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Abstract

The essentially aluminum-free titanium containing analogue of zeolite beta was synthesized using
di(cyclohexylmethyldimethylammonium (DCDMA) as the template. The titanium zeolite beta was found to exhibit
Brgnsted acidic properties when alcohols were employed as the solvent, which is explained by the Lewis acid character of
the titanium site, which on coordination of an alcohol yields a mild Brgnsted acid site. The use of alcohol /acetonitrile
mixtures as the solvent showed a clear maximum in activity in 1-octene epoxidation, depending on the type and amount of
alcohol used. A catalytic species is proposed in which an alcohol as well as a hydroperoxo group is coordinated to a

framework connected titanium atom.
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1. Introduction

Since the discovery in 1983 of TS-1, a tita-
nium containing silicalite with the MFI struc-
ture, by Taramasso et al. [1], much research has
been performed on its synthesis as well as on its
application as oxidation catalyst in a wide range
of oxygenations with hydrogen peroxide. The
strength of TS-1 is a combination of isolated
tetrahedrally coordinated titanium atoms in a
silicate structure together with a hydrophobic
and acid-free defined environment, for a review
see Ref. [2].o An obvious limitation is its pore
size of 5.4 A. Recently two new types of tita-
nium containing molecular sieves with large
pores were reported. Camblor et al. [3] reported
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the incorporation of titanium in zeolite beta,
though considerable amounts of aluminum were
still present. Since the aluminum present causes
unwanted acid-catalyzed side reactions, it was
felt as a challenge to obtain an aluminum-free
material. Rigutto et al. [4] avoided the presence
of aluminum by gas phase substitution of zeolite
boron-beta with TiCl,. Recently three publica-
tions appeared, concerning the direct hydrother-
mal synthesis of the aluminum-free titanium
analogue of zeolite beta [5—7]. Corma et al. and
Tanev et al. [8,9] reported the synthesis of
systems with even larger pores, the Ti-MCM-41
family. Ti-MCM-41 belongs to the class of
mesoporous silicates and has pores sizes of 20
to 80 A.

Especially the titanium analogue of zeolite
beta (Ti-B) is interesting, since it has a three-di-

1381-1169 /97 /$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved.

PII S1381-1169(97)00074-5



138 J.C. van der Waal, H. van Bekkum / Journal of Molecular Catalysis A: Chemical 124 (1997) 137-146

mensional structure as well as a hydrophobic
interior, provided that aluminum is absent. We
found di(cyclohexylmethyl)dimethylammonium
(DCDMA) to be a new and strong templating
cation for the synthesis of zeolite beta. Earlier
we showed that Ti-f is an excellent catalyst in
the epoxidation of bulky olefins, such as nor-
bornene, limonene and a-terpineol. As we al-
ready pointed out [6], the Ti-B does have acidic
properties when alcoholic solvents are used,
which could not be assigned to residual alu-
minum. Similar results (e.g., formation of gly-
cols when alcoholic solvents were employed)
were observed by Saxton et al. [5] and Corma et
al. [7). We hereby report on the influence of
various solvents on the catalytic activity perfor-
mance and selectivity of Ti-8 in epoxidation
catalysis.

2. Experimental

Di(cyclohexylmethyl)dimethylammonium
bromide (DCDMA - Br) was synthesized from
cyclohexylmethyl bromide and N,N-
dimethyl(cyclohexylmethyl)amine in DMSO at
90°C overnight. The bromide was subsequently
converted to the hydroxide (DCDMA - OH) by
silver oxide. For a typical synthesis of Ti-8,
0.25 g titanium(IV) ethoxide (TEOT) was added
to 30.0 g of a 19.5% w/w DCDMA - OH solu-
tion in water and stirred until all the TEOT was
dissolved. To the clear solution 3.0 g Aerosil
200 (Degussa), 0.15 g seeds (all-silica beta [10])
and 11.8 g water were added and the gel was
aged for at least 24 h. The molar gel composi-
tion was: 1510, : 0.022TiO,: 0.46DCDMA - OH
: 40H,0. After crystallization (14 days at 140°C)
the zeolite (1.4 g, 45% silicon incorporation,
Si:Ti = 69) was collected by filtration, washed,
dried and calcined at 540°C in air. Chemical
compositions were determined using ICP/AES
on a Perkin-Elmer Plasma II (ICP) or Perkin-
Elmer 1100 (AES). DREAS spectra were
recorded on a Varian Cary-1 spectrophotometer
using barium sulfate as a reference. FT-IR spec-

tra were recorded on a Bruker IFS 66 micro-
scope spectrometer. For comparison a Ti, Al-
beta (Si:Ti = 42.6; Si:Al = 73)was prepared ac-
cording to Corma et al. [4] and Ti-MCM-41
material was prepared according to Camblor et
al. [8,9].

