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Abstract—Activation of superoxide with boron trifluoride in dry acetonitrile can facilitate highly chemoselective and efficient oxi-
dation of sulfides to corresponding sulfoxides at ice-water bath in excellent yields without any interference in the presence of ketone,
olefin, ether, and hydroxyl functionalities. This new method also offers further advantages of a short reaction time, no overoxidation
to sulfones, and none of complex catalysts and toxic metallic compounds used. A tetrafluorodiboronperoxide intermediate formed
in situ from this new process is proposed.
� 2005 Elsevier Ltd. All rights reserved.
Sulfoxides have been well known to act as useful syn-
thetic intermediates for the construction of various
chemically and biologically significant molecules,1 espe-
cially for the synthesis of drugs and natural products.2

The direct oxidation of sulfide is one of the most
important and widely studied reactions for the prepara-
tion of sulfoxide. Although a great number of methods
are available for the conversion of sulfides to corre-
sponding sulfoxides,3 different kinds of disadvantages
for those methods include: (i) using toxic metallic com-
pounds, complex catalysts, or sophisticated reagents;
(ii) the formation of sulfones as side products from
the overoxidation of sulfides and the undesired reaction
occurring from other functional groups; and (iii) a
longer reaction time commonly required. Therefore,
there still is a need for the development of new, effi-
cient, highly selective and widely applicable methods
for this transformation, as well as concerning about
all the above important protocols under the mild reac-
tion condition.

Superoxide anion radical (O��
2 ), easily formed in the

body, has been known as a toxic species to cause a seri-
ous damage to living organisms.4 Recently, much effort
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has been made not only on its biological toxicity but
also on its application in organic synthesis.5 In general,
superoxide acts as a moderate reducing agent but a very
weak oxidizing agent.6 However, several studies have
been reported that the activation of superoxide by react-
ing with various organic substrates can form a new per-
oxy intermediate to act as a stronger oxidizing agent.7

For example, some sulfinyl, sulfonyl, sulfonimidoyl,
and phosphorous peroxy intermediates generated from
the reaction of superoxide with each of the correspond-
ing chlorides have been testified for their oxidizing abil-
ities toward various organic substrates.7 According to
our previous study,8 the result indicates that trimethylsil-
ylperoxy radical, formed from the reaction of superox-
ide with trimethylsilyl chloride, also performs as a
strong-oxidizing agent toward organic sulfides, but the
longer reaction time (P2 h) usually required is one of
the drawbacks. However, it is still of great interest to ex-
plore more new methods for the generation of stronger
oxidizing agents, activated from superoxide, to use in
organic synthesis. In this report, we wish to present a
new method for the activation of superoxide with boron
trifluoride, which can facilitate highly chemoselective
and efficient oxidation of sulfides to corresponding sulf-
oxides at ice-water bath in excellent yields without any
interference in the presence of ketone, olefin, ether,
and hydroxyl functionalities.

The results for the oxidation of methyl phenyl sulfide
mediated with superoxide and boron trifluoride, as a
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Table 1. Oxidation of methyl phenyl sulfide mediated by KO2 and BF3 in MeCN at ice-water bath

Ph S CH3 Ph S CH3 Ph S CH3

O O

O

+
BF3, KO2

MeCN(0.1M)
ice-water bath

Entry KO2 (equiv) BF3 (equiv) Reaction time Sulfoxide yield (%)a Sulfone yield (%)a

1 1.2 1.2 5 h 6 Traceb

2 1.2 2.5 5 h 50 —

3 2.5 1.2 5 h 3 Traceb

4 2.5 2.5 5 h 31 Traceb

5 2.5 5.0 5 h 97 —

6 2.5 5.0 5 min 98 —

7 2.5 5.0 40 h 95 Traceb

8 2.5 — 24 h — —

a Isolated yields. All compounds were characterized by IR, LRMS, and 1H NMR spectroscopy.
b Determined by 1H NMR spectroscopy.
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model study, were summarized in Table 1. In a general
procedure (entry 6), BF3 diethyl etherate (0.54 mL,
4.26 mmol) was added slowly within 2 min to a hetero-
geneous solution of KO2 (0.1514 g, 2.13 mmol)9 in dry
acetonitrile (8.5 mL) at ice water bath with vigorous stir-
ring under nitrogen. After stirring for 2 min, methyl
phenyl sulfide (0.10 mL, 0.85 mmol) was added in one
portion. The reaction mixture was reacted for further
5 min and then quenched by addition of water (5 mL)
and saturated NaCl(aq) (10 mL), and followed by extrac-
tion with dichloromethane (3 · 20 mL) at room temper-
ature. The combined organic portions were dried over
MgSO4 and evaporated under reduced pressure. The
crude product was purified by preparative TLC or
column chromatography using ethyl acetate/hexane
(1:1) as eluent to give methyl phenyl sulfoxide
(0.1175 g, 98%).

