Accepted Manuscript

Selective hydrogen peroxide oxidation of sulfides to sulfoxides or sulfones with
MWW-type titanosilicate zeolite catalyst under organic solvent-free conditions

Yoshihiro Kon, Dr. Toshiyuki Yokoi, Masato Yoshioka, Shinji Tanaka, Yumiko
Uesaka, Takehisa Mochizuki, Kazuhiko Sato, Takashi Tatsumi

PII: S0040-4020(14)01134-X
DOI: 10.1016/j.tet.2014.07.091
Reference: TET 25885

To appearin:  Tetrahedron

Received Date: 14 April 2014
Revised Date: 24 July 2014
Accepted Date: 25 July 2014

Please cite this article as: Kon Y, Yokoi T, Yoshioka M, Tanaka S, Uesaka Y, Mochizuki T, Sato K,
Tatsumi T, Selective hydrogen peroxide oxidation of sulfides to sulfoxides or sulfones with MWW-type
titanosilicate zeolite catalyst under organic solvent-free conditions, Tetrahedron (2014), doi: 10.1016/
j-tet.2014.07.091.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.



http://dx.doi.org/10.1016/j.tet.2014.07.091

Graphical Abstract

Selective hydrogen peroxide oxidation of sulfides sulfoxides or sulfones with
MWW-type titanosilicate zeolite catalyst under orgasolvent-free conditions
Yoshihiro Kort), Toshiyuki Yokof), Masato Yoshioka, Shinji Tanak&, Yumiko

Uesakd, Takehisa Mochizukl, Kazuhiko Sat8", Takashi Tatsurdt

1.2 eq. H,0, (35%aq.) 0
cat. Ti-IEZ-MWW zeolite > d
298 K RTR

up to 94% yield

/S\ p—
R R'
2.5 eq. Hy,0, (35%aq.) O\ /O
cat. Ti-IEZ-MWW zeolite _ \ {
323 K R R'

up to >99% yield



Title
Selective hydrogen peroxide oxidation of sulfides sulfoxides or sulfones with

MWW-type titanosilicate zeolite catalyst under orgasolvent-free conditions

Authors
Yoshihiro Kort), Toshiyuki Yokof), Masato Yoshioka, Shinji Tanakd, Yumiko

Uesakd, Takehisa MochizuK?, Kazuhiko Sat8", Takashi Tatsurfi’

Affiliation

1) National Institute of Advanced Industrial Sciencal &echnology (AIST), Central5
Higashi 1-1-1, Tsukuba 305-8565, Japan

2) Chemical Resources Laboratory, Tokyo Institute ethihology, 4259 Nagatsuta,

Midori-ku, Yokohama 226-8503, Japan

OCorresponding author. Tel.: +81-29-861-4511; f88¢-29-861-4511; e-mail: k.sato@aist.go.jp

OCorresponding author. Tel.: +81-45-924-5238; fa1-45-924-5282; e-mail: ttatsumi@cat.res.titeclpac.



Contact address:

Dr. Yoshihiro Kon

National Institute of Advanced Industrial Scienoel dechnology (AIST)
Address: Central 5 Higashi 1-1-1, Tsukuba, Iba&l&-8565, Japan.
Fax: +81-29-861-4511

Tel: +81-29-861-4425

E-mail:y-kon@aist.go.jp



Abstract

Selective oxidation of sulfides to sulfoxides antfaes with hydrogen peroxide under

organic solvent-free conditions was demonstratedtHeyMWW-type titanosilicate

zeolite catalyst. Sulfides were oxidized smoothty give sulfoxides with good

selectivities at ambient temperature using 1.0ef@valent of hydrogen peroxide with

the MWW-type titanosilicate zeolite catalyst. Especialtihe Ti-MWW with an

interlayer-expanded structure (Ti-IEZ-MWW) catalg$towed high activity with good

chemoselectivity for the oxidation of various stéfs. The catalyst is recyclable for at

least five cycles, and the only byproduct is wagarlfides were directly oxidized to

give sulfones in high yields by 2.5 equivalent ofjdtogen peroxide with the

MWW-type titanosilicate zeolite catalyst under orgasutvent-free conditions.
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1. Introduction

The selective oxidation of sulfides to sulfoxidesolfones is a useful transformation in
organic chemistry. Sulfoxides and sulfones are known as valuablerritgdiates or
building blocks of pharmaceuticals such as antifliremd antihypertensive agerifs’ 2
And many kinds of oxidants such as nitric acid,amig peroxides, and heavy metal
oxidants have been employed as effective oxidantsrin sulfoxides and/or sulfones in
high yields! Among various kinds of oxidants, hydrogen peroxidgO.) is one of the
most straightforward, clean, and versatile oxidld&mm both an environmental and
economic perspective becauseChl has a high content of active oxygen and its
byproduct is watet.

There are numerous methods for oxidation of sulfidsing aqueous J, as an
oxidant>** And it is well known that sulfides are oxidizedgenerate sulfoxides and
sulfones by HO, at elevated temperature and/or with a long readiime without a
metal catalyst. However, highly selective oxidation of sulfidesden mild reaction
conditions is achieved by the application of optied catalysts and/or reaction
system<° For example, application of a micro-reacan acid- or substrate-catalyzed
reaction’ and homogeneous catalysts are well known as Bfectonverting

method$*° These reactions, however, require large amountiagfirdous organic



solvent and/or high temperature. When a homogeneateyst is used, it is also
difficult to separate and reuse it after the reactiOn the other hand, solid catalysts are
more easily removed and reused after the reattifriThe use of titanosilicate zeolite
catalysts such as TS-1 and Ti-MWW as a solid cstasyone of the simplest and most
effective choices for achieving high-yield synthesé various sulfoxides and sulfones.
There are several reports on the synthesis ofsdde and sulfones by titanosilicate
zeolite catalysts in the presence ofOl'® ' However, the reactions require large
amounts of organic solvents such as haloalkaneshals, and MeCN. The removal of
organic solvents in these oxidation processes woh&l required to create
environmentally friendly chemical processes. Rdgenwe reported on effective
methods of the synthesis using an interlayer exgdrtdanosilicate zeolite with the
MWW-type structure catalyst (Ti-IEZ-MWW) to give ly diphenyl sulfoxide under
organic solvent-free reaction conditioffsA high-yield synthesis of sulfoxide was
achieved by optimization of the zeolite structuce avercome the disadvantage of
organic solvent-free conditions.

We report herein a detailed study on high-yieldtlsgees of various sulfoxides using
1.0-1.2 equivalent of 30-35%-,8, aqueous solution with well-designed titanosilicate

zeolite catalysts including Ti-MWW and Ti-IEZ-MWWnder organic solvent-free



conditions. An effective oxidation of sulfides tivg sulfones by 2.5 equivalent of 35%

H.O, aqueous solution with thBIWW-type titanosilicate zeolite catalyst was also

shown.



