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bstract

The quantitative oxidation of organic sulfides to sulfones with 30% aqueous hydrogen peroxide (3:1 molar ratio of H2O2/sulfide) at room
emperature using the known titanium alkoxide Ti [(OCH ) CMe] (i-PrO) (1) as a catalyst is reported. Mixtures of sulfone/sulfoxide are
4 2 3 2 10

btainable with lower H2O2/sulfide ratios. Catalyst 1 can be used in a solvent, such as methanol or acetonitrile or it can be immobilized in solution
n room temperature ionic liquids (RTILs), from which the product sulfone is extracted with ether, thus, allowing the 1/RTIL system to be recycled.

ith some substrates, approximately 30% faster reaction rates are seen in a 1/RTIL system compared with 1 in methanol.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Sulfones are useful reagents in organic synthesis and they
re also valuable synthetic intermediates for the construction
f chemically and biologically important molecules [1]. Thus,
he oxidation of sulfides to sulfoxides or sulfones has been
he subject of extensive studies, and a variety of procedures
or their preparation are available [2–18]. Among prepara-
ions of sulfones, the most important employ sulfide oxidations,
nd oxidizing agents used for this purpose include nitric acid
7], KMnO4 [4], MnO2 [5], NaClO4 [6], m-chloroperbenzoic
cid [7], sodium metaperiodate [8], bromine [9], dinitro-
en tetraoxide [10], oxaziridine [11], benzeneseleninic peracid
12], tert-butyl hydroperoxide [13], sulfinyl peroxy compounds
14], iodosobenzene diacetate [15] and 4-methylmorpholine
-oxide/osmium tetroxide [16]. Unfortunately, most of these

eagents are not amenable to medium or large scale syntheses
ecause of the low oxidizing oxygen content, formation of envi-
onmentally damaging by-products, and/or high cost. Although

olecular oxygen in the presence of 2-methylpropanal and
o(II) complexes has also been used for the oxidation of sulfides

17], a large excess of aldehyde is required. Very recently, molec-
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lar oxygen has been employed as a stoichiometric oxidant in the
resence of potassium osmate to catalyze such oxidations [18],
ut the toxicity and relatively high cost of this metal compound
re major drawbacks to this approach.

Aqueous hydrogen peroxide (30%) is an ideal oxidant in
iew of its high effective-oxygen content, its eco-friendly by-
roduct (water), its relative safety in storage and operation,
nd its comparatively low cost of production and transporta-
ion [19]. These advantages have spurred the development of
seful procedures for the hydrogen peroxide oxidation of sul-
des catalyzed by tungsten systems, such as H2WO4 [20],
C5H5N(n-C16H33)]3PO4[W(O)(O2)2]4 [21], and Na2WO4/[n-
4H9)4N]Cl [22], and also by Na2MoO4/(n-C4H9)3PO [23],
i(III)Cl [24] and CH3ReO3 [25]. However, there remains con-
iderable room for improved protocols, because many of these
rocedures require the use of chlorohydrocarbon solvents which
re health and environmental hazards [13b,21,22,23]. In order
o address this issue, Noyori and co-workers reported the oxi-
ation of sulfides to sulfoxides and sulfones with 30% H2O2
sing Na2WO4 under solvent and halogen-free conditions [26].
he requirement for the added presence of a phosphonic acid
romoter, and the acidic quaternary ammonium salt [CH3(n-

8H17)3N]HSO4 makes this process cumbersome, however.
oreover, the catalyst could not be recovered for recycling.
Recyclable heterogeneous oxidation catalyst systems are pre-

erred over homogeneous analogues, especially in the case of

mailto:jverkade@iastate.edu
dx.doi.org/10.1016/j.molcata.2007.02.053
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etal catalysts that generate copious amounts of heavy metal
aste. In efforts to meet environmental and technical require-
ents, many heterogeneous systems for the selective oxidation

f sulfides to sulfoxides or sulfones have been employed which
onsist of supported reagents or catalysts [27]. For example,
he titanium silicates TS-1 and TS-2 [27g] promote sulfide oxi-
ation in the presence of hydrogen peroxide, but the use of
ulky sulfides was precluded by their limited access to the
ctive Ti sites. In order to overcome this limitation, meso-
orous materials have been used. Thus, Ti-MCM-41 allows the
xidation of bulky sulfides using hydrogen peroxide or tert-
utylhydroperoxide, although only mixtures of sulfoxides and
ulfones were obtained [28]. Recently, Choudary et al. reported
useful alternative approach that employs tungstate-exchanged

ayered double hydroxides for the hydrogen peroxide oxidation
f thioethers. A disadvantage of this method is that it entails the
ormation of mixtures of products [27j].

With the currently growing trend toward increased environ-
ental responsibility, there is considerable incentive to find

ew catalytic systems that are efficient, recyclable and envi-
onmentally friendly. In recent years, room-temperature RTILs
ave attracted growing interest because of their useful proper-
ies such as thermal stability, high ionic conductivity, negligible
apor pressure, tolerance towards air and moisture, low corrosive
ature and a large electrochemical window [29,30]. Depending
n the anion and the alkyl group of imidazolium RTILs, for
xample, carbonyl compounds, alcohols, alkyl halides, super-
ritical CO2 (scCO2) and transition metal complexes can be
olubilized in these liquids, although some imidazolium RTILs
re poorly miscible with dialkyl ethers, alkanes, water and
cCO2 [29,31]. Numerous examples of the usefulness of RTILs
n catalysis and biocatalysis [32] have been reported [33] and
hey are also capable of replacing traditional organic solvents
OS) in aqueous-OS biphasic systems, including those used for
he selective extraction of metal ions from aqueous solution
n aqueous-OS biphasic systems [34,35] and for OS extraction
rom scCO2 in OS-scCO2 biphasic media [36,37]. Applications
f imidazolium RTILs have also been found in gas chromatog-
aphy [38] as stationary phases, in electrochemistry [39] as
olvents and electrolytes, and in pervaporation procedures [40].