The catalyst was tested in the epoxidation of
1-octene (98%, Aldrich). Epoxidation was per-
formed at 313 or 343 K, using 23.5 g solvent
(methanol, acetonitrile, ethanol, 2-propanol, -
butanol and mixtures thereof) 100 mg catalyst,
20 mmol olefin and 10 mmol H,0, (30 w/w%
aqueous solution); 1,3,5-tri-isopropylbenzene
was used as internal standard. Samples were
taken at regular intervals and analyzed using
GC (CP-Sil-5) and GC-MS.

3. Results and discussion
3.1. Catalyst characterization

Primary characterization of the materials ob-
tained was performed by XRD, ICP/AES,
DREAS, and FT-IR. XRD measurements
showed that pure zeolite beta is synthesized and
small amounts (less than 3%) of ZSM-12 can
only be detected after prolonged crystallization
times, which demonstrates the high selectivity
of the DCDMA cation as a template for beta
type zeolites. ICP/AES of the as-synthesized
material confirmed the presence of titanium and
the absence of aluminum and boron (Si/Al >
3000; Si/B > 1600). Incorporation of titanium
in the silica framework was confirmed by an
increase in the unit cell parameter a, determined
from the diffraction line indexed as 600 for
polytype A, from 12.443 A to 12.492 A for
all-silica beta and Ti-beta (Si:Ti = 79), respec-
tively.

Some direct information on the state of the
titanium was obtained from diffuse reflectance
UV-vis charge-transfer spectrophotometry
(DREAS) [11] and infrared spectroscopy [12].
The incorporation of titanium atoms in the zeo-
lite framework is confirmed by the presence of
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a strong absorption maximum at 47.000-50.000
cm~! in the DREAS spectra (Fig. 1). This
absorption is attributed to tetrahedrally coordi-
nated titanium in a silicate framework [11]. In
the presence of water or 2-propanol the band is
shifted towards a lower frequency (45.000-
48.000 cm™'). This is generally accepted as an
indication for a higher coordination number
around the titanium atom, most probably five-
coordinated. In the case of water a second weak
absorption around 36.000-40.000 cm™' is ob-
served. Absorptions around 40.000 cm™' are
usually attributed to isolated octahedral titanium
species [11]. The absence of an absorption be-
low 30.000 cm~' confirms the absence of a
more highly clustered titanium oxide phase [11].

The absorption at 960 cm™' in the FT-IR
spectra of TS-1 is usually assigned to the pres-
ence of tetrahedrally coordinated titanium in the
zeolite [12]. As can be seen in Fig. 2 both the
calcined and the as-synthesized Ti-beta contain
this band. However. as we reported earlier [10],
the FT-IR spectrum of calcined all-silica beta
also exhibits a strong band at 960 cm ™! charac-
teristic of silano! groups. The increase in inten-
sity of the absorption at 960 cm ™! in calcined
Ti-beta also suggests a large amount of silanol
groups present. This is supported by *’Si MAS
NMR data (not shown). This restriction does
however not apply to the as-synthesized zeolite
Ti-beta in which the silanol absorption band is
normally not visible in IR. Care should still be
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Fig. 1. DREAS of Ti-beta. Sample was pre-dried at 200°C, water
and 2-propanol were added to the sample (0.18 g/g,..5;:.) at room
temperature.
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Fig. 2. FT-IR of zeolite Ti-beta. (a) as-synthesized; (b) calcined.

taken since the DCDMA cation itself has also a
weak absorption band at 960 ¢cm~'. It is con-
cluded from the DREAS and FT-IR spectra that
titanium is tetrahedrally incorporated in the zeo-
lite lattice, that the Ti-sites are accessible for
substrates and that no oligomeric titanium ox-
ides are present.