2. Resultsand Discussion
2.1. H,O, oxidation of sulfidesto sulfoxides using titanosilicate zeolite catalysts

Three types of titanosilicate zeolite catalysts - STi-MWW, and Ti-IEZ-MWW)
were prepared to construct an optimized oxidatigstesn. TS-1 was employed as a
standard titanosilicate zeolite catalyst having &hFI-type structure with
three-dimensional 10-membered-ring (3D 10-MR) pdreB-MWW was prepared as
an MWW-type structure which had 12-MR with a system afieppendent 10-MR
channeld® Ti-IEZ-MWW was prepared as an interlayer-expanki&®tiW zeolite by the
silylation of the layered precursor of tMeWW-type titanosilicate (Ti-MWW(P)) with
diethoxydimethylsilane (DEDMS) under acidic conafis followed by calcinatioH.
The atomic ratio of Si/Ti in titanosilicate zeolitatalyst was estimated by ICP analysis;
the ratios were 72, 57, and 86 for TS-1, Ti-MWWdaR-IEZ-MWW, respectively
(Table 1). BET (Brunauer-Emmett-Teller) surfaceaair titanosilicate zeolite catalyst
was calculated from the amount of absorbe@iNthe surface; the values were 471, 499,
and 521 for TS-1, Ti-MWW, and Ti-IEZ-MWW, respedctly (Table 1).
Thioanisole was selected as a screening substrastimate the catalytic activities of
titanosilicate zeolite catalysts. The reaction wasducted with 30-35% 1@, (1.0-1.2

equivalent to thioanisole) and titanosilicate zeotiatalyst (10 mg) in open air at 25 °C



for 2 h with vigorous stirring, and the results atenmarized in Table 1.

Table 1. The oxidation of thioanisole with TS-1, Ti-MWW, &i-IEZ-MWW catalysts

using aqueous D,

H0; aq. O
©/S\ catalyst (10 mg) ©/S\

25°C,2h

Entry  Catalyst Si/Tirati8 BET Conv. Yield (%) 9 Selectivity TONT

surface d _ .

ared (%) sulfoxide sulfone (%)
1 None - - 19 18 0 95
2 TS-1 72 471 65 53 8 82 230
3 Ti-MWW 57 499 >99 89 10 89 310
4 Ti-IEZ-MWW 86 521 79 70 6 89 370
59 Ti-IEZ-MWW 86 521 >99 94 6 94 490

& Reaction conditions: thioanisole (1.0 mmol), 30%O0K (1.0 mmol), titanosilicate
zeolite catalyst (10 mg), 25 °C, 1000 rpm, 2 h.

® The atomic ratio of Si/Ti in titanosilicate zeolitatalyst was estimated by ICP
analysis.

°The BET surface area in titanosilicate zeolite lyatavas calculated from the amount
of adsorbed Blon the surface.

4Yield and conversion on the basis of thioanisoletetmined by GC analysis with
biphenyl as an internal standard.

®Yield/conversion x 100

"moles of product per a mole of Ti atom

9 Reaction conditions: thioanisole (1.0 mmol), 35%0k (1.2 mmol), pretreated
Ti-IEZ-MWW (10 mg), 25 °C, 1000 rpm, 2 h.

It is well known that the thioanisole is easily dizied to give methyl phenyl sulfoxide

without a catalyst at higher temperatures andfagéo reaction times.” ®The reaction



at lower temperature (25 °C) without organic sotweraction conditions for 2 h resulted
in lower levels of sulfoxidation (18% yield, Table entry 1). TS-1 is known as a
common titanosilicate zeolite catalyst that showegbod reactivity for KD, oxidation
of sulfides by an optimized organic solvéht® However, TS-1 did not show a high
activity under organic solvent-free conditionsgéve methyl phenyl sulfoxide in 53%
yield with methyl phenyl sulfone in 8% yield (Taldeentry 2). Ti-MWW showed high
activity levels even under organic solvent-freedibans; it catalyzed the sulfoxidation
of thioanisole to give the corresponding sulfoxiddigh yield (89%, Table 1, entry 3).
Ti-MWW having a 10-MR interlayer pore has provedtsmuch more active than TS-1
in the epoxidation of linear alkenes with®3. *® Ti-IEZ-MWW catalyst also showed
high activity to give methyl phenyl sulfoxide in %yield with 89% selectivity (Table 1,
entry 4). The optimization of the amount of,®4 about the reaction using
Ti-IEZ-MWW was carried out. The yields of methylgtyl sulfoxide using 1.0 eq. of
30% HO,, 1.2 eq. of 30% bD,, 1.0 eq. of 35% bD,, and 1.2 eq. of 35% JD, were
70% (Table 1, entry 4), 86%, 79%, and 91%, respelgti In addition, calcination of
Ti-IEZ-MWW at 550 °C for 5 h just before the reactiimproved the activity of
Ti-IEZ-MWW toward the oxidation of thioanisole uginl.2 eq. of 35% pD,

(conversion, >99%; yields, 94%; selectivity, 94%bple 1, entry 5). On the other hand,

10



the same treatment had almost no effect on theioeacusing TS-1 and Ti-MWW
catalysts. Although Ti-IEZ-MWW seems to show thghactivity derived from 12-MR
interlayer pore in addition th WW-type structure, it also tends to adsorb water@nd/
organic compounds and to diminish the activity. d@edtion of Ti-IEZ-MWW just
before the reaction and the use of 1.2 eq. of 38%%Hhqg. would be effective for
recovering the original activity of Ti-IEZ-MWW. Theirnover numbers (TONS) in TS-1,
Ti-MWW, Ti-IEZ-MWW, and Ti-IEZ-MWW (calcined) weréound to be 230, 310, 370,
and 490, respectively. The calculated turn ovequeacies (TOFs) in Ti-MWW and
Ti-IEZ-MWW at the oxidation of thioanisole were ¢time same levels (1900 and 2000
h* for Ti-MWW and Ti-IEZ-MWW, respectively).