We report here a novel, efficient and recyclable catalytic
pproach to the room temperature oxidation of sulfides to sul-
ones by cheap, nonpolluting and reasonably stable hydrogen
eroxide in the presence of a catalytic amount of titanium
omplex 1. The reaction can be carried out in methanol or
cetonitrile. Because the rates are nearly the same in both sol-
ents, these solvents were used interchangeably. RTILs were
lso employed to immobilize the catalyst, thus, allowing both
he solvent and the catalyst to be recycled (Scheme 1).

. Experimental

.1. General
All reactions were performed in oven-dried glassware in an
rgon atmosphere using standard Schlenk techniques. All sol-
ents were collected from a Grubbs-type solvent purification

fi
w

Scheme 1.

ystem and kept over 4 Å molecular sieves. 1H and 13C NMR
pectra were recorded on a Varian VRX-300 NMR spectrometer
sing standard procedures. The chemical shifts are referenced to
he residual peaks of CDCl3 (7.26 and 77.23 δ ppm in 1H and 13C
MR spectra, respectively). Silica gel (J.T. Baker, 40–140 mesh)
as used for column chromatography. Aqueous H2O2 (30%)
as purchased from Fisher chemicals, and Ti(O-i-Pr)4, 1,1,1-

ris(hydroxymethyl)ethane, bromobutane, 1-methylimidazole,
aBF4 and the organic sulfides were purchased from Aldrich

nd were used without further purification. RTIL 3 was synthe-
ized according to a literature procedure [30e] and its 1H NMR
pectrum corresponded to that reported by others [31a] RTILs 4
nd 5 were purchased from Solvent-Innovation and were used
ithout further purification. Catalyst 1 (prepared in 88% yield)
as synthesized following the method in our earlier report [41].

.2. General procedure for the oxidation of organic sulfides
n methanol

To a stirred solution of sulfide (2 mmol) and 1 (5 mol%)
n methanol (5 mL), was added an aqueous solution of 30%
w/w) hydrogen peroxide (0.66 mL, 6 mmol) in 2–3 portions
t room temperature. After completion of the reaction (which
as followed by TLC), a small amount of MnO2 was added

o decompose unreacted H2O2. The reaction mixture was fil-
ered to remove solid MnO2, and the product was then extracted
ith diethyl ether (3 × 10 mL). The extract was dried over anhy-
rous Na2SO4 and evaporated in vacuo to afford the product.
nalytically pure compound was obtained after column chro-
atography (silica gel, using hexane/ethyl acetate 90:10, v/v).

.3. General procedure for the oxidation of sulfides in
TILs
An RTIL (4.0 mL) and catalyst 1 (5 mol% based on the sul-
de) were premixed in an oven-dried Schlenk flask equipped
ith a magnetic stirring bar. This procedure was carried out
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nder an argon atmosphere in a glove bag. The resultant solution
as degassed by pumping under reduced pressure (200 mTorr)

or 10 min and then the flask was filled with argon. Sulfide
2 mmol) was then introduced in the case of a liquid. (In the
ase of a solid, the sulfide was dispersed into the RTIL with
tirring giving a cloudy solution.) Addition at this point of 30%
w/w) hydrogen peroxide (0.66 mL, 6 mmol) in 2–3 portions
t room temperature via syringe gave a homogeneous solution.
he reaction mixture was then vigorously stirred for the time

ndicated. The extent of the reaction was monitored by TLC.
fter complete conversion, 3 × 10 mL portions of diethyl ether
ere introduced via cannula for product extraction, after which

he mixture was allowed to stir for 10 min after each portion
as added. After separation and settling of the RTIL/1 phase
ad occurred (0.5–1 h) the supernatant ether layer was removed
hrough a cannula and then the ether solution was evaporated
n a rotavapor apparatus to obtain the crude sulfone. After, the
TIL/1 phase was separated from the product, the RTIL/1 phase
as placed under reduced pressure (200 mTorr for 2 h) to remove
ater (formed from decomposition of the hydrogen peroxide)

nd traces of ether used in the extraction. Fresh substrate and
ydrogen peroxide were then added for recycling.

All the compounds synthesized herein are listed below with
iterature citations since they are all known compounds. Our 1H
nd 13C NMR spectral data are in good agreement with those
ecorded in the literature.

.4. Spectral data for all compounds

.4.1. Methyl phenyl sulfone [26] (Table 5, entry 1)
1H NMR (CDCl3, 300 MHz): δ 3.05 (s, 3H), 7.57–7.60 (m,

H), 7.93–7.96 (m, 2H); 13C NMR (CDCl3, 75.5 MHz): δ 45.12,
27.97, 129.99, 134.32, 141.22.

.4.2. Benzyl sulfone [42] (Table 5, entry 2)
1H NMR (CDCl3, 300 MHz): δ 4.13 (s, 4H), 7.40 (m, 10H);

3C NMR (CDCl3, 75.5 MHz): δ 58.47, 127.97, 129.43, 131.32.

.4.3. Di-tert-butyl sulfone [26] (Table 5, entry 3)
1H NMR (CDCl3, 300 MHz): δ 1.47 (s, 18H); 13C NMR

CDCl3, 75.5 MHz): δ 25.74, 64.43.

.4.4. Ethyl phenyl sulfone [27j] (Table 5, entry 4)
1H NMR (CDCl3, 300 MHz): δ 1.23 (t, 3H, J = 7.44 Hz) 3.07

q, 2H, J = 7.44 Hz), 7.53–7.68 (m, 3H), 7.88–7.90 (m, 2H);
3C NMR (CDCl3, 75.5 MHz): δ 7.19, 50.33, 127.93, 128.99,
33.42, 138.24.