3.2. Catalytic results

The Ti-beta catalyst was tested in the epoxi-
dation of 1-octene and compared with TS-1, Ti,
Al-beta and Ti-MCM-41. At low temperature
(40°C) only TS-1 exhibits a high activity
whereas the others do not (Table 1). In case of
Ti, Al-beta and Ti-MCM-41 this can be ex-
plained on the basis of their hydrophilic interior;
Ti, Al-beta contains acid sites and the internal
surface of Ti-MCM-41 consists mainly of Si-
OH groups. Water, methanol and hydrogen per-
oxide are strongly adsorbed by these materials
and the inner l-octene concentration will be
very low, thus hindering the catalytic perfor-
mance. This is however not the case for the
hydrophobic Ti-beta. Upon raising the tempera-
ture the activity of the large pore materials
increases significantly, though TS-1 retains the
best catalytic properties (Table 2). As expected
the main products for Ti, Al-beta are the mono
glycol ethers (product of addition of methanol
to the epoxide, Scheme 1) due to the acidity of
the aluminum site. It was however surprising to
find that the essentially aluminum free Ti-beta
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Table 1

Epoxidation of 1-octene at 40°C in methanol (24 g) as the solvent using 30% aqueous hydrogen peroxide (20 mmol 1-octene; 10 mmol

H,0,; 100 mg catalyst)

Catalyst TOF Conversion Selectivity to oxygenates ° Epoxides in
(mmol /mmol Ti/h) at1h(%)? Toct. H,0, products (%)

TS-1 2717 4.1 93 96 98

Ti-beta 0.5 <01 glycol ether ©

Ti, Al-beta 3.6 0.5 67 53 glycol ether ©

Ti-MCM-41 04 <0.1 epoxide ©

* Based on 1-octene.
b Oxygenates observed are the epoxide and monoglycol ether.

¢ Predominant product, conversion too low to be determined accurately.

Table 2
Epoxidation of 1-octene at 60°C in methanol as the solvent using aqueous hydrogen peroxide (20 mmol 1-octene; 10 mmol H,O,; 100 mg
catalyst)
Catalyst TOF Conversion Selectivity to oxygenates ° Epoxides in
(mmol /mmol Ti/h) at1h(%)* loct. H,0, products (%)
TS-1 96.8 16.0 84 91 93
Ti-beta 85.5 11.6 82 81 41
Ti, Al-beta 41.8 6.7 87 65 12
Ti-MCM-41 7.2 1.3 76 54 79

* Based on 1-octene.
b Oxygenates observed are the epoxide and monoglycol ether.

also gave a the monoglycol ether as the major
product. Similar results, a low selectivity to-
wards the epoxide, are reported by Saxton et al.
[5] and Corma et al. [7] for an essentially alu-
minum free Ti-beta. This suggests that unlike
TS-1 the titanium site in Ti-beta has reasonably
strong acidic properties. Largely improved se-
lectivity towards epoxide could be obtained
when acetonitrile is used as the solvent (see
Table 3).

It is known for zeolites that the choice of the
solvent can have a crucial effect on the activity
and selectivity [13,14]. In general, alcohols are
the preferred solvents for epoxidation of olefins
using aqueous hydrogen peroxide and TS-1 as
the catalyst, which is either interpreted in terms
of hindrance of adsorbed solvent molecules in

R’

O ROH Y\O‘R +RHo/\OH
“R

Scheme 1.

the zeolite channels [15,16] or by electronic
effects of the adsorbed solvent molecule on the
catalytic active center [17,18]. In general two
catalytic sites for epoxidation are proposed.
Huybrechts et al. [15] and Notari et al. [16]
proposed a Ti(1?-0,) species (Scheme 2) based
on known active peroxo complexes of the group
4-7 transition metals. This species (Scheme 2)
can not adequately explain the observed solvent
effects, in particular the beneficial influence of
methanol and ethanol. Furthermore a number of
stable titanium peroxo complexes similar to
Scheme 2 is known but they are not active as an
oxygen transfer agent in epoxidations. Clerici et
al. [19] interpreted the solvent effects as evi-
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Table 3

Effect of various solvents on the catalytic activity of Ti-beta (20 mmol 1-octene, 10 mmol H,0, (30 wt% aqueous), 24 g solvent, 100 mg

catalyst, 40°C)

Solvent TOF (mmol / Conversion Selectivity to oxygenates b Epoxides in products (%)
mmol Ti /h) at1h(%)? Loct. H,0, h Sh

Methanol 0.5 <0.1 glycols *

Ethanol 5.4 0.7 87 77 46 7

2-propanol 135 1.9 89 51 63 24

t-butanol 1.7 0.3 67 78 100 36

Acetonitrile 5.4 0.7 89 69 100 98 ¢

* Based on 1-octene.
b Oxygenates observed are the epoxide and monoglycol ether.