Thioanisole was converted to the correspondingogidé in high yield with good
selectivity in the presence of the Ti-IEZ-MWW cattl On the other hand, small
amounts of sulfone (6% yield) were observed. Thead was also observed by tKe,
experiment (Figure I The Xso value reflected the extent of oxidation at thes®@® in
thianthrene 5-oxide (SSO). The oxidation of SSOgishe Ti-IEZ-MWW catalyst was
carried out at 40 °C for 18 hours. And the generatadized products were detected by
NMR analysis. The yields of products were as folpw.1% vyield for thianthrene

5,5-dioxide (SSQ), 54.2% vyield for thianthrene 5,10-dioxidei and trans-mixture,

11



SOSO0), 6.7% vyield for thianthrene 5,5,10-trioxidBOSQ). The Xso value of
Ti-IEZ-MWW was calculated to be 0.1This Xso value was in a similar range to those
of Ti-beta (0.07 and 0.19), which has flBEA-type structure with three-dimensional

12 MR pores™
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Figure 1. Oxidation of thianthrene 5-oxide (SSO) by Ti-IEAANV catalyst

Competitive experiments using a 1:1 mixture of a@imigole andpara substituted
thioanisole showed the Hammett linear free-eneetptionshipic+ correlated well with
p =-0.41 (Table 2 and Figure 2). The negajiwalue suggests the electrophilic nature
of Ti active species generated in Ti-IEZ-MWW. Thindency is consistent with

previously reported sulfide oxidation with®.% 2°

Table 2. Competitive oxidation opara substituted thioanisol@s

12



Entry parasubstituents(X) Conv. gfara X(%)® Conv. of H (%)

1 Me 7.60 6.03
2 cl 7.29 8.60
3 OMe 5.46 2.73
4 H

®Reaction was run using a 1:1 mixture of thioanismie para substituted thioanisole
(2.0 mmol), 35% kKO, aq. (1.4 mmol), and Ti-IEZ-MWW (10 mg) at 25 °Q & min.

"Determined by GC analysis.

0.3 4
0.2

0.1 4

log (kx / k) ——

o
-_—

-1 -08-06-04-02 0 0.2
ot »
Figure 2. Hammett plots for the competitive oxidation ofioimisole andpara
substituted thioanisole. Slope = -0.41% 0.99).

The application of TS-1-, Ti-MWW-, and Ti-IEZ-MWWatalyzed HO, oxidation
to various sulfides is shown in Table 3. In theecad the TS-1 catalyst, methyl
4-methylphenyl, 4-chlorophenyl methyl, and 4-bromepyl methyl sulfoxides were

given in 21%, 14%, and 14% vyields, respectivelyb(&&B, entries 2-4). Ti-MWW and

13



Ti-IEZ-MWW catalysts gave methylara substituted phenyl sulfoxides in high yields
(76-93% for Ti-MWW and 75-92% for Ti-IEZ-MWW, Tabl8, entries 2-4). These
results showed that Ti-MWW, which has a 10-MR ilager pore, is much more active
than TS-1 for the sulfoxidation opara substituted thioanisoles under organic
solvent-free conditions. The reaction of 2-methylfanyl pyridine, which includes a
nitrogen atom as well as a sulfur atom as a readite, gave the corresponding
sulfoxide in moderate to good vyields using TS-1;MWW, and Ti-IEZ-MWW
catalysts (62% vyield for TS-1, 79% vyield for Ti-MWWand 79% vyield for
Ti-IEZ-MWW, respectively; Table 3, entry 5). In $ereactionsN-oxide of 2-methyl
sulfanyl pyridine was not observed. Chemoselegtioftthis catalytic system was also
checked by the reactions of allyl phenyl sulfidel @iphenylthioethanol. Allyl phenyl
sulfide and 2-phenylthioethanol were oxidized by-IHZ-MWW to give the
corresponding sulfoxides in 72% and 95% vyieldspeesvely (Table 3, entries 6 and
7). In these oxidations, epoxidation nor carbommyhpounds were not observed.

The significance of Ti-IEZ-MWW was exerted in thase of sulfides having bulky
substituents such as diphenyl sulffdeOxidation of diphenyl sulfide gave the
corresponding sulfoxide in good yield by the Ti-H¥ENVW catalyst (50% vyield; Table

3, entry 8). In contrast, the reactions of dipheswyffide using the TS-1 or Ti-MWW

14



catalyst gave the corresponding sulfoxide in loelds (8% and 29% vyields for TS-1
and Ti-MWW, respectively; Table 3, entry 8). Thelcadated TOFs were 15 for
Ti-MWW and 41 for Ti-IEZ-MWW. Ti-IEZ-MWW showed aigher catalytic activity
for sulfoxidation of diphenyl sulfide than did TiAMW. The BET surface area of the
titanosilicate zeolite catalysts was almost wittiia same range, and thus the reactivity
of the catalysts showed a direct correlation witl telative ease with which sulfides
contact to the Ti active sites of the zeolites kinto the case of Ti-betd” Although the
potential advantages of tidWW-type materials are expected from their supercages
and side pockets, access to the supercages isiggriestricted by the openings of the
elliptical 10-MR pores. Because Ti-IEZ-MWW has aNIR interlayer pore, bulkier
aryl sulfides can access the Ti active site ofEZI-MWW. TS-1 and Ti-MWW do not
have a 12-MR interlayer pore, and it is hard fotkieu aryl sulfides to come into
contact with the Ti active sites of TS-1 and Ti-MW€$BImilar results were observed
from the reactions of the dialkyl sulfides. Bdbutyl sulfide was sulfoxidized effectively
to give din-butyl sulfoxide in this order: Ti-MWW (80% yield Ti-IEZ-MWW (62%
yield) > TS-1 (27% yield). Ti-MWW and Ti-IEZ-MWW siwed a higher activity than
TS-1. The activities of titanosilicate zeolite dgsas for the sulfoxidation of dr-octyl

sulfide were directly linked to their interlayernposize: Ti-IEZ-MWW (29% vyield) >

15



Ti-MWW (12% vyield) > TS-1 (7% yield). Elongation d¢fie interlayer would also be
effective for the sulfoxidation of bulky alkyl sudies (Table 3, entries 9 and 10).

In the reaction of diphenyl sulfide using the TEZHMWW catalyst, the removal of the
catalyst in the middle of the reaction stopped sbdoxidation. Ti in the filtrate of
diphenyl sulfide oxidation was not detected by l@kalysis. These results clearly
showed that the sulfoxidation was catalyzed affTitetive sites on solid Ti-IEZ-MWW.
The Ti-IEZ-MWW catalyst could easily be reused ine tnext reaction. In the
sulfoxidation of thioanisole, no decrease in yields detected after five cycles to give
the corresponding sulfoxide in 85-94% yields (TableThe Ti-IEZ-MWW catalyst was
removed from the product after the reaction, wadhedvater and acetone, and then

calcinated at 550 °C for 5 h for use in the neatten.