.4.5. Diphenyl sulfone [26] (Table 5, entry 5)
1H NMR (CDCl3, 300 MHz): δ 7.47–7.56 (m, 6H), 7.93–7.96

m, 4H); 13C NMR (CDCl3, 75.5 MHz): δ 127.60, 129.32,
33.26, 141.54.
.4.6. Dibenzothiophene-5,5-dioxide [26] (Table 5, entry 6)
1H NMR (CDCl3, 300 MHz): δ 7.53–7.56 (m, 2H), 7.62–7.67

m, 2H), 7.67–7.84 (m, 4H); 13C NMR (CDCl3, 75.5 MHz): δ

21.76, 122.32, 131.75, 134.06, 137.85.

m
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.4.7. Benzyl phenyl sulfone [43] (Table 5, entry 7)
1H NMR (CDCl3, 300 MHz): δ 4.3 (s, 2H), 7.06 (d, 2H,

= 6.9 Hz), 7.23–7.31 (m, 3H), 7.42–7.47 (m, 2H), 7.60–7.64
m, 3H); 13C NMR (CDCl3, 75.5 MHz): δ 62.63, 128.32, 128.38,
28.51, 128.63, 130.56, 133.46, 137.58.

.4.8. 4-(Phenylsulfonyl)-2-butanone [44] (Table 5, entry
)

1H NMR (CDCl3, 300 MHz): δ 2.18 (s, 3H), 2.90 (t,
= 7.8 Hz, 2H), 3.34 (t, J = 7.8 Hz, 2H), 7.55–7.67 (m, 3H),
.89–7.92 (m, 2H); 13C NMR (CDCl3, 75.5 MHz): δ 30.0, 36.0,
0.6, 128.1, 129.5, 134.1, 139.0, 203.9

.4.9. Methyl 3-(phenylsulfonyl)propionate [44a] (Table 5,
ntry 9)

1H NMR (CDCl3, 300 MHz): δ 2.73 (t, J = 7.44 Hz, 2H), 3.40
t, J = 7.44 Hz, 2H), 3.64 (s, 3H), 7.56–7.68 (m, 3H), 7.90–7.91
m, 2H); 13C NMR (CDCl3, 75.5 MHz): δ 27.3, 51.1, 52.4,
27.8, 129.1, 133.7, 138.1, 170.1

.4.10. 2-(Phenylsulfonyl)ethanol [26] (Table 5, entry 10)
1H NMR (CDCl3, 300 MHz): δ 2.41 (br, 1H), δ 3.33

t, J = 5.25 Hz, 2H), 3.98 (t, J = 5.25 Hz, 2H), 7.56–7.60 (t,
= 6.96Hz, 2H), 7.66–7.72 (m, 1H), 7.92–7.95 (d, J = 7.08 Hz,
H); 13C NMR (CDCl3, 75.5 MHz): δ 56.30, 58.30, 128.02,
29.56, 134.17, 139.04.

.4.11. Phenyl vinyl sulfone [42] (Table 5, entry 11)
1H NMR (CDCl3, 300 MHz): δ 6.02 (d, J = 9.66 Hz, 1H),

.48 (d, J = 16.47 Hz, 1H), 6.65–6.70 (m, 1H), 7.52–7.88 (m,
H), 7.90–7.91 (m, 2H); 13C NMR (CDCl3, 75.5 MHz): δ 127.5,
27.6, 129.1, 133.4, 138.2, 139.3.

.4.12. Allyl phenyl sulfone [42] (Table 5, entry 12)
1H NMR (CDCl3, 300 MHz): δ 3.79 (d, J = 7.44 Hz, 2H), 5.10

d, J = 16.95 Hz, 1H), 5.30 (d, J = 10.26 Hz, 1H), 5.73–5.82 (m,
H), 7.51–7.66 (m, 3H), 7.84–7.87 (m, 2H); 13C NMR (CDCl3,
5.5 MHz): δ 60.61, 124.3, 124.4, 128.2, 128.8, 133.51, 138.0.

.4.13. 3-(Phenylsulfonyl)propionitrile [44a] (Table 5,
ntry 13)

1H NMR (CDCl3, 300 MHz): δ 2.84 (t, J = 7.44 Hz, 2H),
.41 (t, J = 7.44 Hz, 2H), 7.60–7.76 (m, 3H), 7.92–7.94 (m, 2H);
3C NMR (CDCl3, 75.5 MHz): δ 12.23, 51.35, 116.15, 128.5,
30.02, 134.97, 137.74.

.4.14. Benzyl methyl sulfone [44b] (Table 5, entry 14)
1H NMR (CDCl3, 300 MHz): δ 2. 75 (s, 3H), 4.25 (s, 2H),

.41 (s, 5H); 13C NMR (CDCl3, 75.5 MHz): δ 38.74, 60.98,
28.01, 128.85, 130.25.

. Results and discussion
Titanium(IV) isopropoxide is a useful catalyst in the asym-
etric oxidation of sulfoxides in the Sharpless protocol which

mploys tert-butyl hydroperoxide as the oxidant [45]. Com-
ound 1 could be advantageous in this reaction, in that it is stable
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Table 1
Effect of oxidant in the oxidation of thioanisole catalyzed by 1 in methanol

Entry Oxidant Time Conversion (%)a 2a/2b

1 H2O2 (30%) 15 min 99 2b Only
2 Oxone®b 48 h 99 2a Only
3 TBHP 3 h 99 52:48

All reactions were carried out with 2 mmol of substrate, 6 mmol of oxidant and
5

i
t
t
8
a
T
p
o
w
m
t
f

o
v
i
v
t
t
a
w
6
w
o
s
t
c
q
w
c
d
c

t
2

T
S
i
o

E

1
2

A
i

Table 3
Effect of temperature in the oxidation of thioanisole catalyzed by catalyst 1

Entry Temperature Time (min) Conversion (%)a 2a/2b

1b R.T. 15 99 2b Only
2 0 ◦C 30 99 33:67
3 −20 ◦C 15 84 80:20
4 −20 ◦C 30 99 16:84

All reactions were carried out with 2 mmol of substrate, 0.66 mL (6 mmol) of
aqueous hydrogen peroxide (30%) and 5 mol% of catalyst in 5 mL of acetonitrile.

a Based on 1H NMR spectroscopic integration.
b This entry was repeated with MeOH as solvent and the same result was

obtained.

