooled
down to room temperature at the rate 2 K/min. The glass
was then crushed in a ball mill for 20 min. For simplifica-
tion, this mesoporous catalyst hereafter is identified by the
abbreviation AM-Ti3.

Characterization
Physisorption. Argon physisorption measurements
were collected on an Omnisorb 360 (Coulter). The samples
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were outgassed prior to measurement at 523 K and
10−4 mbar for 12 h. Adsorption isotherms were recorded
using a static volumetric technique with a starting pressure
of 5 Torr that was increased by a factor of 1.05 for every
dosage step. Argon was adsorbed at a temperature of
87.4 K (Arlq). The pore size distributions were calculated
for the microporous samples using the Horvath–Kawazoe
model, while, for the mesoporous materials the Barrett–
Joyner–Halenda theory was applied (26). The absence or
presence of micropores was identified by the absence or
presence of a point of inflection at the low pressure region
of the Ar-adsorption isotherm (27). For the surface area
determination the BET variation of Dubinin was applied.

X-ray diffraction. X-ray powder diffraction (XRD) pat-
terns were measured using the Debye–Sherrer technique
on a Stoe Stadi 2/PL diffractometer using CuKα radiation
in the range of 2θ = 10–90◦. The detector used was an area
detector PSD1. All powered gels were studied at room tem-
perature after calcination.

Electron microscopy. The glasses were examined with
HRTEM on a Hitachi HF 2000 instrument combined with
EDX. The amorphous nature of the materials was exam-
ined by electron diffraction (magnification, 200 K; camera
length, 0.2 m) and high-resolution imaging. The samples
were crushed in an agate mortar in a methanol suspension
and transferred to a Holey carbon grid (copper, 3 mm in
diameter).

Infrared spectroscopy. Fourier transform infrared
transmission spectra (FTIR) of the catalysts were collected
with a Bruker IFS 48 Fourier transform spectrometer with
a spectral resolution of 2 cm−1 at 200 scans and the ex-
perimental data were displayed using the Kubelka–Munk
function (dry KBr as background). For DRIFTS measure-
ments the catalyst was dried in situ at 400◦C for 12 h in a
flow of dry argon using a reaction chamber (Harrick HVC)
in combination with a diffuse reflectance unit (Harrick
DRA-XX). This drying procedure is essential to remove
Si–OH bands around 960 cm−1, which otherwise obscure
the Si–O–Ti band at the same spectral region (21).

UV spectroscopy. UV spectroscopy was carried out on
a Varian Cary 05 UV-VIS-NIR spectrometer in DRS. The
spectra were recorded either under ambient conditions or
under dry conditions using a special quartz cell, which al-
lowed heat treatment (2 h at 673 K in a flow of argon) and
measurement in a moisture-free atmosphere. The Kubelka–
Munk function was used to display the data (28).

Catalytic Testing

The catalysts were heated to a temperature of 250◦C for
3 h in a constant stream of argon to remove all traces of
water before use. All conversions given are conversions of

starting alkenes and selectivities given relate to the desired
product and are based on this conversion.
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Epoxidation of olefins. Olefin (5 mmol) and 10 mmol
of TBHP (solution in i-octane, 4 mol TBHP/liter; ratio of
olefin:TBHP, 1 : 2) were mixed in the presence of 50 mg of
catalyst in a glass microreactor equipped with a magnetic
stirrer and heated to 80◦C. Conversion was monitored by
taking samples and analyzing them by gas chromatography
(GC).

Epoxidation of allylic alcohols. Allylic alcohol (8 mmol)
and 8 mmol of TBHP (4 M TBHP in i-octane; ratio of
olefin:TBHP, 1 : 1) were mixed in the presence of 50 mg of
catalyst in a glass microreactor equipped with a magnetic
stirrer and heated to 80◦C. The conversion was monitored
by GC. The products were identified by gas chromatog-
raphy/mass spectroscopy, by GC, or by comparison with
authentic samples. At the analysis of the products in the
epoxidation of the secondary allylic alcohols preparative
gas chromatography was used to obtain the pure products
and their structures were then identified by 1H-NMR and
13C-NMR.