¢ Predominant product, conversion too low to be determined accurately.

4 Other 2% is the diol and the aldehyde.

dence for the participation of solvent molecules
in the reaction. These authors formulated a
mechanism for TS-1 catalyzed epoxidation
which involves a hydroperoxo species (Scheme
3) rather than a peroxo species, and the coordi-
nation of an alcohol molecule to the site. Differ-
ences in activity between various alcoholic sol-
vents are explained by steric hindrance caused
by the coordinated alcohol rather than by elec-
tronic effects.

When various alcoholic solvents were ap-
plied, we found that methanol and ethanol were
not the most suitable solvents for the epoxida-
tion of olefins over Ti-beta (see Table 3). The
most active alcohol was 2-propanol though the
major product for all alcoholic solvents was not
the epoxide but rather the monoglycol ether.
Since the materials were essentially free of alu-
minum, we assume that the acidity is generated
by the titanium-site itself. As we reported ear-
lier [6], we believe that the Brgnsted aciditity
has its origin in the adsorption of an alcohol to
the Lewis-acidic titanium site, which generates

Si\ /Si
o___0O
HOEﬂ\O
/N
s’ o o Si
\ TR
H/O--H

Scheme 3.

Brgnsted acidity. The coordination of alcohols
to the titanium site can be monitored by DREAS
which shows an increased coordination number
for the titanium site by adsorption of 2-propanol
(see Fig. 1) and methanol (not shown). As we
reported very recently [20] Ti-beta is capable of
catalyzing the Meerwein—Ponndorf-Verley re-
duction of ketones to the corresponding alco-
hols. In the Meerwein—Ponndorf—Verley (MPV)
reduction both a ketone and a secondary alcohol
are coordinated to a Lewis acid metal ion after
which a hydride transfer from the alcohol to the
ketone takes place (see Scheme 4). This is in
our view a further confirmation that the titanium
site in zeolites has Lewis acid properties, which
can lead to Bregnsted acidity upon coordination
of protic molecules (i.e. alcohols).

Both the epoxidation results so far [5-7] and
the MPV reduction activity suggest that tita-
nium acts as a Lewis acid and coordinates an
alcohol molecule. Therefore, the species de-
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Scheme 4.
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picted in Scheme 3 is the most likely catalytic
intermediate in the epoxidation of olefins. In
order to study the influence of alcohols in more
detail, we studied the catalytic activity and per-
formance of Ti-beta using acetonitrile as the
solvent and added various amounts of alcohols
as co-solvents. If an alcohol is required in the
catalytic site (e.g., Scheme 3) changes in cat-
alytic activity as a function of the alcohol used
and the amount of alcohol added, are to be
expected.

Upon addition of ethanol, 2-propanol, and
t-butanol to acetonitrile, the activity of Ti-beta
changed (see Fig. 3). A clear maximum in
activity is visible for all alcohols, indicating that
the presence of an alcohol is beneficial for
epoxidation. This supports our belief that the
species depicted in Scheme 3, in which an
alcohol is coordinated, is the active site for the
epoxidation of olefins. Moreover Fig. 3 shows
that the maximal attainable activity is the same
for the different alcohols tested. This suggests
that there are little electronic and steric effects
of the coordinated alcohol on the catalytic ac-
tive site under these conditions, which espe-
cially for the bulky #-butanol is surprising. If
one compares the position at which the maxi-
mum activity is observed with the polarity of
the alcohol used, it can be seen that the higher
the polarity of the alcohol the higher the per-

o
o
<]

centage alcohol in the solvent is needed, i.e.
percentage ethanol > 2-propanol > z-butanol.
Since Ti-beta is in essence a very hydrophobic
zeolite it is logical to assume that a more polar
solvent molecule requires a higher bulk solvent
concentration to reach the same optimal alcohol
concentration inside the zeolite channels.

