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Abstract

Facile and efficient oxidation of sulfides to sulfoxides in water using iodosobenzene (PhlO) or
phenyliodine diacetate (PIDA) was developed. Environmentally benign application using
polymer-supported hypervalent iodine reagent, poly(diacetoxyiodo)styrene (PDAIS), in water is
also described.
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Introduction

Hypervalent iodine reagents, which possess reactivity similar to that of heavy metal oxidants,
have been used extensively in organic syntheses due to their low toxicity, ready availability and
easy handling.* Recently, economical and environmental concerns encourage the use of water as
a reaction medium, and various aqueous oxidation reactions have been developed.’ Regarding
hypervalent iodine(Ill) oxidation in water, only limited examples have been reported with
reagents such as iodosobenzene and iodosobenzoic acid.® Their practical utility and efficiency
have been relatively low because they require long reaction times and vigorous reaction
conditions for completion, yet, only give low to moderate yields in water (probably due to the
generation of dihydroxyiodobenzene which has low reactivity). As a continuation of our studies
on hypervalent iodine chemistry,* we have studied the efficient activation of hypervalent iodine
reagents in water using various additives under neutral reaction conditions. As a result, we
developed efficient oxidation reactions of sulfides to sulfoxides in water using iodosobenzene
(PhIO) or iodoxybenzene (PhlOy) in the presence of a catalytic amount of the cationic surfactant,
cetyltrimethylammonium bromide (CTAB). That is, water micelles formed by CTAB solubilized
the substrate and the reagent, and remarkably enhanced the reaction rate (Eq. (1)).”
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PhlO-cat. C1gHauaN*Mes Br™ (CTAB) o
R1-S~R2 R‘fSI+“R2
1 2 ~ inH20 (micelle), orin non-polar
R, R%alkyl, @yl organic solvent (foluene, n-hexane, ete.)-H,0
dialkyl  (reversed micelle), rt. (1)

This methodology was extended to CTAB reversed micelle-mediated oxidation of sulfides in
a variety of non-polar solvents such as toluene and n-hexane, which have not been used as the
solvents in hypervalent iodine oxidation, in the presence of a small amount of water to afford the
corresponding sulfoxides in excellent yields. Furthermore, we applied this reversed micellar
system to catalytic asymmetric oxidation of sulfides to sulfoxides using PhlO, in the presence of
catalytic amounts of tartaric acid derivative and CTAB (Eq. (2)).?

0.5 equiv. PhlO;-20 mol% CTAB o
10 mol % bis(2-MeO)benzoyl-(L)-tartaric acid Ar:s"f

~R
in toluene-HxO (60:1), . t. (upto 72% e.e.)

Ar-S=R

(@)

After various efforts to realize the highly enantioselective sulfoxidation in water, we found
that inorganic bromide salts remarkably activate PhlO, in water in the presence of catalytic
amounts of dibenzoyl-(D)-tartaric acid to afford the corresponding sulfoxides with moderate
enantioselectivities (Eq. (3)).’

0.5 equiv. Phl0z-20 mol% MgBr> o
10 mal % dibenzoyl-(D)-tartaric acid I
Ar=S-R Ar>=R

in H,O, 0°C (upto B3% e.e) 3)

Next, to expand the utility of this facile activation of PhlO; in water, we applied this system
to the activation of iodine(l11) reagents, which are commercialy available, more stable, and easier
to handle (safer) than iodine(V) reagents. Consequently, we have recently achieved a facile and
efficient oxidation of alcohols leading to the corresponding carboxylic acids, ketones, and
lactones with PhIO and KBr in water under neutral conditions (Eq. (4)).2  Furthermore, this
bromide-mediated aqueous oxidation system was also found to be applicable to the activation of
a recyclable polymer-supported hypervalent iodine(lll) reagent, poly(diacetoxyiodo)styrene
(PDAIS). Accordingly, we achieved an efficient and environmentally benign oxidation reaction
of alcohols and diols leading to the corresponding ketones, carboxylic acids, and lactones in
water (Eq. (4)).2
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R'R2CHOH R'R2c=0
oo Phoor Q—I(CAc)(PDAIS) Al

CSHZOH KBrinH50O, r. 1. C}:o
H

(4)

Herein, we report a facile and environmentally benign oxidation of sulfides to sulfoxides
using safe and readily available iodine(l11) reagents such as PhlO, phenyliodine diacetate (PIDA)
and PDAIS with KBr in water.