RESULTS AND DISCUSSION

Catalyst Preparation and Characterization

Both catalysts were prepared by modified sol–gel proce-
dures. To avoid domain formation the Ti content was kept at
3% (21). To adjust the relative rate of hydrolysis of MTES
relative to TEOS prehydrolysis of MTES is commonly ap-
plied before the TEOS addition. Although this is common
practice in the literature, we chose not to use prehydrol-
ysis for the simple reason that prehydrolysis must result
in the formation of MTES domains. This in turn must re-
sult in the formation of hydrophobic islands, which in turn
will promote the formation of hydrophilic islands on the
silica formed from TEOS, which is usually only added af-
ter prehydrolysis. In other words, we assume that prehy-
drolysis will result in the formation of block copolymers
rather than true copolymers as desired by us. Our interest
is in preparing a material as homogeneous in elemental dis-
tribution and functionality as possible. Therefore, reaction
conditions were optimized to provide a clear homogeneous
glass during the whole sol–gel transformation, in which both
components, MTES and TEOS, were copolymerized simul-
taneously. Since the microporous AMM material has been
characterized before (24), mainly the new characterization
data of the mesoporous material are reported here.

Physisorption. The methods applied rely on previous
studies of the pore architecture and size of these amorphous
mixed oxides. We have shown that micropore diameters
can only be identified reliably by the presence of a point of
inflection in the low pressure region (p/p0< 10−1) of high-
resolution adsorption isotherms obtained with Ar at the

temperature of Arlq. The adsorption isotherms are shown
in Fig. 1 and surface areas and pore volumes, as deduced



D
118 DENG AN

FIG. 1. Argon adsorption isotherms of AMM-Ti3 and AM-Ti3.

from the adsorption isotherms, are listed in Table 1. The
maximum pore size of AM-Ti3 is 3.0 nm while that of AMM-
Ti3, which has the same composition as AM-Ti3, is 0.70 nm.
The surface area of AM-Ti3 is lower than that of AMM-Ti3.

X-ray diffraction. Both materials are X-ray amorphous;
the spectra are very similar. The XRD spectrum of the AM-
Ti3MeSi40Si is shown in Fig. 2.

Electron microscopy (HRTEM/EDX). HRTEM and
EDX were used to investigate the textural properties of the
catalysts at atomic resolution. Neither electron diffraction
patterns, typical of crystalline samples, nor crystalline lattice
fringes could be detected in the catalysts. A typical micro-
graph of the AM-catalysts is shown in Fig. 3. The elemental
compositions obtained from selected area EDX analyses
confirmed the expected compositions from the synthesis.
No evidence of the formation of domains or enrichments
has been obtained, indicating that the Ti centres are on iso-
morphic positions in the amorphous silica lattice.

FTIR spectroscopy. The DRIFT spectrum of AM-Ti3 is
given in Fig. 4. Surface SiOH bands, usually obscuring the
900–1000 cm−1 region, have been removed through the tem-
perature treatment at 673 K prior to the measurement. The
band at 960 cm−1 is thus characteristic of titanium silicate
molecular sieves (29). This band at 960 cm−1 is considered
evidence for the isomorphous substitution of Si by Ti (Si–

TABLE 1

Physisorption Results

Catalyst SBET (m2/g) Pore volume (cm3/g) Pore sizea (nm)

AMM-Ti3 734 0.44 0.71
AM-Ti3 479 0.58 3.1
a Maximum pore size distribution.
MAIER

FIG. 2. XRD pattern of AM-Ti3.

O–Ti vibration) in amorphous mixed oxides (21, 30, 31).
The band at 1280 cm−1 is assigned to the Si–C vibration of
the methyl group (2, 24).