Table 3. The oxidation of various sulfides to sulfoxidesttwirS-1, Ti-MWW, and

Ti-IEZ-MWW catalysts using aqueous®h®

H202.aq. 0]
S catalyst (10 mg) lo',
R/ \R'  — R/ \R'
25°C,2h
Entry Substrate Product Conv. Yield Selectivity
(%)° (%)° (%)°
1 19 18¢ 95¢

S< 0
@f I 65° 53¢ 82°
©/ > >9d 89’ (85)" 89

>0 949 (83)" 949
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2 10" 8¢ 80¢

/©/S\ ? 27 21° 78¢
S.
/@f o5 88 93

>99 929(84)' 9
3 1¢ 1¢ >99¢
S 0]
I 16° 14¢ 88°
cl EN
o 93' 95°
Cl 97 879(82)' 909
4 1 1 >99°
SN 0
I 18 14¢ 78¢
Br EN
84 76 90’
Br 98 759(77) 77
5 12 12 >99¢
N S 0]
I I 68° 62° 91¢
Z N S
| 82 79 96'
/ .
8% 799(84) 969
6 2 1¢ 50¢
@ IS| 3 2¢ 67°
~ X
©/ A 86 721 84"
9 729(84)) 809
7 S o 85’ 85 >99¢
~
@ OH IS| 85° 85¢ >99°
~
©/ OH g7 97 >99f
95 959(84)! >99¢9
8 17 5 45¢
0 i
I 16° 8¢ 50°¢
S
© \© 36 29! 81'
64 50°(47)! 78°¢
9 S 2¢° 25¢ 96°
NN (@]
1 3 27¢ 84°
96 80’ 83"
9 822(79)! 919
10 6¢ 6¢ >99¢
WS\/\% ’ ge 7e age
\M;\/S\/\(V)g 12f 12f >99'
309 299(32)! 979

®Reaction conditions: for no-catalyst, TS-1, andVIWW: sulfide (1.0 mmol), 30%
H.O, (1.0 mmol), catalyst (10 mg), 25 °C, 1000 rpm,, Z1hless otherwise stated; for
Ti-IEZ-MWW: sulfide (1.0 mmol), 35% bO, (1.2 mmol), Ti-IEZ-MWW (10 mg),
25 °C, 1000 rpm, 2 h, unless otherwise stated.

®Yield and conversion on the basis of sulfide, deteed by GC analysis with biphenyl
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or n-decane as an internal standard.
“Yield/conversion x 100.

ho catalyst.

fusing TS-1 catalyst.

fusing Ti-MWW catalyst.

using Ti-IEZ-MWW catalyst.
"isolated yield (10 mmol scale).
'isolated yield (3 mmol scale).

J mixture of sulfoxide and sulfone was obtained, {fieéd was calculated bfH NMR (3
mmol scale).

k40 °C, 1000 rpm, 18 h.

'25 °C, 1000 rpm, 4 h.

Table 4. Oxidation of thioanisole to methyl phenyl sulfogidvith Ti-IEZ-MWW

catalyst using 35% aqueous®3, and recycling of catalyst
35%H,0,.aq. (1.2 eq.) 0
OS\ Ti-IEZ-MWW @S\
25°C,2h

Number of reuses 1 2 3 4 5

Yield of methyl phenyl sulfoxide 85 90 91 89 94

()

®Substrate: catalyst ratio (Wt%); thioanisole: TEHIWW = 1 : 0.08, 35% b, (1.2
eg.) was used. 25 °C, 1000 rpm, 2 h.

®Yield on the basis of thioanisole, determined by @&lysis with biphenyl as an

internal standard.

18



2.2. H,0O, oxidation of sulfidesto sulfonesusing titanosilicate zeolite catalyst

Oxidation of sulfides to sulfones was attemptethqi®.5 eq. of 35% kD, aqg. with

Ti-zeolite catalyst at 50 °C for 3 h (Table 5). ddmisole was oxidized under

catalyst-free conditions to give methyl phenyl sxifle in 92% vyield, although the

desired sulfone was generated only in 8% vyield Ief&h entry 1). TS-1 catalyst gave

sulfone in 55% vyield, while Ti-MWW and Ti-IEZ-MWWatalysts gave methyl phenyl

sulfone quantitatively (Table 5, entry 1). Thioaés derivatives such as 4-methyl,

4-chloro, and 4-bromo thioanisole were effectivefyalyzed by Ti-IEZ-MWW to give

the corresponding sulfones in high yields (87%, 9@¥%d 94%, respectively; Table 5,

entries 2-4). TS-1 and Ti-MWW catalyzed the oxidatof para substituted thioanisoles,

producing the corresponding sulfones in 28-35% &6184% yields, respectively (Table

5, entries 2-4). Nitrogen-containing sulfide waseetively oxidized to give methyl

pyridyl sulfone in 67%, 58%, and 78% vyields for TSTi-MWW, and Ti-IEZ-MWW

catalysts, respectively (Table 5, entry 5). AllYlgmyl sulfide was oxidized to give allyl

phenyl sulfone in 62% and 61% vyields for Ti-MWW ai@dlEZ-MWW catalysts,

respectively (Table 5, entry 6). The reaction gft&nylthioethanol using Ti-MWW and

Ti-IEZ-MWW gave 2-phenylsulfonylethanol in moderatelds (48% and 55% vyields,

respectively, Table 5, entries 6 and 7). Diphenjylone was not observed (0% vyields)

19



and diphenyl sulfoxide was the only product frore thxidation using 2.5 eq. of 35%
H.O, ag. with TS-1, Ti-MWW, and Ti-IEZ-MWW catalysts &0 °C for 18 h under
organic solvent-free conditions because the geeg@mailfoxide is solid and not to make
sufficient contact with KD, aq. and titanosilicate zeolite catalyst. The otada of
diphenyl sulfide under catalyst-free conditionswath TS-1 and Ti-MWW catalysts
gave no sulfone under toluene solution (Table %Brye8). Ti-IEZ-MWW showed an
activity for diphenyl sulfide, producing the compesding sulfone in 38% vyield with
93% selectivity under toluene solution (Table Sre8). The larger interlayer pore size
of Ti-IEZ-MWW compared to those of TS-1 and Ti-MWWould be effective to
proceed the oxidation of bulky sulfides. Oxidatiohalkyl sulfides such as ai-butyl
sulfide and dir-octyl sulfide also led to the production of theulfones in good yields
(65-88% yields) by Ti-MWW or Ti-IEZ-MWW (Table 5n¢ries 9 and 10). On the other
hand, din-butyl and din-octyl sulfoxides were mainly given in the caseusing TS-1
or catalyst-free conditions (63-97% vyields), ane tborresponding sulfones were

formed in low yields (8-35% yields; Table 5, en¢ri@and 10).

Table 5. The oxidation of various sulfides to sulfones wifls-1, Ti-MWW, and

Ti-IEZ-MWW catalysts using 35% aqueous®i®

20



35%H,05.aq. (2.5 eq.)