Results and Discussion

To date the synthesis of sulfoxides from sulfides has been widely explored and numerous
oxidants have been developed in an effort to achieve a facile, efficient, cheap and selective
method.? However, most reagents call for carefully controlled reaction conditions including the
quantity of oxidants because of the formation of sulfones as side products. In particular,
controlling the oxidation of diaryl sulfides to avoid formation of sulfones has been difficult since
the first oxidation to the sulfoxides requires relatively high energy.’® On the other hand, several
reports have shown that hypervalent iodine(l11) oxidation using PhlO,** PhI(OCOR),,* 1-
hydroxy-1,2-benziodoxol-3(1H)-one,”® PhI(OTs)OH,** PhICl,,"® PhlO-metalloporphyrin (or
Mn(lIl)-salen complex),® PhlO-PhSeO,H,*” PhlO-clay,®® (tert-butylperoxy)-iodanes,*® or
PDAIS? s effective for the selective oxidation of sulfides to sulfoxides, yet, reagent insolubility
and/or reactivity with several solvents limit the choice of solvents (preferably, acetonitrile,
CH,Cl, or CHCI3). Among the iodine(l1l) reagents, the use of recyclable PDAIS in halogenated
solvents is a facile approach to sulfoxides. However, the corresponding sulfones were sometimes
obtained as the major product in the oxidation of diarylsulfides using PDAIS in CHCls.
Furthermore, Varma and co-workers developed a solventless oxidation of sulfides using
alumina-supported PIDA under microwave irradiation.”* This provides an environmentally
benign method, but, seems to be difficult to scale up. On the other hand, we have already
developed an efficient micelle-mediated sulfoxidation in water.” However, this method still has a
drawback, that is, excess amount of organic solvent for work-up is needed due to the enhanced
solubility of both the reagents and product in water. Thus, we investigated a more practical and
more environmentally friendly sulfoxidation in water using hypervalent iodine(l11) reagents than
previously reported iodine(l11)-induced reactions.

We first examined the oxidation of various sulfides (1) including alkylaryl sulfide, dialkyl
sulfide, and diaryl sulfides with the combined reagent, PhlIO-KBr, which we previouslly
developed for the oxidation of alcohols, in water. These results are summarized in Table 1.
Table 1 shows that both 1.5 equiv. of PhlO and a stoichiometric amount of KBr are necessary to
complete the oxidation of the less reactive diphenyl sulfide 1c compared to alkylaryl- or dialkyl
sulfides (entries 1-4). No sulfone was obtained from this reaction. Furthermore, this reaction was
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not applicable for the synthesis of diaryl sulfoxides (1e, f) having an electron-withdrawing group
(entries 6, 7).

Therefore, we re-examined the reaction conditions including the use of other iodine(lll)
reagents to improve the generality of this reaction. As a result, the use of PIDA, which is more
reactive than PhlO, improved the generality, shortened the reaction time, and reduced the amount
of KBr to yield the corresponding sulfoxides (2) in good yields, while only a small amount of
sulfones were also obtained as the by-product in some cases (entries 1, 4, 5). The results are
shown in Table 2.

Table 1. Oxidation of sulfides (R*-S-R?) (1a-f) to sulfoxides (R*-S(0)-R?) (2a-f) using PhlO (1.5
equiv.)-KBr (1.0 equiv.) in water (0.2 M)

Entry Substrate (R:-S-R%) (1)  Time (h)  Yield® (%)

R R-

1° 4-MeCgH, Me (1a) 3 quant.
2 PhCH, Me (1b) 3 95

3P Ph Ph (1c) 24 64 (quant.®)
4 Ph Ph (1c) 24 quant.

5 4-MeCgH, Ph (1d) 4 94

6 4-(CN)CeHs  Ph (le) 24 25

7 4-(NO,)Ce¢Hs  Ph (1f) 24 trace

% Isolated yields. ® 1.1 equiv. Ph1O and 0.1 equiv. KBr were used. ¢ Yield based on the reacted
substrate.

Table 2. Oxidation of sulfides 1 to sulfoxides 2 using PIDA (1.1 equiv.)-KBr (0.1 equiv.) in
water (0.2 M)

Entry Substrate (1) Time (h) Yield® (%)
1 la 0.5 82°
2 1b 0.5 85
3 1c 5 96
4° le 1 85"
5P 1f 1 83"

? Isolated yields. ® 1.5 equiv. PIDA was used. ¢ 6 % of sulfone was also obtained. ¢ Only a trace
amount of sulfone was also obtained.

Thus, we achieved a general and efficient oxidation of sulfides to sulfoxides in water using
PhlO or PIDA.