Based on the results obtained from the stoichiometry
study (entries 1–5), the best molar ratio of sulfide,
KO2, and BF3OEt2 was found to be 1.0:2.5:5.0, respec-
tively. Hence, it is plausible to propose that this new
reaction pathway for the oxidation of sulfide to sulfox-
ide might undergo through a tetrafluorodiboronper-
oxide10 intermediate formed in situ from this new
process, as shown in Scheme 1. Although the reaction
of KO2 with BF3 has been reported by Sauka et al.,11

to the best of our knowledge, tetrafluorodiboronper-
oxide only has been mentioned once before in Holliday�s
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Scheme 1. The reaction pathway proposed for oxidation of sulfides mediate
report.12 It was proposed to be formed from the reaction
of B2F4 and O2, but no structural confirmation and fur-
ther applications in organic synthesis were reported in
their studies.12 Although it is also unsuccessful for isol-
ation and identification of tetrafluorodiboronperoxide
in this study, the result from 19F NMR study of isolated
colorless solid residue indicates that KBF4 (d
�152.54 ppm in CD3OD) seems to be formed as a side
product of the reaction.10 For the optimized condition,
it is surprising to find that the oxidation of methyl phe-
nyl sulfide underwent highly efficiently and selectively to
afford 98% yield of the corresponding sulfoxide within
5 min at a lower temperature (entry 6). Interestingly,
only traceable amount of the corresponding sulfone,
an overoxidation product, was isolated with almost no
interference in 95% yield of the sulfoxide obtained even
though the reaction time was prolonged to 40 h (entry
7). For a blank test (entry 8), the oxidation of methyl
phenyl sulfide to the corresponding sulfoxide underwent
extremely slowly (no detectable amount of sulfoxide
found even for 24 h), while the reaction was only treated
with KO2 without BF3 under the same reaction condi-
tion described above.

To testify tetrafluorodiboronperoxide formed in situ
from KO2 and BF3 in the compatibility of functional
group of the reaction, various sulfides bearing several
different kinds of functional groups were studied and
the results were collected in Table 2. In all cases, only
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Table 2. Oxidation of sulfides to the corresponding sulfoxidesa

R1 S R2 R1 S R2 R1 S R2

O O

O

+
BF3, KO2

MeCN(0.1M)
ice-water bath

Entry R1 R2 Reaction time (min) Sulfoxide yield (%)b Sulfone yield (%)

1 C6H5– –CH3 5 98 —

2 4-CH3OC6H4– –CH3 5 96 1

3 4-CH3C(O)C6H4– –CH3 5 94 2

4 C6H5– –CH2Ph 5 96 —

5 C6H5– –CH2CH2OH 5 93 —

6 –H2CH2CH2CH2– 5 95 —

7 Ph– –CH2CH@CH2 5 91 —

aMolar ratio = sulfide:KO2:BF3 = 1:2.5:5.0.
b Isolated yields. All compounds were characterized by IR, LRMS, and 1H NMR spectroscopy.
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traceable amounts of the sulfones were isolated or de-
tected by 1H NMR spectroscopy, which shows the same
result observed as in the case of the model study. Based
on the results we obtained, it should be noted that tetra-
fluorodiboronperoxide, rapidly generated in situ from
KO2 and BF3, performs as a very strong-oxidizing agent
to allow the highly selective and efficient oxidation of
sulfides to sulfoxides at a lower temperature in 5 min
without any interference in the presence of ketone, ole-
fin, ether, and hydroxyl functionalities and with no fur-
ther oxidation to sulfones. It has been known that
oxidants commonly used for these reactions, such as
m-chloroperoxybenzoic acid, hydrogen peroxide, iodo-
syl benzene, sodium periodate, oxone, peroxymonosul-
fate, o-iodoxybenzoic acid, sodium bromate, etc.,13

require higher reaction temperatures than that needed
by tetrafluorodiboronperoxide. Especially, this new
method provides the following advantages: (i) a very
short reaction time and under the very mild reaction;
(ii) no overoxidation of sulfides to sulfones; (iii) no
undesired side reactions of other functional groups;
and (iv) all reagents used are commercially available
without using complex catalysts and toxic metallic com-
pounds. It must be mentioned that all of them are
important protocols for the direct oxidation of sulfides
to sulfoxides in organic synthetic studies.

It has also been rationalized that the oxidation of sul-
fides to sulfoxides is found to be electrophilic in contrast
to the nucleophilic oxidation of sulfoxides to sulfones.14

Besides the selective oxidation of sulfides to sulfoxides
without further oxidation to sulfones, a competition oxi-
dation of methyl 4-acetyl-, 4-methoxy-, and nonsubsti-
tuted-phenyl sulfides was carried out under the same
reaction condition described above for 5 min to give
15%, 49%, and 30% yields of the corresponding sulfox-
ides, respectively. The results indicate that the sulfur
atom of these sulfides bearing an electron-donating
group of 4-methoxy is oxidized more rapidly than that
bearing an electron-withdrawing group of 4-acetyl due
to its more nucleophilic character. Based on the results
mentioned above, tetrafluorodiboronperoxide generated
in situ from KO2 and BF3 performs more likely to be
electrophilic. However, more studies for the detail of
this reaction mechanism are still needed.
In conclusion, we have demonstrated that tetrafluoro-
diboronperoxide, rapidly generated in situ from KO2

and BF3, performs a strongly electrophilic oxidizing
ability to undergo the highly chemoselective and efficient
oxidation of sulfides to corresponding sulfoxides in
excellent yields without any interference in the presence
of ketone, olefin, ether, and hydroxyl functionalities un-
der mild conditions. Besides, this new method also offers
further advantages of a short reaction time, no over-
oxidation to sulfones, and none of the complex catalysts
and toxic metallic compounds used. The confirmation of
tetrafluorodiboronperoxide formed from this new pro-
cess and its applications used more widely in organic
synthesis have been under investigation.
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