o, .0

S catalyst (10 mg) "%
N A! NN A
R™ R "50°c, 3n R™ R
Entry Substrate Product Conv. Yield (%)°® Selectivity
(%)® Sulfoxide  Sulfone  (%)°
1 >9d 921 8¢ 84
SN 0.0
@ % >9F 44° 55¢ 55¢
~
©/ >9d o >9d >99
>99 0° >99(99) >99
2 99 914 8¢ 8¢
S< 00
/@ % o 64° 35 35¢
~N
/©/ >99 24 76" 76f
>99 13 87983 87
3 9¢ 95° 3¢ 34
S. 00
N e e
/©/ o9& 70 28 29
~
Cl c /©/ >99 12 88’ 88'
|
>99 39 979(84) 979
4 S 00 95 94° o¢ 0¢
~
O \‘S’/ 99 70° 29¢ 29¢
~N
Br /©/ >9d 5 o4 94!
Br
>99 59 94992 94
5 99 79 2 2¢
NS
\ %/ e e
| _ N, \S’\ >99° 25° 67 67
U >99 31 58' 58'
=
>99 13 78985  78°
6 S 9oy 8 9! 9¢
~ X
©/ N O\\Sp o8 68° 18° 18°
~ X
©/ N >99 27 62' 62'
>99 27 61961 629
7 S >99’ 96" 3 3!
~
©/ OH O\\S/O >S9 51° 48° 48°
~ Y
©/ OH .q¢ 51" 48 48
>99 449 55950 559
8 s o o¢ o¢ 0¢
SR CEUL S
© O 3 3 of of
419 29 38923 93¢
9 s 9¢ o? 8¢ 8¢
A
P P 98 63 35¢ 36°
>99 35 65" 65'
>99 12 8&(s8y  88Y
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10 >9df 97 3¢ 3¢

LA SN - 75 25° 25°
5 5

>99 17 83' 83"

>99 30 70937  70°

®Reaction conditions: sulfide (1.0 mmol), 35%04 (2.5 mmol), Ti zeolite catalyst (10
mg), 50 °C, 1000 rpm, 3 h, unless otherwise stated.

®Yield and conversion on the basis of sulfide, deteed by GC analysis with biphenyl
as an internal standard.

“Yield/conversion x 100

%ho catalyst

using TS-1 catalyst

fusing Ti-MWW catalyst

9using Ti-IEZ-MWW catalyst

Nisolated yield (3 mmol scale)

'Reaction under toluene solution, 18 h

JReaction for 4 h

2.3. The reaction mechanism about the H,0O, oxidation of sulfide by
titanosilicate zeolite catalyst
The reaction mechanisms underlying oxidation ofides$ catalyzed by titanosilicate
zeolite have been investigatEéd The reaction of the titanosilicate zeolite catalyih
H,0, gives=Ti-OOH active species with desorption of silanalthe presence of water,
the coordination of an # molecule to thesTi-OOH active species forms a cyclic
structure. On the basis of previous repdft? the Xso experiment, and Hammett plots,
the reaction mechanism was determined as follouwggi(€ 3). The nucleophilic attack
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of the sulfur atom to an oxygen atom of th&-OOH active site leads to sulfoxide

formation. DeoxygenatedTi-OH was stabilized by the coordination with waterd

reoxidized by the next #D, to reproduce=Ti-OOH active species. The formation of

sulfone is also explained by this mechanism; thathie nucleophilic attack of the sulfur

atom of sulfoxide is a key step. Sulfoxides areegated in good selectivity at 25 °C

because the nucleophilic attack by sulfide is fapesior to that by sulfoxide. The

reactivity can be linked to the topology of theuibsilicate zeolite catalysts due to the

relative ease of accessibility of the nucleopHdiatom on the sulfide to the O atom on

the=Ti-OOH active site.

—S|O
—S|O T| O- S|—
—S|O

H,0O, H,O H,O H.02

Figure 3. Plausible mechanism for the oxidation of sulfidessulfoxides and
sulfones.
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3. Conclusions

Sulfides were oxidized to sulfoxides and sulfonesxgi HO, aqueous solution with

titanosilicate zeolite catalysts. This reaction dan considered a green sustainable

process using the titanosilicate zeolite catalgsthie presence of &, under organic

solvent-free conditions. Thioanisoles were effegdfivoxidized by titanosilicate zeolite

having anMWW structure to produce the corresponding sulfoxidegood yields with

good selectivities. Interlayer-expanded WW-type titanosilicate (Ti-IEZ-MWW)

zeolite was applicable to the oxidation to givefaxides and sulfones with bulky

structures, such as diphenyl sulfide. The Ti-IEZ-MMtatalyst can be reused to

produce thioanisole oxidation in good yields foleatst five cycles.
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4. Experimental section

4.1. General

Gas chromatographic (GC) analyses were performezd ®himadzu GC-2014 using an
INERT CAP column (0.25 mm x 30 m, GL Sciences Int) NMR (400 MHz) and>C
NMR (100 MHz) spectra were recorded on a JEOL EOBRIspectrometer at 298 K.
Chemical shiftsq) are in parts per million relative to tetrametligise at 0.00 ppm for
'H and relative to residual CHCAt 77.0 ppm fof°C unless otherwise noted. UV-vis.
diffuse reflectance spectra were recorded on a JASEHS50DS spectrometer. The
diffuse reflectance spectra were converted into ahsorption spectra by using the
Kubelka-Munk function. Elemental analyses of themgks (Si/Ti ratio) were
performed on a Shimadzu ICPE-9000 inductively cedpplasma-atomic emission
spectrometer (ICP-AES). MNdsorption-desorption measurements were condacttéd

K on a Quantachrome Autosorb-1 to obtain infornration the micro- and
meso-porosities. The BET surface area was calcufaven the adsorption data in the
relative pressure ranging from 0.04 to 0.2. Preoe&ach adsorption measurement, the
sample was evacuated at 200 °C for 6 h.

4.2. Materials

Methyl phenyl sulfone, methyl phenyl sulfoxide, rdbutyl sulfone, dir-butyl
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sulfoxide, din-butyl sulfide, din-octyl sulfone, dir-octyl sulfoxide, din-octyl sulfide,
4-bromophenyl methyl sulfone, 4-bromothioanisolechdbrophenyl methyl sulfone,
4-methylthiotoluene, methyl 4-methylphenyl sulfodghenyl sulfone, diphenyl sulfide,
4-methoxyphenyl methyl sulfide, 2-methylthiopyridinthianthrene, decane, biphenyl,
diphenyl sulfoxide, Allyl phenyl sulfide, allyl phenyl sulfone and 2-phenylthioetbbn
were obtained from Tokyo Chemical Industry Co.,.[Xdioanisole, 4-chlorothioanisole,
methanol, 2-phenylsulfonyl ethanol,$0y, ethanol, dichloromethane and CR@lere
obtained from Wako Pure Chemical Industries, Ltdirfy-five-percent aqueous
hydrogen peroxide was obtained from Kanto Chen@ieal Inc. Methyl 4-methylphenyl
sulfoxide was obtained from Sigma-Aldrich Corpasati Toluene was obtained from
Junsei Chemical Co., Ltd. 4-Chlorophenyl methylfesutlie, 4-bromophenyl methyl
sulfoxide, methyl 2-pyridyl sulfoxide, methyl 2-pgyl sulfone, allyl phenyl
sulfoxide and 2-phenylsulfinyl ethanol were geteidaaccording to the procedure
described in the literaturé?*#***" 7S-1, Ti-MWW, and Ti-IEZ-MWW were
generated according to the procedure describetidriterature™ *® 2* All materials

were used as received.