Table 4
Effect of concentration of catalyst 1 on the 2a/2b ratio in the hydrogen peroxide
oxidation of thioanisole

Entry Concentration
(mol%) 1

Time Conversion (%)a 2a/2b

1 2.5 1.0 h 99 62:38
2 2.5 1.0 h 97 88:12b

3 5 25 min 99 75:25
4 8 20 min 99 88:12

All reactions were carried out with 2 mmol of substrate, 0.33 mL (3 mmol) of
aqueous hydrogen peroxide (30%) and different mol% of catalyst in 5 mL of
a

p
w
o
o
o
2
o
a

t
1
t
R
d
t

mol% of catalyst in 5 mL of MeOH at room-temperature.
a Based on 1H NMR spectroscopic integration.
b 2KHSO5·KHSO4·K2SO4.

n the atmosphere at ambient temperature over short periods of
ime compared with Ti(OiPr)4 which is a fuming liquid under
he same conditions. It may be added that 1 is easily made in
8% yield by combining one equivalent of commercially avail-
ble 1,1,1-tris(hydroxymethyl)ethane and excess Ti(OiPr)4 in
HF [41]. Moreover, it would be advantageous to use hydrogen
eroxide as a less expensive oxidizing agent for the oxidation
f sulfides to sulfoxides and sulfones. The catalytic activity of 1
as initially compared with the three oxidants in Table 1 for the
ethanolic oxidation of thioanisole. It is clear from this table

hat hydrogen peroxide is the best of these three oxidizing agents
or this reaction.

When Ti(OiPr)4 was used as the catalyst in the oxidation
f thioanisole, sulfone was exclusively obtained in 99% con-
ersion in 10 min using 5 mol% of catalyst in methanol. Upon
ncreasing to 12.5 mol% of the catalyst in methanol, the con-
ersion to sulfone was completed within 5 min. The completion
ime of this reaction was the same when it was carried out in
he RTILs. It should be noted that the Ti(OiPr)4/RTIL took on
milky appearance in the presence of Ti(OiPr)4, whereas this
as not the case with 1 (see below). From Table 2, it is seen that
mmol of H2O2 (30%) is required to obtain sulfone selectively
ith two millimoles of substrate. Although good conversion was
btained with lower concentrations of 30% H2O2, mixtures of
ulfoxide and sulfone are formed. The data in Table 3 show
hat the ratio of sulfoxide:sulfone was 33:67 after quantitative
onversion was achieved at 0 ◦C (Table 3, entry 2) whereas after
uantitative conversion at −20 ◦C, the ratio of sulfoxide:sulfone
as 16:84 (Table 3, entry 4). However, sulfoxide formation was

onsiderably higher at 84% conversion (Table 3, entry 3). These
ata support the known faster rate of the first oxidative step

ompared with the second [46].

Table 4 shows the effect of titanium concentration (mol%) on
he activity and selectivity of thioanisole oxidation. The use of
.5 mol% of titanium catalyst leads to formation of a mixture of

able 2
electivity for the conversion of thioanisole to the corresponding sulfox-

de/sulfone as a function of hydrogen peroxide concentration in the presence
f catalyst 1

ntry 30% H2O2 (mmol) Time (min) Conversion (%)a 2a/2b

1.5 30 84 81:19
6 15 99 2b Only

ll reactions were carried out with 2 mmol of substrate and 5 mol% of catalyst
n 5 mL of MeOH at room temperature.

a Based on 1H NMR spectroscopic integration.

f
t
d
c

s
R
u
i

cetonitrile at room temperature unless specified otherwise.
a Based on 1H NMR spectroscopic integration.
b Reaction conducted at 0 ◦C.

roducts (Table 4, entry 1), while using 3 mmol of H2O2 (30%)
ith 2 mmol of substrate (entry 2 in Table 4) shows that 2.5 mol%
f catalyst at 0 ◦C leads to the formation of a major amount
f sulfoxide in contrast to the minor amount given in entry 2
f Table 3, for which 5 mol% of catalyst was used instead of
.5 mol%. With 5 and 8 mol% of 1 (entries 3 and 4, respectively)
nly 20–25 min were required for quantitative conversion, with
n expected high selectivity for the sulfoxide.

Encouraged by these results, we immobilized catalyst 1 in
hree imidazolium RTILs (3–5) resulting in 99% conversion in
0 min under the conditions given in Table 3 (footnote) except
hat 2 mL of RTILs were used in place of acetonitrile. All three
TILs show very similar activity in the room temperature oxi-
ation of thioanisole but the rates are 2–11 times faster than
hose of homogeneous and heterogeneous catalysts reported so
ar [21,25,27j,28]. The same conclusion was drawn when the
hree RTILs were used for diphenyl sulfide, which is a more
ifficult substrate to oxidize and which took 2 h for complete
onversion to the corresponding sulfone.

Recycling of the homogeneous [BMIM]BF4/1 catalytic

ystem was carried out by extracting the product from the
TIL/1/sulfone reaction solution with ether, followed by vac-
um pumping the [BMIM]BF4/1 system to remove water formed
n the oxidation process, and then adding fresh hydrogen perox-
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Table 5
Oxidation of sulfides to sulfones catalyzed by cat 1 using aqueous H2O2 (30%)

Entry Sulfide Product Cat1/MeOH time (h)
conv (%)a

Cat 1/(BMIM)BF4

time (h)
Isolated yield
(%)b

1 15 min 94c 10 min 95

2 2.5 99 2.5 93

3 1.0 99 1.0 93

4 2.0 99 2.0 98

5 2.0 99 2.0 91

6 2.0 99 2.0 89

7 2.0 99 2.0 90

8 2.0 99 1.5 90

9 2.5 99 2.0 91

10 3.0 99 3.0 91

11 3.0 99 2.5 87

12 2.0 99 2.0 91
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Table 5 ( Continued )

