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Abstract

Ti-SBA-15 and UL-TS-1 catalysts with 1.0 and 1.5 at% Ti were tested for the liquid-phase sulfoxidation of 4,6-dimethyl-2-thiom
pyrimidine in a range of water-miscible and immiscible ionic liquids and molecular solvents. Superior rates and selectivities with r
the sulfoxide were found in the ionic liquids compared with the molecular solvents. The activity of the catalyst was strongly depende
anion–cation combination chosen; the best solvent under these conditions was [emim][BF4]. Almost no leaching of titanium was found wit
Ti-SBA-15 in the ionic liquids, whereas significant leaching was observed in molecular solvents. In all solvents used, a surface rearr
of titanium was observed after reaction, which may account for some loss in activity of the catalyst on recycle.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The oxidation products of thioethers, namely sulfoxid
and sulfones, are widely used as drug, agrochemical,
synthetic intermediates[1–3]. However, because of the valu
of the final products it is important to reduce the num
of purification stages, and, therefore, a simple and hig
selective method for controlling the oxidation is require
Oxidation of thioethers has been extensively studied[4,5]
for a broad range of both organic and inorganic oxida
However, it is only relatively recently that heterogeneo
catalysts in sulfoxidation have been employed[6,7]. The
use of various catalysts containing titanium[6–8], molybde-
num and molybdenum-antimony oxides[9], or polyoxomet-
* Corresponding author.
E-mail address: c.hardacre@qub.ac.uk(C. Hardacre).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.02.015
alates[10] has been reported to show both high conversi
and selectivities.

Porous titanium catalysts are largely used for these
dations, and those reported include Ti-beta, Ti-MCMs,
TS-1; the last was found to be particularly active. Th
catalysts have been used in phenol hydroxylation[11], epox-
idation, and hydroxylation of alkenes[12]. Although it is
generally assumed that Ti does not leach from these c
lysts, characterization of the catalysts after reaction has
cated that at least some leaching does occur in many cas[6,
13]. In addition to the high reactivity shown by the hetero
neous catalysts, these systems are able to use cheap ox
such as hydrogen peroxide[6] and air[7]. Recently, ionic
liquids have been shown to significantly improve the activ
of mesoporous Ti or Ti and Ge catalysts for the sulfoxidat
of pyrimidine and alkylthioethers[14]. High selectivities and

significantly greater conversions compared with molecular
solvents have been achieved; however, these catalysts suffer
from poor recyclability.

http://www.elsevier.com/locate/jcat
mailto:c.hardacre@qub.ac.uk
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Scheme 1. Pathways in oxidation of 4,6-dimethyl-2-methylthiopyrimid
to the corresponding sulfoxide and sulfone.

Due to their ionic environment, the choice of catal
and ionic liquid combination is important if the activi
of the catalyst is to be maintained and the catalyst is
tained as a heterogeneous catalyst or, in the case o
mogeneous catalysts, is not removed during the wor
Ionic liquids have already shown their potential in a w
range of homogeneous and biocatalytic reactions, and t
have recently been extensively reviewed[15]. There is
also a growing interest in heterogeneously catalyzed
nanoparticle-catalyzed processes in ionic liquids[16–21];
however, in many cases the heterogeneity of the reactio
assumed and has not been fully investigated[22]. The aim
of this study was to investigate the behavior of Ti-SBA a
UL-TS-1 catalysts in the sulfoxidation of 4,6-dimethyl-
methylthiopyrimidine in ionic liquids in comparison wit
molecular organic solvents (Scheme 1). In particular, the
role of homogeneously catalyzed processes versus a su
process was investigated, as were the changes in the ca
as a result of reaction.