4.3. Preparation of titanosilicate zeolite catalysts

Titanosilicate zeolites including TS-1, Ti-MWW, andIEZ-MWW were prepared and
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used as oxidation catalysts. Si(QE{JEOS) and Ti(OBwy); (TBOT) were used as
silica and Ti sources, respectively. The layerescprsor of theMWW titanosilicate,
Ti-MWW(P), was hydrothermally synthesized by a [wegly reported procedufé.
Ti-MWW was obtained by the calcination of Ti-MWW(P) Ti-IEZ-MWW was
prepared by a silylation of Ti-MWW(P) with DEDMS der acidic condition§’ To
prepare TS-1, a mother gel containing TEOS, TB@-RyNOH (TPAOH), HO, aq.,
and water was prepared based on the procedureedpand hydrothermally treated.
After the hydrothermal treatment, the obtained ipitate was centrifuged, washed
thoroughly with propanol, and dried at 100 °C oyginh Acid treatment was conducted
to remove extra-framework Ti species; the as-syitlee sample was treated with an
acid solution (liquid-to-solid ratio, 50 ml/g) undea stirring condition at room
temperature. After the treatment, the sample wesdd, washed with deionized water,
and calcined at 550 °C.

The Ti environment in the titanosilicates was esatdd by the UV-vis spectroscopy
technique. The band at around 220 nm, resulting filee charge transfer from?Go
Ti**, is attributed to the tetrahedrally-coordinatedspecies (framework Ti), and the
260 and 330 nm bands are assigned to the octalyedoardinated Ti species

(extra-framework Ti) and the anatase-like phasspeetively. The UV-vis spectra
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indicated that all titanosilicates mainly have dabeedrally coordinated Ti species, which
are the active species for oxidation witbQ4. The atomic ratio of Si/Ti in titanosilicate
zeolite was estimated by ICP analysis; the ratiesew 2, 57, and 86 for TS-1, Ti-MWW,
and Ti-IEZ-MWW, respectively. The BET surface areatitanosilicate zeolite was
calculated from the amount of adsorbegldw the surface; the values were 471, 499,
and 521 for TS-1, Ti-MWW, and Ti-IEZ-MWW, respedatiy.

4.4. Procedurefor the oxidation of thioanisoleto give methyl phenyl sulfoxide

A test tube equipped with a magnetic stirring baswharged with thioanisole (126.5
mg, 1.0 mmol), aqueous 35%®} (121 mg, 1.20 mmol), and Ti-IEZ-MWW (9.9 mg).
The mixture was stirred at 25 °C for 2 h. The cosiom and yield were determined by
GC analysis of the toluene solution with bipherglaam internal standard. The yield of
methyl phenyl sulfoxide was 94%, conversion of #misole was >99%, selectivity
(yield/conversion) was 94%, and the yield of metblyenyl sulfone was 6%.

4.5. Calculation of Xso value

A test tube equipped with a magnetic stirring Wwas charged with SSO (50.0 mg, 0.2
mmol), aqueous 35% K, (25.6 mg, 0.18 mmol), and Ti-IEZ-MWW (20 mg). The
mixture was stirred at 40 °C for 18 h under CP&blution (3 ml). After the reaction,

n-decane (13.7 mg, 0.096 mmol) was added to theaetett CD( solution as an
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internal standard antH NMR was measuredH NMR signals in the area betweén
7.70 — 8.25 were assigned as follows in comparisith the 'H NMR data of SSO,
SSQ, SOSO, and SOSQvhich were previously report&?® and the products of the
oxidation were analyzed quantitatively; SQS&7.70 — 7.82 (4H), SS© 7.90 — 7.97
(2H), cis-, transSOSO and SOSQY 8.04 — 8.20 (4H), SSV8.20 — 8.25 (4H). The
yields of SOSO, SSO and SOS@ were calculated in 54.2%, 1.1%, and 6.7%,
respectively. Thesp value was calculated according ¥o = (nucleophilic oxidation)

/ (total oxidation) = (SS©+ SOSQ) / (SSQ + SOSO + 2SOSH whereXspo= (1.1 +
6.7)/ (1.1 +54.2+2x6.7) =ca0.11.

4.6. Hammett plotsusing para substituted thioanisoles

A test tube equipped with a magnetic stirring bad a reflux condenser was charged
with 1.0 mmol ofpara substituted thioanisole, 1.0 mmol of thioanisolel thmol of
aqueous 35% #D,, and 10 mg of Ti-IEZ-MWW. After the mixture wasgarously
stirred at 25 °C for 5 min, and Ti-IEZ-MWW was theaparated by filtration. The
disappearance of the substrates was monitored barafysis with an internal standard,
biphenyl. The initial relative rates (ldg{ky)) thus determined were 0.301 (OMe),
0.100 (Me), 0 (H), and -0.0718 (Cl), respectively.

4.7. Gram-scale oxidation of thioanisole using Ti-lIEZ-MWW catalyst (as a
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typical procedurefor isolation)

A test tube equipped with a magnetic stirring baswharged with thioanisole (1.24 g,

10.0 mmol), aqueous 35%,6; (1.16 g, 12.0 mmol), and Ti-IEZ-MWW (100.2 mg).

The mixture was vigorously stirred at 25 °C for.2 Whe organic phase was separated

and then washed with saturated aqueousS)Ka (10 mL). The organic phase was

purified by column chromatography on silica gelngsb:1 hexane / ethyl acetate as an

eluent to give methyl phenyl sulfoxide as colorlessstals; yield: 1.33 g (83%).

4.7.1. Methyl phenyl sulfoxid& *H NMR (400 MHz, CDCJ): & 2.72 (s, 3H),
7.49-7.55 (m, 3H), 7.63-7.66 (m, 2HJC NMR (100 MHz, CDG)): 5 44.0,

123.5,129.4, 131.1, 145.7.

4.7.2. Methyl 4-methylphenyl sulfoxide’H NMR (400 MHz, CDGJ): 62.41 (s, 3H),
2.70 (s, 3H), 7.33 (d, 2H, J = 8.0 Hz), 7.54 (d, aH 8.0 Hz)*C NMR (100

MHz, CDCk): 621.2, 43.7, 123.4, 129.9, 141.3, 142.2.

4.7.3. 4-Chlorophenyl methyl sulfoxide™ NMR (400 MHz, CDCY): 62.72 (s, 3H),
7.51 (d, 2H, J = 8.0 Hz), 7.59 (d, 2H, J = 8.0 Kig; NMR (100 MHz, CDGJ):

043.8,124.9, 129.5, 137.0, 144.1.

4.7.4. 4-Bromophenyl methyl sulfoxidfe’H NMR (400 MHz, CDCY): 52.71 (s, 3H),

7.52 (d, 2H, J = 8.0 Hz), 7.67 (d, 2H, J = 8.0 KJ;NMR (100 MHz, CDG)):
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4.7.5.

4.7.6.

4.7.7.

4.7.8.

4.7.9.

044.1,125.2, 125.5, 132.7, 145.0.