Entry Sulfide Product Cat1/MeOH time (h)
conv (%)a

Cat 1/(BMIM)BF4

time (h)
Isolated yield
(%)b

13 2.0 99 2.0 91

14 1.5 99 1.0 94

Reaction conditions: all reactions were carried out with 2 mmol of substrate, 5 mol% of catalyst in 5 mL of MeOH or 4 mL of RTIL, 0.66 mL (6 mmol) of aqueous
hydrogen peroxide (30%).
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a Based on 1H NMR spectroscopic integration.
b After column chromatography using the RTIL method.
c Isolated yield after column chromatography.

de and substrate. Thus, the catalyst was reused six times without
oss of activity and selectivity using the conditions given in
able 3 (footnote) except that 2 mL of RTILs were employed

n place of acetonitrile.
We also compared the reusability of the [BMIM]BF4 sys-

em with [BMIM]BF4/Ti(OiPr)4 in the oxidation of thianisole.
lthough this reaction gave a 99% conversion to sulfone in
0 min in the first run, more time was required from the sec-
nd cycle onwards. Thus, the reaction times for the second to
he sixth cycle are 20, 40, 90, 105 and 150 min, respectively,
nder the same reaction conditions.

The [BMIM]BF4/1 catalyst system is advantageous for the
xidation of sulfides in terms of its higher activity compared
ith the [BMIM]BF4/Ti(OiPr)4 system. Furthermore, upon the

ddition of hydrogen peroxide to the latter system, a milky sus-
ension formed which gradually became a turbid solution. This
as not the case with the [BMIM]BF4/1 solution, which became
ale yellow and became only slightly turbid after six cycles.
he turbidity is probably associated with the formation of tita-
ium dioxide via hydrolysis, since it is well-known that titanium
lcoholates are hydrolyzed stepwise, ultimately forming tita-
ium dioxide [47]. Nevertheless, the nature (e.g., homogeneous
nd/or heterogeneous) of the active titanium species responsi-
le for the oxidation of sulfides in the solution phase remains
ncertain [48].

The use of RTILs as a solvent in the oxidation of sulfides is an
ttractive alternative to the use of environmentally undesirable
hlorinated organic solvents [17b,21,46]. It is worth noting that
he 6 cycles we achieved with the [BMIM]BF4/1 catalyst system
s somewhat better that the maximum of 4 or 5 cycles reported by
revious investigators using heterogeneous oxidation catalysts
or this reaction [18,27j].

In an effort to establish the scope of our protocol, a series of
ulfides with a variety of sulfur substituents were oxidized and
he results are presented in Table 5. In our protocol, thioanisole

equires only 15 min in methanol and 10 min in the RTIL, while
omogeneous catalytic procedures recorded in the literature
equire from 1 to 3 h [21,25,27g,28], including experiments
arried out at elevated temperatures for this transformation

q
p
6
a

27g,28]. It is also seen in Table 5 that sulfides with aliphatic
ubstituents oxidize more quickly (entries 1 and 3). Interestingly,
hioanisole is exceptionally quick to oxidize, perhaps because
f considerable steric accessibility of the sulfur to the catalyti-
ally active form of the catalyst (see below). A dialkyl sulfide
Table 5, entry 3) is more easily oxidized than the diaryl sulfides
n this table, perhaps because of minimal steric hindrance of the
ethyl group.
Although the oxidation of diphenyl sulfide requires a higher

emperature compared with the other aryl sulfides [26], the
resent method represents a relatively easy catalytic oxidation
f this compound to diphenyl sulfone in a one-pot reaction that
ives a quantitative yield in a manner that allows the catalyst
o be recycled (Table 5, entry 5). Interestingly, some sulfides
eacted at a faster rate in the RTIL/1 system compared with 1 in
ethanol as the solvent (Table 5, entries 1, 8, 9 and 11).
Our approach is a significant improvement over the aforemen-

ioned homogeneously catalytic procedure reported by Noyori
nd co-workers [26] using an analogous reaction employing
a2WO4, a phosphonic acid promoter and an acidic quater-
ary ammonium salt; a non-recyclable procedure that must
e carried out at elevated temperatures in order to achieve
ood yields. Catalyst 1 is also a more efficient catalyst for
he oxidation of sulfides than various metal anion-exchanged
ayered double hydroxides and their homogeneous analogues
27j].

The oxidation of dibenzothiophene is of current interest
ecause of its presence in diesel fuel as a cause of acid rain and
irborne particulate material [49]. Oxidation of thiophenes in
uels followed by extraction of the sulfone products is one of the
ew better methods available for sulfur removal. Such oxidations
an be carried out using heterogeneous mixed oxide and titania-
ontaining molecular sieve systems [49] and require prolonged
eaction times (at least 5 h) and higher temperatures (50–70 ◦C).
he present protocol involving a recyclable medium provides

uantitative yields of dibenzothiophene sulfone at room tem-
erature in a considerably shorter reaction time (Table 5, entry
). After appropriate improvement in recyclability, is conceiv-
ble that the methodology reported here could be adapted to
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he removal of sulfur-containing compounds from petroleum-
erived fuels.

Interestingly, allyl and vinyl phenyl sulfides were selectively
xidized to their corresponding sulfones without epoxide for-
ation (Table 5, entries 11 and 12). No aldehyde formation
as observed in the oxidation of 2-hydroxyethyl phenyl sulfide

Table 5, entry 10). Thus, many functional groups such as nitrile
Table 5, entry 13), ester (Table 5, entry 9), keto (Table 5, entry
), benzyl (Table 5, entries 2 and 7), alcohol (Table 5, entry 10)
nd alkene (Table 5, entries 11 and 12) are preserved under our
eaction conditions.