At higher alcohol concentrations the activity
decreases again. Two possible explanations are
(i) additional adsorbed alcohol could become a
barrier hindering the diffusion of substrates and
products while also decreasing the amount of
adsorbed substrate thereby decreasing the intrin-
sic reaction rate. (ii) The additional alcohol is
now also competing with hydrogen peroxide for
the second coordination at the titanium site, thus
reducing the amount of the catalytic species of
Scheme 3. We note that (i) is closely related to
(i). In order to have an alcohol molecule com-
peting with hydrogen peroxide for a second
coordination at the titanium site (i), higher
concentration of alcohol in the zeolite are neces-
sary. This is, however, the condition at which
effect (i) would also occur.

The activities at high alcohol contents (Fig.
3) show that the initial activity of Ti-beta in-
creases with increasing polarity of the alcohol.
Based on the conclusions made in the previous
paragraphs, e.g. hardly any steric or electronic
effects of the coordinated alcohol on the activ-
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Fig. 3. Initial rate of Ti-beta in the epoxidation of 1-octene in acetonitrile at 70°C. Influence of fraction (m/m) alcohols as co-solvent. @

t-butanol; A 2-propanol; B ethanol.
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ity, it seems to be the polarity of the alcohol
that determines the alcohol to acetonitrile ratio
necessary to attain the maximum activity. It
seems that the concentration of alcohol in the
hydrophobic zeolite is one of the key factors in
determining the activity of Ti-beta and possibly
of titanium zeolites in general. A certain amount
of alcohol in the zeolite channels is necessary to
obtain the species of Scheme 3 but a higher
concentration will reduce activity via either (i)
or possibly (ii). This internal concentration is
largely determined by the polarity of the alco-
hol, i.e. the higher the polarity of alcohols the
lower its internal concentration. When one
would consider this for pure alcoholic solvents,
one would expect the most polar alcohol to have
the highest activity, in accordance with litera-
ture for TS-1. The picture is not so clear for
Ti-beta, due to its higher acidic character, com-
pared to TS-1, when alcoholic solvents are em-
ployed. This acidity gives rise to a strong deac-
tivation, caused by acid catalyzed by-product
formation. As we reported earlier [6] the two
main consecutive side-reactions are glycol ether
formation by addition of an alcohol molecule
(Scheme 1) and polymerization of the epoxide.
Polymerization leads to a stronger deactivation
since the monoglycol ethers formed can still
diffuse through the zeolite channels and desorb.
In case of highly polar alcohols (e.g., methanol
and ethanol) the lower amount of alcohol in the

zeolite causes increased polymerization and
therefore a more profound decrease in activity
as can be seen in Table 3.

The acidity generated by the coordination of
an alcohol or hydroperoxy group to the titanium
site, results in a Brgnsted acid which catalyzes
unwanted side reaction such as polyglycol for-
mation, diol formation by uptake of a water
molecule, monoglycol ether formation by up-
take of an alcohol molecule and rearrangement
to aldehydes and ketones. The existence of
Brgnsted acid sites in TS-1 has already been
shown by Zecchina et al. [21], who reported the
exchangeability of the titanium hydroperoxide
site. Scheme 3 in TS-1 with bases, e.g. NaOH
and NH;. We have found that the use of the
non-protic and slightly basic acetonitrile effec-
tively reduces by-product formation. The amount
of consecutive by-products, predominantly the
monoglycol ether at high alcohol contents and
the diol and aldehyde at low alcohol contents,
were monitored as function ot the 2-propanol
content. Fig. 4 clearly shows that the high
amount of by-products (73% by-products at 32%
H,0, conversion) for pure 2-propanol could
significantly be reduced by the addition of small
amounts of acetonitrile (18% by-products at
59% H,0, conversion). It is to be noted that
the activity also increases. This is probably
related to the lower by-product formation since
the glycols (and polyglycols) tormed tend to
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Fig. 4. By-product formation in the epoxidation of 1-octene over Ti-beta as a function of the fraction (m/m) of 2-propanol in acetonitrile at

70°C.
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plug the pore system, hindering the diffusion of
substrates and epoxide through the channels.
Thus the main function of acetonitrile seems to
be to reduce the acidity of the catalytic species
in Scheme 3 by its slightly basic character.