2-Methylsulfinyl pyriding(including 7wt% of sulfonéf; 'H NMR (400 MHz,
CDCl): 62.85 (s, 3H), 7.36—-7.40 (m, 1H), 7.95 (t, 1H, 8.6 Hz), 8.03 (d, 1H,

J =8.0 Hz), 8.62 (d, 1H, J = 8.0 H2).

Allyl phenyl sulfoxid&: *H NMR (400 MHz, CDCY): 63.44-3.57 (m, 2H), 5.16
(dt, 1H, J = 4.0, 16.0 Hz), 5.29 (d, 1H, J = 8.0),H&.56-5.66 (m, 1H),
7.44-7.50 (m, 2H), 7.55-7.58 (m, 2HJc NMR (100 MHz, CDG)): 5 60.9,

123.9, 124.3, 125.3, 129.1, 131.1, 143.0.

2-Phenylsulfinyl ethandf *H NMR (400 MHz, CDCJ): 6 2.84-2.89 (m, 1H),
3.17-3.23 (m, 2H), 4.01-4.07 (m, 1H), 4.13-4.19 {i), 7.52-7.51 (m, 3H),
7.63-7.66 (m, 2H) **c NMR (100 MHz, CDG): §56.3, 59.1, 123.9, 129.3,

131.1, 142.9.

Diphenyl sulfoxid®: H NMR (400 MHz, CDCY): & 7.44-7.49 (m, 6H),

7.64-7.66 (m, 4H)-*C NMR (100 MHz, CDG): 6124.9, 129.4, 131.2, 145.7.

Di-n-butyl sulfoxidé® 'H NMR (400 MHz, CDCJ): 50.96 (t, 6H, J = 8.0 Hz),
1.40-1.55 (m, 4H), 1.67-1.81 (m, 4H), 2.58-2.724H) ;**C NMR (100 MHz,

CDCk): o 13.6, 22.0, 24.6, 52.1.

31



4.7.10.Di-n-octyl sulfoxide (including 3wt% of sulfonéf: 'H NMR (400 MHz,
CDCL): 50.88 (t, 6H, J = 8.0 Hz), 1.28-1.32 (m, 16H), +B80 (m, 4H),

1.72-1.80 (m, 4H), 2.58-2.72 (m, 4H,).

4.8. Calculation of TOF by the oxidation of thioanisole using Ti-MWW and
Ti-IEZ-MWW
A test tube equipped with a magnetic stirring Wwas charged with thioanisole (129.2
mg, 1.0 mmol), aqueous 35%,® (120.6 mg, 1.2 mmol), and titanosilicate zeolite
catalyst (2.99 mg). The mixture was vigorouslyret at 25 °C for 15 min. After the
reaction, biphenyl (35.29 mg, 0.23 mmol) was addeithe extracted toluene solution as
an internal standard and GC was measured. At e alausing Ti-MWW catalyst, the
yields of methyl phenyl sulfoxide and sulfone weralculated in 40% and 1%,
respectively. The conversion was 43%. And the ¢aled TOF from the yield of methyl
phenyl sulfoxide was 1900 (per Ti atom per houn)th¥e case of using Ti-IEZ-MWW
catalyst, the yields of methyl phenyl sulfoxide audfone were calculated in 28% and
0%, respectively. The conversion was 33%. And thleutated TOF from the yield of
methyl phenyl sulfoxide was 2000 (per Ti atom pauri).
4.9. Calculation of TOF by the oxidation of diphenyl sulfide usng Ti-MWW

and Ti-lEZ-MWW
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A test tube equipped with a magnetic stirring Wass charged with diphenyl sulfide
(189.1 mg, 1.0 mmol), aqueous 35%04 (118.1 mg, 1.2 mmol), and titanosilicate
zeolite catalyst (10.0 mg). The mixture was vigalgistirred at 40 °C for 4 h. After
the reaction, biphenyl (34.57 mg, 0.22 mmol) wasleadto the extracted toluene
solution as an internal standard and GC was medsAtehe case of using Ti-MWW
catalyst, the yields of diphenyl sulfoxide and snol were calculated in 17% and 2%,
respectively. The conversion was 30%. And the daled TOF from the yield of
diphenyl sulfoxide was 15. At the case of usingE4&~-MWW catalyst, the yields of
diphenyl sulfoxide and sulfone were calculated @P63and 3%, respectively. The
conversion was 34%. And the calculated TOF fromyik&l of diphenyl sulfoxide was

41.

4.10. Procedurefor the oxidation of thioanisole to give methyl phenyl sulfone

A test tube equipped with a magnetic stirring baswharged with thioanisole (130.3
mg, 1.0 mmol), aqueous 35%® (247.7 mg, 2.5 mmol), and Ti-IEZ-MWW (9.9 mg).
The mixture was stirred at 50 °C for 3 h. The cosiom and yield were determined by
GC analysis of the toluene solution with biphersg/la internal standard. The vyield of

methyl phenyl sulfone was >99%, conversion of thisale was >99%, and selectivity
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(yield/conversion) was >99%.
4.11. A 3.0 mmol-scale oxidation of thioanisole to methyl phenyl sulfone using
Ti-IEZ-MWW catalyst (asatypical procedurefor isolation)

A test tube equipped with a magnetic stirring baswharged with thioanisole (383.8

mg, 3.0 mmol), agqueous 35%® (754.7 mg, 7.5 mmol), and Ti-IEZ-MWW (30.02

mg). The mixture was vigorously stirred at 50 °G & h. The organic phase was

separated and purified by column chromatographygila@a gel using 5:1 hexane / ethyl

acetate as an eluent to give methyl phenyl sultmeolorless crystals; yield: 468.0 mg

(>99%).

4.11.1.Methyl phenyl sulfori& 'H NMR (400 MHz, CDCY): 63.06 (s, 3H), 7.58 (t, 2H,
J = 8.0 Hz), 7.67 (t, 1H, J = 8.0 Hz), 7.96 (d, 2H; 8.0 Hz)**C NMR (100
MHz, CDCk): 644.6, 127.4, 129.5, 133.8, 140.7.

4.11.2 Methyl 4-methylphenyl sulfotfe'H NMR (400 MHz, CDGY): §2.46 (s, 3H),
3.03 (s, 3H), 7.37 (d, 2H, J = 8.0 Hz), 7.83 (d, aH 8.0 Hz)*C NMR (100

MHz, CDCk): 621.7, 44.7, 127.5, 130.1, 137.9, 144.8.

4.11.3.4-Chlorophenyl methyl sulfoffe 'H NMR (400 MHz, CDCJ): 4 3.05 (s, 3H),
7.56 (d, 2H, J = 8.0 Hz), 7.89 (d, 2H, J = 8.0 KJ;NMR (100 MHz, CDG)):

044.6, 129.0, 129.8, 139.1, 140.5.
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4.11.4.4-Bromophenyl methyl sulfol& *H NMR (400 MHz, CDCY): 5 3.05 (s, 3H),
7.80-7.83 (m, 2H), 7.82 (d, 2H, J = 8.0 HZE, NMR (100 MHz, CDGCJ): &

44.6,129.1, 132.8, 139.7.