UV spectroscopy (DRS). The adsorption band at
210 nm for TS-1 is attributed to isolated Ti(IV) frame-
work sites in tetrahedral coordination (32, 33). The band
at 220 nm, which is also present in TS-1 and Ti–Beta, has
been assigned to the ligand-to-metal charge transfer (CT)
involving isolated Ti atoms in octahedral coordination, in
which two water molecules take part (17). Peaks between
300 and 350 nm indicate the presence of anatas (34, 35).

The catalysts obtained directly after calcination showed
the presence of a band at 210 nm. After a long period in
moist atmosphere the band shifted to 220 nm. After heat-
ing under argon the band at 210 nm could be recovered,
indicating that its disappearance can be associated with the
reversible adsorption of water. Since the catalyst activity is
highest after such a heating process, it is assumed that the
activity decrease is directly associated with water adsorp-
tion to the Ti sites. No peaks between 300 and 350 nm were
detected (Fig. 5).
FIG. 3. High-resolution transmission electron micrograph of AM-Ti3.
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FIG. 4. DRIFT spectrum of AM-Ti3.

Selective Oxidations

Influence of olefin : hydroperoxide molar ratio. In the
literature commonly high olefin : hydroperoxide molar ra-
tios are applied to achieve the desired high epoxide selec-
tivities. Due to competing decomposition of hydroperoxide,
lower olefin : hydroperoxide ratios often lead to lower selec-
tivities with increasing olefin conversion (36, 37). Different
ratios were used to test their influence on the selectivities
to epoxide (Table 2). With our catalysts high selectivities
were obtained even at the low olefin : hydroperoxide ratio
of 1 : 2), indicating a remarkable selectivity of the catalysts
toward double bond oxidation.

Activity comparison with AMM-Ti3. Due to more ef-
ficient molecular transport through the mesopores we ex-
pected to see a higher rate of reaction on the AM-catalyst.
When the activity of the mesoporous AM-Ti3 for the epox-
idation of 1-octene was compared with that of the micro-
porous AMM-Ti3 (Fig. 6), it was surprising to see no dif-
ference in selectivity and a slightly higher reaction rate on
the microporous catalysts. The same relative behavior was
observed for the oxidation of cyclohexane (37). Due to the
lack of additional information, we can only speculate that
the size of the molecules studied is still small enough to be
transported effectively through the 0.8-nm micropores of
the AMM materials.

FIG. 5. UV-DRS spectra of AM-Ti3 (a) Directly after calcination,

(b) under ambient conditions after several months, and (c) after drying
under argon at 250◦C for 2 h.
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TABLE 2

Effect of 1-Octene/TBHP-Ratio on Epoxidation
of 1-Octene

Conversion of Selectivity to
1-Octene : TBHP 1-octene (%) epoxide (%)

5 : 1 13.7 100
1 : 1 30.9 99.0
1 : 2 32.3 99.1

Note. Reaction temperature, 80◦C; total volume, 3.3 ml; re-
action time, 5 h.

Heterogeneity test. Homogeneous Ti–isopropoxide is a
good epoxidation catalyst. To investigate the heteroge-
neous nature of the reactions, the solid AM-catalyst was
filtered off with a 0.02-µm syringe filter at the reaction
temperature of 80◦C after 1.5 h. It has been shown pre-
viously that filtration at lower temperatures results in read-
sorption of dissolved homogeneous species on the solid
surface, thus falsifying the results (38). Reference experi-
ments were performed under identical reaction conditions.
The test reactions for epoxidation of cyclooctene and 3-
methyl-2-butene-1-ol are shown in Figs. 7 and 8, respec-
tively. After filtration conversion essentially stopped, the
very slow increase detected is attributed to nanoparticles
not removable by filtration. The Ti content in the mother
liquor did not exceed the detection limit. The conversion
in the reference experiments continued. The epoxidations
catalyzed by AM-Ti3 are truly heterogeneous.