Our novel RTIL/1/H2O2/sulfide reaction mixture is a solu-
ion, thus, allowing catalysis to occur rapidly in a homogeneous

edium. The novelty of our approach is that not only does the
TIL act as a propitious solvent for the titanium alkoxide cata-

yst 1, hydrogen peroxide, the organic sulfide substrate and the
ulfone product (a diverse set of solutes), but it quite selectively
etains the catalyst after efficient extraction of the product with
ther. The RTIL also retains water formed in the reaction, which
s removed under reduced pressure.

As a catalyst for oxidation, 1 probably takes part in the usual
eroxo chemistry of titanium [48], reacting with H2O2 to form a
eroxotitanium intermediate such as TiOOH. Oxidation is then
elieved to proceed via oxygen transfer from the titanium to the
ucleophilic sulfide, with initial formation of a sulfoxide that can
urther react with another molecule of a peroxotitanium species
o form a sulfone.

. Conclusions

The present methodology, in which 1 is used for the first
ime as an oxidation catalyst in either methanol or an RTIL,
epresents the first protocol that permits a one-pot rapid and
ild oxidation of sulfides to sulfones. The broad range of sul-
des converted to sulfones by the [BMIM]BF4/1 catalyst system
including bulky sulfones) coupled with excellent room tem-
erature conversion rates and recyclability over five cycles,
enders the [BMIM]BF4/1 catalyst system at least competitive,
f perhaps not superior to all heterogeneous and homogeneous
atalysts reported so far. Catalyst 1, which is easily made in
igh yield from titanium isopropoxide and trimethylol ethane,
ossesses two major advantages over titanium isopropoxide,
amely, stability toward hydrolysis and greater recyclability.

upplementary material

Copies of 1H and 13C NMR of all sulfones products in this
ork.

cknowledgement

The authors are grateful to the National Science Foundation
or generous support in the form of a grant.
ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.molcata.2007.02.053.
ar Catalysis A: Chemical 272 (2007) 233–240 239

eferences

[1] (a) S. Patai, Z. Rappoport, Synthesis of Sulfones Sulfoxides and Cyclic
Sulfides, J. Wiley, Chichester, 1994;
(b) M. Mikolajczyk, Tetrahedron 42 (1986) 5459;
(c) N.S. Simpkins, Sulphones in Organic Synthesis, Pergamon Press,
Oxford, 1993;
(d) Z. Jin, P.C. Vandort, P.L. Fuchs, Phosphorus, Sulfur, Silicon 95–96
(1999) 1;
(e) E.N. Prilezhaeva, Russian Chem. Rev. 69 (2000) 367.

[2] (a) J.M. Brunel, H.B. Kagan, Synlett (1996) 404;
(b) S.H. Di Furia, G. Modena, G. Seraglia, Synthesis (1984) 325;
(c) C. Bolm, F. Bienwald, Angew. Chem. Int. Ed. Engl. 34 (1995) 2640;
(d) Y. Mekmouche, H. Hummel, R.Y.N. Ho Jr., L. Que, V. Schunemann, F.
Thomas, F. Trautwein, C. Lebrun, K. Gorgy, J.-P. Lepretre, M.-N. Collomb,
A. Deronzier, M. Fontecave, S. Menage, Chem. Eur. J. 8 (2002) 1196.

[3] F.G. Bordwell, P. Boutan, J. Am. Chem. Soc. 79 (1957) 717.
[4] G.W. Gokel, H.M. Gerdes, D.M. Dishong, J. Org. Chem. 45 (1980) 3634.
[5] D. Edwards, J.B. Stenlake, J. Chem. Soc. (1954) 3272.
[6] J.M. Khurana, A.K. Panda, A. Ray, A. Gogia, Org. Prep. Proced. Int. 28

(1996) 234.
[7] T. Durst, J. Am. Chem. Soc. 91 (1969) 1034.
[8] (a) N.J. Leonard, C.R. Johnson, J. Org. Chem. 27 (1962) 282;

(b) C.R. Johnson, J.E. Keiser, Org. Synth. Coll. V (1973) 791.
[9] J. Drabowicz, W. Midura, M. Kolajczyk, Synthesis (1979) 39.
10] C.C. Addison, J. Sheldon, J. Chem. Soc. (1956) 2705.
11] F.A. Davis Jr., R. Jenkins, S.G. Yocklovich, Tetrahedron Lett. (1978) 5171.
12] (a) H.J. Reich, F. Chow, S.L. Peake, Synthesis (1978) 299;

(b) K.R. Roh, K.S. Kim, Y.H. Kim, Tetrahedron Lett. 32 (1991) 793.
13] (a) K.B. Sharpless, T.R. Verhoeven, Aldrichim. Acta 12 (1979) 63;

(b) P.J. Kropp, G.W. Breton, J.D. Fields, J.C. Jung, B.R. Loomis, J. Am.
Chem. Soc. 122 (2000) 4280.

14] Y.H. Kim, D.C. Yoon, Tetrahedron Lett. 29 (1988) 6453.
15] T. Takata, R. Tajima, W. Ando, Phosphorus, Sulfur, Silicon 16 (1983)

67.
16] S.W. Kaldor, M. Hammond, Tetrahedron Lett. 32 (1991) 5043.
17] (a) V. Khanna, G.C. Maikap, J. Iqbal, Tetrahedron Lett. 37 (1996) 3367;

(b) M.M. Dell’Anna, P. Mastrorilli, C.F. Nobile, J. Mol. Catal. 108 (1996)
57.

18] B.M. Choudary, Ch. Venkat Reddy, B.V. Prakash, M.L. Kantam, B. Sreed-
har, Chem. Commun. (2003) 754.

19] (a) K. Sato, M. Aoki, R. Noyori, Science 281 (1998) 1646;
(b) G.T. Brink, I.W.C. Arends, R.A. Sheldon, Science 287 (2000) 1636.

20] H.S. Schultz, H.B. Freyermuth, S.R. Buc, J. Org. Chem. 28 (28) (1963)
1140.