2. Experimental

2.1. Catalyst preparation

2.1.1. Ti-SBA-15
An amorphous mesoporous titanium-containing sili

SBA-15, was synthesized with the use of tetraethyl
thosilicate (TEOS) and tetrapropyl orthotitanate (TPO
as silicon and titanium sources, respectively, in a stron
acidic medium. A poly(alkylene oxide) triblock copoly
mer, HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H
(designated EO20PO70EO20, Pluronic P-123, BASF), wa
used as a structure-directing agent, as described by
et al. [23]. Typically, 10 g of triblock EO20PO70EO20 was
dispersed in 75 g of double-distilled water at 40◦C. The re-
sultant solution was stirred with 300 g of 2 M HCl solutio
containing the requisite amount of TPOT to obtain a hom
geneous solution. Finally, 21.25 g of TEOS was adde
the above mixture at 40◦C with vigorous stirring for 2 h.
This solution was aged without stirring at 40◦C for 12 h
(Ti/Si = 1.0 at%, Ti1) and 80◦C for 24 h (Ti/Si = 1.5
and 1.0 at%, Ti2 and Ti3, respectively). The solid produ
were recovered, washed, and air-dried at room tempera

The solid was calcined by slowly increasing the temperature
from room temperature to 500◦C over 8 h and the tempera-
ture maintained at 500◦C for a further 6 h.
atalysis 232 (2005) 60–67 61
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2.1.2. UL-TS-1
UL-TS-1 materials were obtained by a secondary te

plated crystallization of zeolites, starting from the am
phous mesoporous titanium-containing silica of correspo
ing elemental composition. It is of special concern that
walls of the amorphous mesoporous precursor mate
should be as thick as possible. UL-TS-1 materials (Ti/Si =
1.0 and 1.5 at%, Ti4 and Ti5, respectively) were prepa
with the use of the poly(alkylene oxide) triblock copol
mer HO(CH2CH2O)20(CH2CH(CH3)O)70(CH2CH2O)20H
(designated EO20PO70EO20, Pluronic P-123, BASF) an
tetrapropylammonium hydroxide (TPAOH) as surfactant
template, respectively, as described by Kaliaguine and
workers [24]. The synthesis of UL-TS-1 consists of tw
steps:

(i) Preparation of the amorphous mesoporous precurso
The synthesis of the mesoporous silica followed the p
cedures reported by Stucky and co-workers[23,25]. Ti4
was prepared by dissolving 10 g of EO20PO70EO20 in
100 g of ethanol. To this solution, 0.10 mol of SiC4

was added, followed by an appropriate amount of TP
with vigorous stirring for 12 h at room temperatur
The solution was then heated to 40◦C to accelerate hy
drolysis and evaporate the ethanol, during which
inorganic precursors hydrolyzed and polymerized i
a network. The surfactant-containing mesoporous s
products were recovered and air-dried at room tem
ature and finally at 60◦C for 24 h. For Ti5 an amor
phous mesoporous titanium-containing silica, Ti-SB
15 (Ti/Si = 1.5 at%), was synthesized with the use
(TEOS) as a silicon source in a strongly acidic medi
(2 M HCl solution), as presented above.

(ii) Transformation of the amorphous mesopore walls i
crystalline walls:
The surfactant-containing mesoporous precursor
dried under vacuum at 60◦C for 24 h. Then 20 g of the
dried mesoporous precursor was impregnated with 4
of a 10 wt% solution of TPAOH (free from inorganic a
kali). After aging at room temperature for 12 h, the so
was heated at 60◦C for 24 h to eliminate water and wa
left overnight at room temperature before being dr
under vacuum for 24 h at room temperature. Fina
the solid was transferred into a Teflon-lined autocla
and heated at 120◦C for several days. It is assumed th
the quantity of water adsorbed to the solid plays an
portant role in the crystallization. Therefore, the par
crystalline solid was further crystallized at 120◦C for a
given time after the introduction of a small amount
water. Since the solid-state crystallization continues
the presence of this small amount of water, the ab
process makes it possible to control the crystallinity a

the mesopore size of the solid materials. After 8 days
(Ti4) and 10 days (Ti5), the catalysts were washed with
distilled water, dried in air at 80◦C, and finally heated
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from room temperature to 500◦C at 1◦C min−1 and cal-
cined at 500◦C for 6 h to remove the organics.