Epoxidation of the different olefins. Table 3 summarizes
the results of alkene oxidations with the mesoporous AM-
Ti3. In contrast to the state of the art with alternative aero-
gel catalysts and Ti–silicalites, we can now use equimolar
amounts or even an excess of TBHP in order to drive alkene
conversion to completion. For the first time, we report here
total conversion of alkenes with epoxide selectivities larger
than 90%. The best result was achieved with 1-octene, which
FIG. 6. Effect of pore size on the catalytic activity of the catalysts
indicated for the epoxidation of 1-octene with TBHP.
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FIG. 7. Effect of the removal of the AM-Ti3 catalyst after 1.5 h on
the epoxidation of cyclooctene.

has been quantitatively converted to the epoxide with a se-
lectivity of almost 99% (uncorrected GC data).

The reactivity of the α-olefins decreases with increas-
ing chain length, 1-hexene> 1-octene, and increases with
increasing electron density on the double bond, cy-
clooctene, cis-2-hexene, cyclohexene> 1-methyl-1-cyclo-
hexene> trans-2-hexene> 1-hexene. Relative reactivities
depend mainly on the nucleophilicity of the double bond,
which parallels the characteristics of homogeneously cata-
lyzed epoxidations (36, 40). However, the much slower re-
actions of cyclododecene and 1-octene must be attributed to
molecular size or diffusion effects. The retention of stereo-
chemical configuration has been observed: cis-2-hexene
gives exclusively the cis-epoxide, and trans-2-hexene gives
exclusively the trans-epoxide. The high selectivities ob-
served with a wide range of olefins and the stereospeci-
ficity of the reaction are consistent only with a heterolytic
mechanism. With TS-1 1-hexene reacts much faster than cy-
clohexene. This has been attributed to steric factors, where
cyclohexene is already hindered in entering the small pores
of the silicalite (41). With our AM material cyclohexene re-
acts much faster than 1-hexene, which is also observed with
FIG. 8. Effect of the removal of the AM-Ti3 catalyst after 1.5 h on
the epoxidation of 3-methyl-2-butene-1-ol.
D MAIER

TABLE 3

Alkene Oxidations with TBHP and AM-Ti3

Alkene
conversion

Time [epoxide selectivity] TOF*

Reactant [h] Product [%] [h−1]

16 100 [90.8] 79.1a

21 100 [92.8] 100.2

8 97.1 [99.5] 102.5

154 98.0 [92.6] 49.5

485 90.0 [89.9] 38.6

25 97.6 [94.3] 54.7

168 100 [98.9] 15.8

72 89.5 [92.6] 21.7

48 94.5 [98.0] 48.1

8 96.4 [98.7] 105.3

∗
Reaction time, 1 h.

a Using 5 M TBHP in nonane.

the Ti–Si aerogels. All the olefins can be almost quantita-
tively oxidized to epoxides.

Epoxidation of allylic alcohols. Epoxidation of primary
allylic alcohols and homoallylic alcohols has been tested;
the results are listed in Table 4. Double bond oxidation to
the epoxides dominates in all cases. Conversions are high,
but not as quantitative as with the alkenes. The rate of re-
action is no function of chain length or double bond re-
activity, as documented with the rapid conversion of the
geraniol. The epoxidation selectivity of 3-methyl-2-butene-
1-ol is with 83% the lowest. The double bond near the hy-
droxyl group was oxidized preferentially in the epoxida-
tion of geraniol. The selectivity ratio of two double bonds
is 4.5 : 1. This preference illustrates that a hydroxyl group
is able to regioselectively deliver the oxidant to the less
electron-rich double bond of a diene (36, 42, 43). With mi-
croporous AMM-Ti3 the oxidation of geraniol proceeds at

the same rate as on AM-Ti3, but the selectivity is slightly
higher, indicative of an onset of shape selectivity.