21] Y. Ishi, H. Tanaka, Y. Nisiyama, Chem. Lett. (1994) 1.
22] Z. Stec, J. Zawadiac, A.C. Skibinski, H.I.S. Nogueira, B.C. Parkin, J. Mol.

Catal. 117 (1997) 185.
23] O. Bortolini, F. Di Furia, G. Modena, R. Seraglia, J. Org. Chem. 50 (1985)

2688.
24] Y. Watanabe, T. Numata, S. Oae, Synthesis (1981) 204.
25] S. Yamazaki, Bull. Chem. Soc. Jpn. 69 (1996) 2955.
26] K. Sato, M. Hyodo, M. Aoki, X.-Q. Zheng, R. Noyori, Tetrahedron 57

(2001) 2469.
27] (a) G.W. Breton, J.D. Fields, P.J. Kropp, Tetrahedron Lett. 36 (1995) 3825;

(b) P. Kannan, R. Sevel, S. Rajagopal, K. Pitchumani, Tetrahedron 53
(1997) 7635;
(c) R.S. Varma, R.K. Saini, H.M. Meshram, Tetrahedron Lett. 38 (1997)
6525;
(d) M.H. Ali, W.C. Stevens, Synthesis (1997) 764;
(e) M. Hirano, S. Yakbne, S. Itoh, J.H. Clart, T. Morimotoa, Synthesis
(1997) 1161;
(f) V. Hulea, P. Moreau, F. Di Renzo, J. Mol. Catal. A, Chem. 111 (1996)

325;
(g) R.S. Reddy, J.S. Reddy, R. Kumar, P. Kumar, J. Chem. Soc., Chem.
Commun. (1992) 84;
(h) P.S. Ragavan, V. Ramaswamy, T.T. Upadhya, A. Sudalai, A.V.
Ramaswamy, S. Sivasankar, J. Mol. Catal. A 122 (1997) 75;

http://dx.doi.org/10.1016/j.molcata.2007.02.053


2 lecul

[
[

[

[

[

[

[

[
[

[

[
[

[

[

[

[
[

[
[
[

40 Ch. Venkat Reddy, J.G. Verkade / Journal of Mo

(i) S.V.N. Raju, T.T. Upadhya, S. Ponatnam, T. Daniel, A. Sudalai, Chem.
Commun. (1996) 1969;
(j) B.M. Choudary, B. Bharathi, Ch. Venkat Reddy, M.L. Kantam, J. Chem.
Soc., Perkin Trans. 1 (2002) 2069.

28] A. Corma, M. Iglesias, F. Sanchez, Catal. Lett. 39 (1996) 153.
29] (a) For reviews on RTILs, see: T. Welton, Chem. Rev. 99 (1999) 2071;

(b) P. Wasserscheid, K. Wilhelm, Angew. Chem. Int. Ed. 39 (2000) 3772;
(c) R. Sheldon, Chem. Commun. (2001) 2399;
(d) J. Dupont, R.F. de Souza, P.A.Z. Suarez, Chem. Rev. 102 (2002) 3667;
(e) M.J. Earle, K.R. Seddon, Pure Appl. Chem. 72 (2000) 1391;
(f) N. Jain, A. Kumar, S. Chauhan, S.M.S. Chauhan, Tetrahedron 61 (2005)
1015;
(g) T. Welton, Coord. Chem. Rev. 248 (2004) 2459;
(h) J. Dupont, J. Braz. Chem. Soc. 15 (2004) 341.

30] (a) J.S. Wilkes, J.A. Levisky, R.A. Wilson, C.L. Hussey, Inorg. Chem. 21
(1982) 1263;
(b) P.B. Hitchcock, K.R. Seddon, T. Welton, J. Chem. Soc. Dalton Trans.
(1993) 2639;
(c) P.A.Z. Suarez, J.E.L. Dullius, S. Einloft, R.F. de Souza, J. Dupont,
Polyhedron 15 (1996) 1217;
(d) P. Bonhote, A.-P. Dias, N. Papageorgiou, K. Kalyanasundaram, M.
Gratzel, Inorg. Chem. 35 (1996) 1168;
(e) G.S. Owens, M.M. Abu-Omar, J. Mol. Catal. A. Chem. 187 (2002)
215.

31] (a) J.D. Holbrey, K.R. Seddon, J. Chem. Soc. Dalton Trans. 13 (1999) 2133;
(b) A.S. Larsen, J.D. Holbrey, F.S. Tham, C.A. Reed, J. Am. Chem. Soc.
122 (2000) 7264;
(c) J. Dupont, G.S. Fonseca, A.P. Umpierre, P.F.P. Fichtner, S.R. Teixeira,
J. Am. Chem. Soc. 124 (2002) 4228;
(d) L.A. Blanchard, D. Hancu, E.J. Beckman, J.F. Brennecke, Nature 399
(1999) 28.

32] (a) R.M. Lau, F. Van Rantwijk, K.R. Seddon, R.A. Sheldon, Org. Lett. 2
(2000) 4189;
(b) S.H. Schofer, N. Kaftzik, P. Wassercheid, U. Kragl, Chem. Commun.
(2001) 425;
(c) K.-W. Kim, B. Song, M.-Y. Choi, M.-J. Kim, Org. Lett. 3 (2001) 1507;
(d) B.M.L. Dioos, P.A. Jacobs, J. Catal. 243 (2006) 217;
(e) F. Ye, H. Alper, Adv. Synth. Catal. 348 (2006) 1855.