The catalysts were characterized by N2 adsorption–
desorption isotherm measurements, XRD, TEM, and diff
reflectance UV–vis (DR-UV–vis), as both fresh and us
catalysts. Elemental analysis of samples dried overnigh
100◦C was performed by atomic emission spectrosc
with inductively coupled plasma atomization (ICP-AES
XPS spectra were obtained with a SSI X probe FISO
spectrometer (SSX-100/206) with monochrome Al-Kα radi-
ation. The spectrometer energy scale was calibrated ag
the Au 4f7/2 peak (binding energy of 84.0 eV). The sa
ples were moderately heated with a quartz lamp in
preparation chamber of the spectrometer to promote
gassing, thus improving the vacuum in the analysis cham
For the calculation of the binding energies, the C 1s p
at 284.8 eV was used as an internal standard. The p
assigned to Si 2p, Ti 2p, and O 1s were recorded.
UV–vis measurements were carried out with a UV-4 U
cam spectrophotometer equipped with an integrating sph
DR-UV–vis spectra of the fresh catalysts and of cataly
exposed to the reaction conditions in [emim][BF4] were
measured. In the latter, the catalysts were washed with
tone and water to remove the ionic liquid reaction mixt
and then dried at 120◦C under vacuum for 12 h. X-Ra
powder diffraction (XRD) data were recorded on a Phil
X-ray diffractometer (PW 1010 generator and PW 10
computer-assisted goniometer) with nickel-filtered Cu-α

(λ = 1.5406 Å) radiation, with a 0.025◦ step size and a
1-s step time. Nitrogen adsorption and desorption isothe
at −196◦C were established with an Omnisorb-100 inst
ment. Before the measurements, the samples were tr
in vacuum at 200◦C for 5 h. The specific surface are
SBET, was determined from the linear part of the BET p
(P/P0 = 0.05–0.3). The mesopore size distribution w
calculated with the use of the desorption branch of
nitrogen adsorption/desorption isotherms and the Barr
Joyner–Halenda (BJH) formula. High-resolution TEM we
obtained with a JEOL 200 CX transmission electron
croscope operated at 120 kV. Samples were embe
in a polymeric resin and cut into sections approximat
20 nm thick with an ultramicrotome. They were then d
posited on a holey carbon copper grid before TEM obse
tion.

Table 1summarizes the details of the chemical com
sition and the textural parameters of the investigated c
lysts.

4,6-Dimethyl-2-methylthiopyrimidine was synthesiz
as described by Hunt et al.[26], and its purity was as
sessed by HPLC analysis and1H- and 13C-NMR spec-
troscopy. 1-Ethyl-3-methylimidazolium tetrafluorobora
([emim][BF4]), 1-butyl-3-methylimidazolium tetrafluorob

orate ([bmim][BF4]), 1-ethyl-3-methylimidazolium triflate
([emim][OTf]), and 1-ethyl-3-methylinidazolium bis(tri-
fluoromethanesulfonyl)amide ([emim][NTf2]) were synthe-
atalysis 232 (2005) 60–67
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Table 1
Textural characteristics of the investigated catalysts

Catalyst Catalyst
structure

Ti/Si
(mol%)

SBET
(m2 g−1)

Pore
diameter
(nm)

Crystal-
linity
(%)

Ti1 Ti-SBA 15 1.5 610 3.6 –
Ti2 Ti-SBA 15 1.5 920 5.6 –
Ti3 Ti-SBA 15 1.0 960 5.8 –
Ti4 UL-TS-1 1.0 520 12.8 80
Ti5 UL-TS-1 1.5 580 26.4 65

sized from the appropriate organic chloride or bromide
by standard literature preparative procedures[27–30] and
dried under high vacuum at 80◦C for 12 h. The purity of
the ionic liquids was confirmed by1H- and13C-NMR spec-
troscopy.