T
HYDROPHOBIC

TABLE 4

Oxidation of Primary Allylic and Homoallylic Alcohols with
TBHP and AM-Ti3

Alkene conversion
[epoxide selectivity]

Reactant Time [h] Product [%]

166 79 [85]

166 87 [91]

6 78 [83]

120 82 [92]

55 84 [95]
5 63 [63]1

69 [75]∗2

1 Selectivity to epoxide at the end side double bond is 14%.
2 Selectivity to epoxide at the end side double bond is 8%.∗

With AMM-Ti3.

Diastereoselectivity is documented in Table 5 with the
epoxidation of secondary allylic alcohols. Threoepoxide
formation is clearly preferred, which has also been observed
with Ti aerogels (44) as well as with Ti-catalyzed homoge-

TABLE 5

Epoxidation of Secondary Allylic Alcohols with TBHP
and AM-Ti3

Reactant Time Threo/ Alkene conversion
[%]a [h] Product Erythro [%] [epoxide selectivity]

2 78/22b 40 [92]

2 89/11 58 [91]c

74 62/38 33 [93]d

1 67/33 39 [96]

26 67/33 78 [95]

48 56/44 50 [94]

44 57/43 57 [91]

a Temperature, 353 K.
b cis/trans.

c Catalyzed by AMM-Ti3.
d Temperature, 313 K.
i–Si XEROGELS 121

TABLE 6

Effect of Alcohol Function on the Epoxidation of Olefins

Alkene conversion TOF∗
Reactant Time [h] Product [epoxide selectivity] [%] [h−1]

1 48.8 [99.1] 112.8

1 24.5 [90.5] 56.6

∗
Reaction time, 1 h.

neous epoxidations (45). The AM-catalyst is more active for
the epoxidation of trans-3-pentene-2-ol and cyclohexenol,
which both possess an internal C==C double bond, rela-
tive to the alcohols with terminal double bonds. Its higher
reactivity may be due to the higher electron density result-
ing from the electron-releasing effect of the alkyl group
(44). Cyclohexenol can be epoxidized preferentially to cis-
epoxide. Temperature has no influence on diastereoselec-
tivity, which contrasts with the results with homogeneous
catalyst that asymmetric synthesis increases when the re-
action temperature is lowered (46). Pore size has little in-
fluence on diastereoselectivity, as shown in the epoxidation
of cyclohexen-3-ol with microporous AMM-Ti3 and meso-
porous AM-Ti3. Again, in contrast to initial expectations,
the reaction rate is slightly lower on the mesoporous rela-
tive to the microporous catalyst.

In homogeneous metal-catalyzed epoxidations, introduc-
ing an allylic hydroxyl group can result in a dramatic over-
all rate enhancement (36, 42, 43). The opposite is true for
the heterogeneously catalyzed epoxidation with the AM-
catalyst (see Table 6). Epoxidation of cis-2-hexene proceeds
twice as fast as that of trans-2-hexen-1-ol, confirming the
trend already observed with the aerogel-catalyzed epox-
idation (44). This reduction of rate is attributed to mass
transport effects, i.e., slower rates of diffusion of the more
polar and larger alcohols in the catalyst pores.

CONCLUSION

Two hydrophobic amorphous Ti–Si mixed oxides of iden-
tical chemical composition, one mesoporous and one mi-
croporous, have been prepared by copolycondensation of
MTES, TEOS, and titanium propoxide in a one-step pro-
cedure by an acid-catalyzed sol–gel process in the open air
in the absence of any modifier. Both materials have been
obtained as xerogels (no supercritical conditions). The ma-
terials have narrow pore size distributions and the Ti is
homogeneously distributed in the amorphous silica lattice.
The materials are very active and selective catalysts for the
epoxidation of bulky olefins and allylic alcohols in the liquid

phase. There is little difference in the activity and selectivity
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of these two materials. It is unusual that the reactions can
be carried out with excess oxidizing agents, which allows
quantitative conversion of the olefin at selectivities exceed-
ing 90%. The lack of secondary reactions observed is at-
tributed to the hydrophobic nature of the catalysts, the low
Ti content, and/or the lack of acidic sites.
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