33] (a) For recent examples, see: A.J. Carmichael, D.M. Haddleton, S.A.F. Bon,
K.R. Seddon, Chem. Commun. (2000) 1237;
(b) L. Gaillon, F. Bedioui, Chem. Commun. (2001) 1458;
(c) C.J. Mathews, P.J. Smith, T. Welton, Chem. Commun. (2000) 129;

(d) X.-F. Yang, W. Wang, R.S. Varma, C.-J. Li, Org. Lett. 5 (2003) 657;
(e) P. Wasserscheid, H. Waffenschmidt, P. Machnitzki, K.W. Kottsieper, O.
Stelzer, Chem. Commun. (2001) 451;
(f) C.J. Boxwell, P.J. Dyson, D.J. Ellis, T. Welton, J. Am. Chem. Soc. 124
(2002) 9334;

[

[

ar Catalysis A: Chemical 272 (2007) 233–240

(g) J. Ross, W. Chen, L. Xu, Xiao, Organometallics 20 (2001) 138;
(h) D.W. Kim, C.E. Song, D.Y. Chi, J. Am. Chem. Soc. 124 (2002) 10278;
(i) T. Fukuyama, M. Shinmen, S. Nishitami, M. Sato, I Ryu, Org. Lett. 4
(2002) 1691.

34] (a) R.A. Brown, P. Pollet, E. McKoon, C.A. Eckert, C.L. Liotta, P.G. Jessop,
J. Am. Chem. Soc. 123 (2001) 1254;
(b) M.F. Sellin, P.B. Webb, D. Cole-Hamilton, Chem. Commun. (2001)
781.

35] A.G. Fadeev, M.M. Meagher, Chem. Commun. (2001) 295.
36] (a) J.G. Huddleston, H.D. Willauer, R.P. Swatloski, A.E. Visser, R.D.

Rogers, Chem. Commun. (1998) 1765;
(b) A.E. Visser, R.P. Swatloski, W.M. Reichert, R. Mayton, S. Sheff, A.
Wierzbicki, J.H. Davies, R.D. Rogers, Chem. Commun. (2001) 135.

37] (a) L.A. Blanchard, J.F. Brennecke, Ind. Eng. Chem. Res. 40 (2001)
287;
(b) F. Liu, M.B. Abrams, R.T. Baker, W. Tumas, Chem. Commun. (2001)
433.

38] D.W. Armstrong, L. He, Y.-S. Liu, Anal. Chem. 71 (1999) 3873.
39] (a) C. Nanjundiah, S.F. McDevitt, V.R. Koch, J. Electrochem. Soc. 144

(1997) 3392;
(b) P.A.Z. Suarez, V.M. Selbach, J.E.L. Dullius, S. Einloft, D.S. Azambuja,
R.F. de Souza, J. Dupont, Electrochim. Acta 42 (1997) 2533;
(c) P.A.Z. Suarez, S. Einloft, C.M.S. Piatnicki, D.S. Azambuja, R.F. de
Souza, J. Dupont, J. Chim. Phys. 95 (1998) 1626.

40] T. Schafer, C.M. Rodrigues, C.A.M. Afonso, J.G. Crespo, Chem. Commun.
(2001) 1622.

41] Y. Kim, J.G. Verkade, Macromol. Rapid Commun. 23 (2002) 917.
The method recorded in this reference for the preparation of 1 was used
which was a slightly modified approach to that reported earlier by others
(T.J. Boyle, R.W. Schwartz, R.J. Doedens, J.W. Ziller, Inorg. Chem. 34
(1995) 1110).

42] C.J. Pouchert, J.Behnke, The Aldrich Library of 13C and 1H FT NMR
Spectra Ed 1.

43] Y. Chen, Y. Lam, Y.-H. Lai, Org. Lett. 5 (2003) 1067.
44] (a) N.K. Jana, J.G. Verkade, Org. Lett. 5 (2003) 3787;

(b) A. Toutchkine, D. Aebisher, E.L. Clennan, J. Am. Chem. Soc. 123
(2001) 4966.

45] S.H. Zhao, O. Samuel, H.B. Kagan, Tetrahedron 43 (1987) 5135.
46] M.H. Ali, G.J. Bohnert, Synth. Commun. 28 (1998) 2983.
47] (a) Y. Zhou, M. Antonietti, J. Am. Chem. Soc. 125 (2003) 14960;

(b) P. Pitchen, R. Dunach, M.N. Deshmukh, K.B. Kagan, J. Am. Chem.
Soc. 106 (1984) 8188, and references cited therein.
48] (a) O.A. Kholdeeva, G.M. Maksimov, R.I. Maksimovskaya, L.A. Kovaleva,
M.A. Fedotov, V.A. Grigoriev, C.L. Hill, Inorg. Chem. 39 (2000) 3828;
(b) M.K. Chaudhuri, B. Das, Inorg. Chem. 25 (1986) 168.

49] J. Palomeque, J.-M. Clacens, F. Figueras, J. Catal. 211 (2002) 103, and
references cited therein.


	An advantageous tetrameric titanium alkoxide/ionic liquid as a recyclable catalyst system for the selective oxidation of sulfides to sulfones
	Introduction
	Experimental
	General
	General procedure for the oxidation of organic sulfides in methanol
	General procedure for the oxidation of sulfides in RTILs
	Spectral data for all compounds
	Methyl phenyl sulfone [26] (Table 5, entry 1)
	Benzyl sulfone [42] (Table 5, entry 2)
	Di-tert-butyl sulfone [26] (Table 5, entry 3)
	Ethyl phenyl sulfone [27j] (Table 5, entry 4)
	Diphenyl sulfone [26] (Table 5, entry 5)
	Dibenzothiophene-5,5-dioxide [26] (Table 5, entry 6)
	Benzyl phenyl sulfone [43] (Table 5, entry 7)
	4-(Phenylsulfonyl)-2-butanone [44] (Table 5, entry 8)
	Methyl 3-(phenylsulfonyl)propionate [44a] (Table 5, entry 9)
	2-(Phenylsulfonyl)ethanol [26] (Table 5, entry 10)
	Phenyl vinyl sulfone [42] (Table 5, entry 11)
	Allyl phenyl sulfone [42] (Table 5, entry 12)
	3-(Phenylsulfonyl)propionitrile [44a] (Table 5, entry 13)
	Benzyl methyl sulfone [44b] (Table 5, entry 14)


	Results and discussion
	Conclusions
	Supplementary material
	Acknowledgement
	Supplementary data
	References