Typically, the sulfoxidations were performed with 5 m
catalyst suspended in 0.8 cm3 of solvent, thereafte
0.66 mmols H2O2 (as a 2 M anhydrous solution in diox
ane) was added followed by 0.2 mmols of thioether. T
mixture was stirred at 40◦C for the specified time. The re
action products were analyzed by HPLC,1H- and13C-NMR
spectroscopy.

NMR spectra were recorded with a Bruker Avance DR
spectrometer, operating at 300 MHz for1H and 75 MHz for
13C. 1H-NMR analysis was performed on the reaction m
ture, which showed very good agreement with the HP
results. HPLC analysis was performed on an Agilent 1
liquid chromatograph, with the use of a C8 (Eclipse-XDC
column with an eluent containing acetonitrile/water (1:1)
a flow rate of 1 cm3 min−1.

The hydrogen peroxide content in the reaction mixt
before and after the reaction was measured by the stan
iodometric titration method[31]. The H2O2 efficiency rep-
resents the ratio between the moles of oxygen incorpor
into the organic molecules to the moles of reacted pe
ide.

Leaching tests were carried out with a double amoun
catalyst (10 mg). After the reaction was complete, the s
pension was centrifuged for 5 min at 3500 rpm, the liq
phase was decanted, and the titanium content of the so
was determined by ICP-AES. To assess the activity of
solution following reaction, sulphoxidations were perform
on the solvent after separation of the catalyst by the pr
dure described above.

For catalyst recycling experiments, the ionic liqu
catalyst system was separated by centrifugation. After
moval of the liquid phase, the catalyst was washed th
times with 5 cm3 HPLC-grade acetone and dried for 2
at 120◦C. Fresh reagents and solvent were stirred with
dried catalyst and the reaction was repeated. The was
step was used to ensure that the mass of catalyst use

each recycle was measured accurately, without a contri-
bution from the ionic liquid, therefore ensuring a constant
catalyst-to-substrate ratio for each reaction.
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3. Results

3.1. Catalyst characterization

TEM analysis of all samples yielded typical pictures
the hexagonal structure of SBA-15-type materials[32].

XPS analysis of these samples showed a Ti 2p dou
containing symmetric curves. The binding energies de
mined for these levels in Ti-SBA-15 catalysts agreed w
those reported previously for a titanium-containing SBA
material, prepared by impregnation of SBA-15 with titaniu
isopropoxide in ethanol followed by calcination (Table 2)
[33]. In contrast, for UL-TS-1 catalysts, the Ti 2p3/2 was
shifted to slightly lower binding energies and was found
be closer to that reported for titanium dioxide[34]. For all
catalysts, the Ti/Si ratio determined from XPS is small
than from chemical analysis, indicating that the titanium
contained within the pores of the catalyst and that there
good dispersion of titanium. Ti1 showed the highest surf
concentration of titanium.

3.2. Catalytic data

The activity of the catalysts was compared in a range
ionic liquids and molecular organic solvents (Table 3). From
the results it is clear that the activity is a strong funct
of the anion of the ionic liquid; the order of reactivity h
been found to be [BF4]− > [NTf2]− > [OTf]−, with each
ionic liquid showing much higher activities than either dio
ane or ethanol. In all of the ionic liquids, the selectivity f
sulfoxide remained higher than 90%, even at>70% con-
version for all of the catalysts studied. Conversions clos

Table 2
XPS binding energy of Ti 2p3/2 and Si 2p levels and comparative XPS a
chemical Ti/Si ratios determined by ICP-AES