Next, we applied the above mentioned reactions to a facile and environmentally benign
reaction using a polymer-supported hypervalent iodine(lll) reagent. Polymer-supported
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hypervalent iodine reagents are expected to be useful for pharmaceutical and agrochemical
industries due to their versatility, low toxicity and high yields.? Recently, Togo et al.,?*% Ley
et al.,®* and we®® demonstrated that poly (diacetoxyiodo)styrene (PDAIS)® and poly
bis(trifluoroacetoxyiodo)styrene (PBTIS) show similar reactivities to diacyloxyiodobenzenes and
utilized them as a replacement for previously reported iodine(l11) reagents. In addition, after the
reactions, the resin (poly 4-iodostyrene) is readily recoverable and recyclable. Therefore, we
investigated the use of recyclable PDAIS for the oxidation of sulfides in water. As a result, the
corresponding sulfoxides were obtained exclusively in good to excellent yields without forming
sulfones when using PDAIS, while longer reaction time was needed for reaction completion than
when using PIDA (Table 3).

Table 3. Oxidation of sulfides 1 to sulfoxides 2 using PDAIS (1.1-1.5 equiv.)-KBr (0.2 equiv.)
in water (0.2 M)

Entry Substrate (1) Time (h) Yield® (%)
1 la 9 quant.
2 1b 6 92
3 1c 15 90
4 1d 3 94
5 le 24 94
6" 1f 24 55 (91°)

% |solated yields. ® 1.5 equiv. PDAIS was used. © Yield based on the reacted substrate.

The procedure of this reaction using PDAIS is simple, facilitates the recycling of the reagent
and reduces the necessary amount of organic solvents to a minimum level, since all the work-up
is carried out by filtration. Of course, the recovered iodinated resin can be regenerated and
recycled successfully.

Conclusions

We achieved a facile and efficient oxidation of sulfides to sulfoxides in water using hypervalent
iodine(l11) reagents in the presence of KBr. The environmentally benign procedure described
herein will provide a new practical method for sulfoxidation in water because of its simple

operation, use of the non-toxic and recyclable reagent, reduction of environmental wastes, and
the inhibition of overoxidation to sulfones.

Experimental Section
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General Procedures. All melting points are uncorrected. Infrared (IR) absorption spectra (cm™)
were recorded on a SHIMADZU FTIR-8400 instrument. *H-NMR (and **C-NMR) spectra were
recorded on a JEOL JNM-EX 300 and JEOL JNM-EX 270 with TMS as an internal standard.
Merck silica gel 60 was used for column chromatography, and E. Merck pre-coated TLC plates
and silica gel F,s4 were used for preparative thin-layer chromatography. PhlIO was purchased
from Tokyo Chemical Industry Co., Ltd. (TCI). PIDA was purchased from Aldrich. Other
commercially available compounds 1a-c, 1f, and KBr were purchased from Aldrich, Acros and
TCI, and were used without further purification. Compounds 1d, e were prepared according to
the known procedure.’” The known products 2a-d and 2f were characterized by comparing their
spectral and physical data with the literature values.?®*? Poly(diacetoxyiodo)styrene, PDAIS,
was prepared by known procedures.?® The filter (abselut™ NEXUS ) for work-up was
commercially available from Varian.

Phenyl 4-tolyl sulfide (1d).?® yellow oil; IR (KBr) cm™: 2924, 1584, 1493, 1478, 1439, 1262,
1084, 808, 741. 'H NMR (CDCly) 5: 2.27 (3H, 5), 7.05-7.24 (9H, m). MS m/z 200 (M"), 184, 91.
4-Cyanophenyl phenyl sulfide (1e).” colorless oil; IR (KBr) cm™: 2924, 2226, 1593, 1439,
1402, 1262, 1080, 747. *H NMR (CDCl5) §: 7.08-7.47 (9H, m). MS m/z 211 (M*), 183, 92, 77.

General procedure for the oxidation of sulfides to sulfoxides using Ph1O-KBr in water

To a stirred suspension of 1 (0.20 mmol) and KBr (0.20 mmol) in H,O (1.0 mL), PhlO (0.30
mmol) was added at room temperature, and the mixture was stirred for several hours. After
completion of the reaction, ACOEt was added to the reaction mixture. The mixture was extracted
with AcOEt , dried, and evaporated. The residue was purified by column chromatography (SiO,/
AcOEt-n-hexane) to give pure 2.