4.11.5.2-(Methylsulfonyl)pyridin® '*H NMR (400 MHz, CDCJ): J 3.24 (s, 3H),
7.55-7.58 (m, 1H), 7.98 (dt, 1H, J = 4.0, 8.0 H&z),0 (d, 1H, J = 8.0 Hz), 8.74
(d, 1H, J = 8.0 Hz)**C NMR (100 MHz, CDGJ): 540.0, 121.0, 127.5, 138.4,

150.0, 157.6.

4.11.6.Allyl phenyl sulfon&: *H NMR (400 MHz, CDCJ): 5§ 3.77 (d, 2H, J = 800 Hz),
5.10 (d, 1H, J = 16.0 Hz), 5.27 (d, 1H, J = 8.0,H&$8-5.78 (m, 1H), 7.50 (t,
2H, J = 8.0 Hz), 7.59 (t, 1H, J = 8.0 Hz), 7.824H, J = 8.0 Hz)**C NMR (100

MHz, CDCk): 0 60.8, 124.5, 128.4, 129.0, 133.7, 138.2.

4.11.7.2-Phenylsulfonyl ethantt *H NMR (400 MHz, CDC)): 5§ 2.76 (t, 1H, J = 8.0
Hz), 3.34-3.37 (m, 2H), 4.00 (dd, 2H, J = 8.0, 184), 7.60 (t, 2H, J = 8.0 Hz),
7.69 (t, 1H, J = 8.0 Hz), 7.93-7.96 (m, 2H¢ NMR (100 MHz, CDGJ): &

56.0, 58.2, 127.9, 129.4, 134.0, 139.0.

4.11.8.Diphenyl sulfon®: *H NMR (400 MHz, CDC)): & 7.48-7.59 (m, 6H),

7.94-7.97 (m, 4H)*C NMR (100 MHz, CDG): 6127.8, 129.4, 133.3, 141.8.
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4.11.9.Di-n-butyl sulfoné® *H NMR (400 MHz, CDCJ): 50.97 (t, 6H, J = 8.0 Hz),
1.44-1.53 (m, 4H), 1.78-1.86 (m, 4H), 2.95 (t, 4H 8.0 Hz)*C NMR (100

MHz, CDCk): 613.7, 21.9, 24.1, 52.6.

4.11.10Di-n-octyl sulfond* *H NMR (400 MHz, CDC})): 50.88 (t, 1H, J = 8.0 Hz),
1.24-1.35 (m, 16H), 1.40-1.45 (m, 4H), 1.79-1.874H), 2.91-2.95 (m, 4H);

13C NMR (100 MHz, CDG)): 514.2, 22.1, 22.7, 28.7, 29.1, 29.2, 31.8, 52.9.
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1. Oxidation of thioanisole using Ti-lEZ-MWW?

35%H,05.aq. (1.2 eq.) (l?
©/S\ Ti-IEZ-MWW ©/S\
25 °C, time
Reaction time (min.) 15 30 60 120
Conversion (%) 69 90 >99 >99
Yield of methyl phenyl sulfoxide (95) 66 86 94 94
Yield of methyl phenyl sulfone (%) 3 4 6 6

% Reaction conditions: thioanisole (1.0 mmol), 35%0K (1.2 mmol), Ti-IEZ-MWW
(10 mg), 25 °C, 1000 rpm.

®Yield and conversion on the basis of thioanisoletetmined by GC analysis with

biphenyl as an internal standard.

100 -

80 -

60 -o-Conv.

—-Yield of sulfoxide

Conversion and Yields (%)

40 —&—Yield of sulfone
20
0 —————— "
0 30 60 90 120

Reaction time (min.)

Figure S1. Oxidation of thioanisole using Ti-IE2AAWV. Conversion @), yield of
methyl phenyl sulfoxidel), yield of methyl phenyl sulfone&). Reaction conditions:
thioanisole (1.0 mmol), 35% @, (1.2 mmol), Ti-IEZ-MWW (10 mg), 25 °C, 1000

rpm.
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2.'H and °*C NMR Spectra:
Methyl Phenyl Sulfoxide '"H NMR (400MHz, CDC})*
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Methyl p-Tolyl Sulfone *H NMR (400MHz, CDC})?
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Methyl p-Tolyl Sulfone *C NMR (100MHz, CDGJ)
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ACCEPTED MANUSCRIPT

p-Chlorophenyl Methyl Sulfoxide 'H NMR (400MHz, CDC})*
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p-Chlorophenyl Methyl Sulfoxide *C NMR (100MHz, CDG))
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p-Chlorophenyl Methyl Sulfone *H NMR (400MHz, CDC})*
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p-Chlorophenyl Methyl Sulfone **C NMR (100MHz, CDCJ) 2
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p-Bromophenyl Methyl Sulfoxide *H NMR (400MHz, CDCJ)*
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p-Bromophenyl Methyl Sulfoxide *C NMR (100MHz, CDG))
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p-Bromophenyl Methyl Sulfone *H NMR (400MHz, CDC})®
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p-Bromophenyl Methyl Sulfone *C NMR (100MHz, CDG))°
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2-Methyl Sulfonyl Pyridine **C NMR (100MHz, CDGJ) °
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Allyl Phenyl Sulfoxide *H NMR (400MHz, CDC})’
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Allyl Phenyl Sulfoxide **C NMR (100MHz, CDCJ) ’
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Allyl Phenyl Sulfone *H NMR (400MHz, CDC})’
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Allyl Phenyl Sulfone **C NMR (100MHz, CDCJ) ’
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(Phenyl Sulfinyl) Ethanol '"H NMR (400MHz, CDC})’
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(Phenyl Sulfinyl) Ethanol **C NMR (100MHz, CDCJ) ’
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(Phenyl Sulfonyl) Ethanol *H NMR (400MHz, CDCY)’
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(Phenyl Sulfonyl) Ethanol **C NMR (100MHz, CDG))’
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Phenyl Sulfoxide *H NMR (400MHz, CDC})®
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Pheny! Sulfoxide *C NMR (100MHz, CDGJ)
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ACCEPTED MANUSCRIPT
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Pheny! Sulfone **C NMR (100MHz, CDGJ) 2
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Dibutyl Sulfoxide '"H NMR (400MHz, CDC})°
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Dibutyl Sulfoxide **C NMR (100MHz, CDCJ)°
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Dibutyl Sulfone '"H NMR (400MHz, CDC})°
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Dibutyl Sulfone **C NMR (100MHz, CDCJ)°
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ACCEPTED MANUSCRIPT

Dioctyl Sulfone *H NMR (400MHz, CDC})™
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Dioctyl Sulfone **C NMR (100MHz, CDG)) *°
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