Catalyst XPS binding energy (eV) Ti/Si atomic ratio× 102

Ti 2p3/2 Si 2p XPS Chemical
analysis

Ti1 459.5 104.3 0.67 1.50
Ti2 459.5 104.2 0.54 1.50
Ti3 459.4 104.2 0.34 1.00
4
Dioxane 18.9 100 6.7 100 5.1
Ethanol 4.8 100 2.9 100 6.1
atalysis 232 (2005) 60–67 63

100% were possible, but only at extended reaction times
with reduced sulfoxide selectivity. For example, with Ti4
[emim][BF4] at 40◦C, 95% conversion with 93% sulfoxid
selectivity was achieved, but only after 45 h (Fig. 1). Rates
comparable to those of [emim][OTf] and [emim][NTf2]
were achieved with hexane and dichloromethane. For
ample, with Ti2, conversions of 22 and 14%, with 100
selectivity, were found after 10 h at 40◦C in hexane and
dichloromethane, respectively. It should be noted that the
ter results are not directly comparable to the other solv
studied, as these reactions were biphasic.

Changing the cation also had an effect on the rate o
action.Table 4compares the catalytic performances of
catalysts, Ti1–Ti5, in [emim][BF4] and [bmim][BF4]. With
increasing chain length, it is clear that regardless of the c
lyst, the activity was found to decrease. In all cases, at th
conversions, the selectivity was found to be 100% with
spect to the sulfoxide.

These changes in rate with the solvent are not ass
ated with secondary reactions affecting the concentratio
available oxidant. Regardless of the solvents used, the
drogen peroxide efficiency was very high, with at most 1
of the oxidant being unselectively decomposed after 1
as shown inTable 5. However, it is clear that the type o
catalyst used does influence the extent of peroxide dec
Fig. 1. Variation of percentage composition with respect to 2-thio-

Ti4 459.1 104.2 0.33 1.00
Ti5 459.2 104.2 0.31 1.50

methyl-4,6-dimethylpyrimidine ("), sulfoxide (P), and sulfone (1) as a
function of time using Ti4 and hydrogen peroxide in [emim][BF4] at 40◦C.

Table 3
Conversion and selectivity to sulfoxide as a function of solvent and catalyst used after 10 h reaction time at 40◦C

Solvent Catalyst

Ti1 Ti2 Ti3 Ti4 Ti5

Conversion
(%)

Selectivity
(%)

Conversion
(%)

Selectivity
(%)

Conversion
(%)

Selectivity
(%)

Conversion
(%)

Selectivity
(%)

Conversion
(%)

Selectivity
(%)

[emim][NTf2] 31.3 95.2 25.6 94.1 20.5 100 21.4 93.3 22.9 92.6
[emim][OTf] 29.6 98.1 14.8 100 12.3 100 14.7 98.5 10.3 100
[emim][BF ] 72.1 90.1 60.5 92.3 41.5 94.2 52.3 94.5 43.9 97.8
100 6.5 100 2.9 100
100 2.0 100 4.0 100



l of C

s, in
y

fter

10 h

-15
than

are
.5%
cat-
.
of a

re-
the

fore

ed
ar-
in

teria
ids

ith
as

F

ivity
g

is
f-
after

ere
me
the
tion
time

in
y-
ns
of

s
d not
nic
-
and

sts
64 V. Cimpeanu et al. / Journa

Table 4
Turnover frequency (TOF) and conversion after 5 h for Ti1–Ti5 catalyst
[emim][BF4] and [bmim][BF4] at 40◦C, in all case the sulfoxide selectivit
was 100%

Ionic liquid Catalyst TOFa

(min−1)
Conversion
(%)

[emim][BF4] Ti1 1.70 25.3
Ti2 1.45 21.7
Ti3 1.04 10.6
Ti4 0.63 9.4
Ti5 0.76 11.3

[bmim][BF4] Ti1 1.10 16.2
Ti2 0.92 13.8
Ti3 0.75 9.7
Ti4 0.68 9.3
Ti5 0.49 7.1

a TOF expressed as g of oxidized thioether per g of Ti per min, a
60 min.