General procedure for the oxidation of sulfides to sulfoxides using PIDA-KBr in water

To a stirred suspension of 1 (0.20 mmol) and KBr (0.02 mmol) in H,O (1.0 mL), PIDA (0.22
mmol) was added at room temperature, and the mixture was stirred for several hours. After
completion of the reaction, AcOEt was added to the reaction mixture. The mixture was extracted
with AcOEt , dried, and evaporated. The residue was purified by column chromatography (SiO,/
AcOEt-n-hexane) to give pure 2.

General procedure for the oxidation of sulfides to sulfoxides using PDAIS-KBr in water

To a stirred suspension of 1 (1.0 mmol) and KBr (0.2 mmol) in H,O (5.0 mL), PDAIS (1.1
mmol) was added at room temperature and stirred for several hours. After completion of the
reaction, the reaction mixture was filtered through abselut™ NEXUS (Varian) and washed with
a small amount of water to remove KBr. The residue was extracted with MeOH, and the filtrate
was evaporated. The residue was purified by column chromatography (SiO2/ AcOEt-n-hexane)
to give pure 2.
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Methyl 4-tolyl sulfoxide (2a). colorless crystal; mp 44-46 °C (Et,O) (commercially available
from Aldrich; mp 44-46 °C). IR (KBr) cm™: 3010, 1590, 1495, 1088, 1043. *H NMR (CDCls) &:
2.42 (3H, s), 2.71 (3H, s), 7.33 (2H, d, J =8.1 Hz), 7.54 (2H, d, J =8.1 Hz). **C NMR (CDCl5) &:
21.4,44.0,123.4,129.9, 141.3, 142.3. MS m/z 154 (M"), 58.

Benzyl methyl sulfoxide (2b). colorless crystal; mp 51 °C (Et,0) (Lit.** mp 54 °C). IR
(KBr) cm™: 3032, 1496, 1456, 1074, 1047, 767. *H NMR (CDCls) &: 2.45 (3H, s), 3.93 (1H,
ABq, J =12.8 Hz), 4.06 (1H, ABq, J =12.8 Hz), 7.21-7.45 (5H, m). *C NMR (CDCls) §: 37.3,
60.3, 128.4, 128.9, 129.6, 129.9. MS m/z 154 (M"), 92.

Diphenyl sulfoxide (2c). colorless crystal; mp 70-72 °C (Et,0) (commercially available form
Aldrich. mp 69-71 °C). IR (KBr) cm™: 3058, 1476, 1445, 1092, 1046, 743. '"H NMR (CDCls) &:
7.43-7.66 (10H, m). *C NMR (CDCls) &: 124.7, 129.3, 131.0, 145.6. MS m/z 202 (M%), 185,
154, 109, 97, 77, 65, 51.

Phenyl 4-tolyl sulfoxide (2d). colorless crystal; mp 66-69 °C (Et,0) (Lit.** mp 78-82 °C). IR
(KBr) cm™: 1445, 1090, 1046, 1017, 749. *H NMR (CDCls) &: 2.27 (3H, s), 7.17 (2H, d, J =8.2
Hz), 7.33-7.38 (3H, m), 7.45 (2H, d, J =8.2 Hz), 7.53-7.56 (2H, m). *C NMR (CDCl5) &: 21.3,
124.6, 124.9, 129.2, 129.9, 130.8, 141.5, 142.4, 145.7. MS m/z 216 (M"), 168, 123, 107, 79.
4-Cyanophenyl phenyl sulfoxide (2e). colorless crystal; mp 70-72°C (Et,0). IR (KBr) cm™:
2232, 1593, 1485, 1445, 1395, 1088, 1049, 1017, 999, 833. 'H NMR (CDCly) 6: 7.41-7.44 (3H,
m), 7.57-7.61 (2H, m), 7.68 (4H, m,).**C NMR (CDCls) &: 114.6, 117.7, 124.8, 125.0, 129.7,
131.9, 132.9, 144.5, 151.2. MS m/z 227 (M%), 179, 109, 77. Anal. Calcd. for C;3HgNOS: C,
68.70; H, 3.99; N, 6.16. Found: C, 68.62; H, 4.14; N, 6.13.

4-Nitrophenyl phenyl sulfoxide (2f). yellow crystal; mp 105-109 °C (Et,0) (Lit.** mp 100-101
°C). IR (KBr) cm™: 1524, 1345, 1049, 852. *H NMR (CDCls) §: 7.42-7.44 (3H, m), 7.59-7.63
(2H, m), 7.76 (2H, d, J =8.9 Hz), 8.24 (2H, d, J =8.9 Hz). **C NMR (CDCls) &: 124.4, 124.9,
125.2,129.8, 132.0, 144.4 149.2, 152.9. MS m/z 247 (M"), 109, 77.
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