The question remains why TS-1 does not
show these acidic properties so pronounced as
Ti-beta does. TS-1 also catalyzes the rearrange-
ment of epoxides when hydrogen peroxide is
present [22] but at a rate which is considerably
lower than for Ti-beta [7]. Furthermore Clerici
et al. [23,24] have shown that it is possible to
obtain stable alkali metal containing peroxo
complexes of TS-1 by treatment with alkaline
hydrogen peroxide solutions. An answer might
be found if one considers the mechanisms by
which an alcohol or water molecule can react
with an epoxide. In general, three mechanisms
are known in literature (i) Brgnsted acid cat-
alyzed: protonation of the epoxide oxygen, fol-
lowed by an attack of the alcohol. (ii) Lewis
acid induced: similar to (i) but instead of proto-
nation a weak oxygen—metal bond is formed,
thus activating the oxirane ring [25]. (iii) Base
catalyzed: a hydroxide or alkoxide ion attacks a
carbon atom of the epoxide ring. The structures
Schemes 5-7 based on the three mechanisms
(i), (i) and (iii), respectively, are visualized. It
can be noted that the two acid catalyzed sites
Schemes 5 and 6 are similar to the proposed
epoxidation site Scheme 3. It is doubted whether
the coordinated alcohol in Scheme 7 possesses
sufficient basic character.

A clue to the mechanism of glycol formation
might be found in the catalytic behavior of
Ti-beta during epoxidation itself. We found that

Scheme 5.

Scheme 6.

the maximal attainable catalytic activity for
epoxidation is independent of the coordinated
alcohol in the species of Scheme 3, and there-
fore concluded that hardly any steric hindrance
plays a role. As can be seen in Table 3, the
selectivity to epoxide increases in the order
MeOH < EtOH < 2-PrOH < ¢-BuOH, indicat-
ing that steric hindrance does play a role in
by-product formation, e.g. bulky alcohols sup-
press the formation of by-products. Since the
spatial configuration of site Schemes 6 and 7
(e.g., an alcohol, peroxide and an epoxide) is
almost similar to that of the epoxidation site
Scheme 3 (e.g., an alcohol, peroxide and an
olefin), it is logical to assume that if these are
the sites over which glycol ether is formed, they
should also exist in TS-1. As can be seen in
Table 1, TS-1 has a lower by-product formation
compared to Ti-beta, excluding Schemes 6 and
7 as the probable site. We therefore assume that
in case of glycol formation at least one alcohol
molecule and a peroxide molecule coordinate to
the titanium to form the Brgnsted acid site
Scheme 3, while a second alcohol subsequently
attacks the protonated epoxide. The observed
differences in by-product formation for TS-1
and Ti-beta should then be explained by the

Scheme 7.
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smaller pore diameter of TS-1 (5.4 A compared
to 6.4X74 A for zeolite beta). The lower
amount of acid catalyzed by-products in the
case of TS-1 is then not due to the absence of
the Brgnsted acidic site but rather to a lack of
space around it.

4. Conclusions

The crystallization of essentially aluminum
free Ti-beta is possible using DCDMA as the
template. The successful incorporation of tita-
nium is supported by (i) the presence of an
absorption band at 960 ¢cm~' in the FT-IR
spectrum of the as-synthesized material and (ii)
a single absorption peak at 47.000-50.000 cm ™'
in the DREAS spectrum, which also shows the
absence of oligomeric titanium species. Confir-
mation of titanium incorporation of calcined
materials via the presence of an absorption band
at 960 cm™! in the FT-IR spectrum is not
possible due to the large amount of silanol
groups present in high silica beta type zeolites.

In comparison with TS-1, Ti-beta shows con-
siderable activity for consecutive reactions in
the epoxidation of olefins when pure alcohols
are used as the solvent. This is thought to be
due to acidity originating from an adsorbed
alcohol or peroxide on the catalytically active
titanium site. When mixtures of acetonitrile and
an alcohol are applied as the solvent, the activ-
ity of Ti-beta shows a clear maximum, which is
independent of the type of solvent, indicating
that no steric or electronic effects of the alcohol
are involved. The differences in activity ob-
served for pure alcohols are discussed based on
their polarity, which causes differences in ad-
sorption. The higher the amount of solvent ad-
sorbed the lower the activity. Largely improved
selectivity towards epoxides is observed when
small amounts of acetonitrile are present. This
is possibly due to the slightly basic nature of
acetonitrile, thereby effectively neutralizing the
acidity generated. The solvent effects observed
confirm in our view the presence of an alcohol

in the catalytic active site which supports the
species of Scheme 3 as the catalytically active
site, as originally proposed by Clerici and Ingal-
lina [19].
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