Table 5
Hydrogen peroxide efficiency as a function of solvent and catalyst after
reaction

Solvent Hydrogen peroxide efficiency (%)

Ti1 Ti4 Ti5

[emim][BF4] 95 90 87
[emim][NTf2] 92 92 88
Ethanol 93 90 86
Dioxane 91 93 90

position. For both molecular and ionic media the SBA
catalysts showed higher hydrogen peroxide efficiencies
the UL-TS-1 catalyst, for a given solvent.

The high selectivities for the sulfoxide observed here
not associated with an uncatalyzed reaction; less than 0
conversion was found over 30 min in the absence of a
alyst, regardless of the solvent used[14]. Robinson et al
showed that oxidation to the sulfoxide in the absence
catalyst was possible, whereas oxidation to the sulfone
quired the use of TS-1; with the addition of a base,
uncatalyzed reaction rate was reduced[13]. The low uncat-
alyzed rate to the sulfoxide in the present case may there
be due to the basicity of the pyrimidine substrate.

3.3. Catalyst leaching and recycling

After reaction for 10 h, the amount of titanium leach
from the catalyst was determined by ICP-AES. In comp
ison with ethanol, significantly less leaching is found
[emim][BF4] for all of the catalysts examined (Fig. 2). It
is also noticeable that the nature of the mesoporous ma
strongly influences the amount of leaching, for ionic liqu
in particular. In [emim][BF4], all of the Ti-SBA-15-type cat-
alysts were more stable than the UL-TS-1 materials, w
less than 0.3% Ti leaching found for Ti-SBA-15, where

up to 2.5% Ti is lost from UL-TS-1. Although a strong cor-
relation is found for the ionic liquid, similar trends are not
observed in ethanol.
atalysis 232 (2005) 60–67

l

Fig. 2. % Titanium leached as a function of the catalysts in [emim][B4]
and ethanol.

Fig. 3. Variation of conversion of the substrate and sulfoxide select
for the oxidation of 4,6-dimethyl-2-methylthiopyrimidine over Ti1 durin
successive runs in [emim][BF4] after 10 h reaction time at 40◦C.

The low level of leaching found in the ionic liquids
in agreement with the small activity of the ionic liquid a
ter reaction in the absence of the catalyst. For example,
a reaction time of 4 h in [emim][BF4], Ti1 was separated
from the reaction mixture, and the reaction conditions w
maintained for a further 4 h. Although there was still so
reaction, indicating that the leached ions had activity,
conversion was less than 20% of that found in the reac
performed in the presence of the catalyst over the same
period.

Although the amount of titanium leaching was small
the ionic liquids, some loss in activity was found with rec
cling of the ionic liquid-catalyst system. After five reactio
in [emim][BF4], the rate was found to decrease to 75%
the fresh Ti1 (Fig. 3). The reduction in rate with recycling i
thought to be associated with changes in the catalyst an
with the ionic liquid. Little change was observed in the io
liquid by 1H-NMR, 13C-NMR, and HPLC analysis. In com
parison, the DR-UV–vis spectra of the catalyst before
after reaction showed significant changes.

Fig. 4 shows DR-UV–vis spectra for the fresh cataly
and for catalysts after reaction in [emim][BF4]. All of the

spectra exhibit bands at ca. 240 nm, which can be as-
signed to titanium in isolated octahedral positions, in penta-
coordination or possibly as isolated tetrahedral titanium
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Fig. 4. DR-UV–vis spectra of (a) fresh catalysts and (b) catalysts after
foxidation reaction in [emim][BF4].

species[35–37]. The DR-UV–vis spectra for Ti-SBA-15 ca
alysts (Ti1, Ti2, Ti3) also contained bands in the range
310–380 nm, which can be ascribed to either Ti–O–Ti c
ter frameworks or to segregated nanosized anatase par
[38,39]. For UL-TS-1 samples (Ti4) these bands are abs
After reaction, all Ti-SBA-15 catalysts showed a decreas
the band assigned to segregated titanium species and a
in the absorption to lower wavelength. This change is lik
to correspond to solubilization and subsequent redisper
of titanium on the catalyst. In contrast, following reaction
decrease in the isolated titanium octahedral species wa
served in the UL-TS-1 catalyst. This was accompanied
the appearance of a band centered at 370 nm, which
cated some segregation of titanium. Similar changes in
catalyst were observed for all of the ionic liquids and mo
cular solvents studied.

4. Discussion
It is clear that for both the ionic liquids and molecular sol-
vents, the rates observed are dependent on the ability of the
solvent to complex to the catalyst or oxidant. With increasing
atalysis 232 (2005) 60–67 65

s
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chelation strength, the activity decreases, and, in the i
liquid, this is determined by the coordinating ability of t
anion, that is, [BF4]− < [NTf2]− < [OTf]. The cation effect
observed between [emim]+ and [bmim]+ may be associate
with the solvent becoming more viscous as the chain len
increases, that is, 29.4 cP for [emim][BF4] and 59.1 cP for
[bmim][BF4] at 40◦C [40]. However, little change in rat
was found with increased stirrer speed, and therefore m
transfer within the liquid phase may not be important[14].
It is more likely that the drop in activity is associated with
reduction in the accessibility of the catalyst pores as the
of the cation increases. The effect of cation size on the tr
port of the reagents and ionic liquid within catalyst po
has been observed previously in both sulfoxidation react
and Friedel–Crafts acylations with meso- and micropor
catalysts, respectively[14,20].

Selectivities similar to those reported here were a
observed for MCM-41 and UVM-type mesoporous ca
lysts containing Ti, or Ti and Ge, reported for the oxid
tion of pyrimidine thioethers in ionic liquids[14]. How-
ever, in comparison with the sulfoxidation of 4,6-dimeth
2-methylthiopyrimidine, the catalysts studied earlier show
much higher activities. For example, after 120 min, conv
sions of>70% were reported for many ionic liquids, fo
a solution of hydrogen peroxide in dioxane as the oxid
at 40◦C. These catalysts also showed significant leach
of the titanium,>8%, even in the presence of the ion
liquid, and a significant part of the activity of these sy
tems was therefore attributable to homogeneous catal
reactions taking place. This led to a rapid decrease in
activity of the catalyst on recycling; after five reactions
conversions after 2 h dropped from 58 to 21%. In contr
both types of catalyst studied here showed very low
els of leaching of the titanium and more robust recycla
ity.

The reactions carried out with the Ti-SBA-15 and U
TS-1 catalysts in sulfoxidation of 4,6-dimethyl-2-meth
thiopyrimidine indicate that the characteristics of the ca
lysts are very important; the conversion is influenced by
titanium content, surface area, and pore size. The chara
zation of Ti-SBA-15 and UL-TS-1 catalysts indicated typic
features for these materials. Ti-SBA-15 samples exhibit h
surface areas and pores in the range of 3.6–5.8 nm, wh
UL-TS-1 had surface areas in the range of 500–600 m2 g−1

and very large pores, between 12.8 and 27.0 nm. The
binding energy corresponded to the Ti 2p3/2 level, indicating
the presence of a higher degree of octahedrally coordin
titanium in SBA-15 samples. DR-UV–vis characterization
these samples also showed that in fresh catalysts, Ti-SB
contained both isolated octahedral and segregated tita
species, whereas in UL-TS-1 only isolated titanium spe
have been detected. For all of the reaction conditions
Ti-SBA-15 catalyst Ti1 was found to be the most active ca

lyst. This corresponds to the catalyst for which XPS analysis
indicated the highest fraction of surface titanium. DR-UV–
vis spectra for the catalysts after reaction also showed that,
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Fig. 5. Schematic for the activation of Ti–O bonds by 1,3-dialkylimid
zolium based ionic liquids.

although titanium leached into the solution, significant s
face rearrangement also takes place. In the case of th
SBA-15 catalysts, much of the aggregated titanium spe
redispersed, leading to an increased population of isol
octahedral species. The loss in activity observed with re
cling is probably due to these surface morphology chan
and not due to the solubilization of the titanium. UL-TS
catalysts also showed surface rearrangement, with sup
cial segregation of the titanium species. However, in
case the surface changes were accompanied by subst
leaching in solution.

The higher activity of the ionic liquid compared with th
organic solvents may suggest that it can activate the a
site on the catalyst, as shown inFig. 5. The activation can be
understood from consideration of the acidity of 2-H of t
imidazolium cation[41]. This interaction induces a polariz
tion of the Ti–O bond, increasing the overall Lewis acid
of the catalytic site, and, as a consequence, the activit
the peroxo species toward the thioether increases. A sim
activation was observed previously in a comparison of 1
dialkylimidazolium-based ionic liquids with those based
the 1,2,3-trialkylimidazolium cation. In this case, the C
methyl-protected ionic liquid showed a much reduced ac
ity compared with the ionic liquid with a hydrogen at t
C(2) position[14].

Analogous increases in activity are not observed w
protic molecular solvents, such as ethanol, despite the
that they are also capable of forming strong hydrogen bo
As well as with the catalyst, the molecular solvents can
drogen bond strongly with the oxidant and hence reduc
activity. Although the ionic liquid can also hydrogen bo
with the oxidant, it has been shown that, in general, hyd
gen bonding solute interactions occur with the anion and
with the cation[42]. With the reduction of the ability of the
anion to hydrogen bond the oxidant activity is enhanc
as shown by the higher reaction rates for tetrafluorobo
based ionic liquids compared with those containing trifla
In addition, these catalysts have been shown to deactivat
cause of the presence of water molecules, which can b
the active sites from reagents[43,44]. It is known that the
ionic liquids bind strongly to water and the water is dea
vated at low concentrations[45]. Water is formed during the
sulfoxidation reaction, and, therefore, it is possible that

ionic liquid is able to dehydrate, and thus reactivate, the cat-
alyst surface, resulting in a higher activity in the ionic liquid
than in molecular solvents.
atalysis 232 (2005) 60–67

-

-
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t

-

5. Conclusions

Sulfoxidation of 2-thiomethyl-4,6-dimethylpyrimidin
over a range of Ti-SBA-15 and UL-TS-1 catalysts in ion
liquids occurred with high rates and selectivities at h
conversion. A comparison with typical molecular solve
indicated that much higher activities were possible in
ionic liquid, which may be due to activation of the cataly
via a hydrogen bonding interaction. Differences were a
found among the investigated ionic liquids, with both
anion and cation contributing to an effective ionic liqu
The best solvent was found to be [emim][BF4]. Leaching of
titanium into the solvent was insignificant in the ionic li
uids studied, for Ti-SBA-15 catalysts, whereas leaching
found for UL-TS-1 catalysts in both ionic liquids and mo
cular solvents. The small degree of leaching observed
good recyclability for the Ti-SBA-15 catalysts indicated th
in the ionic liquids, the activity observed was due to a s
face catalyzed process. DR-UV–vis showed that the leac
was accompanied by changes in the superficial dispersio
titanium. For SBA-15 catalysts, this surface rearrangem
corresponds to an increase in the isolated titanium spe
whereas for UL-TS-1 catalysts an increase in segregate
tanium is observed. A decrease in activity with recycling
observed in the ionic liquid, and, for the SBA-15 catalys
it is likely that this is due to the change in surface titani
species, as opposed to the dissolution of titanium.
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