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ABSTRACT: A metal-free regioselective sulfenylation of the
α-CH3 group of ketones has been achieved in the presence of
the α-CH2 or α-CH group using the cross dehydrogenative
(CDC) strategy. Aldehydes also exhibit good selectivity
forming the corresponding α-sulfenylated products. This
efficient sulfenylation of ketones or aldehydes with thiones or heterocyclic thiols utilizes dimethyl sulfoxide (DMSO) as an
oxidant in the presence of iodine. This eco-friendly method uses readily available and inexpensive I2 and DMSO. The application
of this methodology has been demonstrated by synthesizing precursors for Julia− Kocienski olefination intermediates.

The cross dehydrogenative (CDC) reactions for α-
sulfenylation of ketones with nonheterocylcic thiols are

facile,1a−d whereas a similar reaction with heterocyclic thiols is a
challenge.1eThe CDC strategy is becoming more attractive for
C−C bond forming reactions, as it provides short, atom
economical, and environmentally benign protocols.2 Sulfenyla-
tion methods using a broad range of either heterocyclic thiols or
heterocyclic thiones are very limited.1 Regioselective α-
sulfenylation of methyl ketones in the presence of α-CH2 or α-
CH groups and α-sulfenylation of aldehydes are unaddressed
problems through the CDC method. Typically, α-sulfenylation
of ketones has been achieved by the reaction of α-halo ketones
with thiols (Scheme 1),3 and the reaction of ketones with

disulfides,4 N-(phenylthio)imides,5 and phenyl benzenethio-
sulfonate.6 Diazo ketones,7 olefins,8 or active methylene
compounds9 are known to react with thiols to provide
sulfenylated products. Heterocyclic thiols and thiones serve as
building blocks for synthesizing a variety of pharmaceutically and
medicinally active sulfur containing compounds.10 Dimethyl
sulfoxide (DMSO) as an oxidant is gaining importance in organic
synthesis owing to its low cost, high abundance, low toxicity, and
environmentally benignity.11 In continuation of our efforts on
the reactions promoted by the I2−DMSO combination11h and
metal-free reactions,1e,12 herein we report a rare regioselective
sulfenylation of the α-CH3 of ketones in the presence of the α-

CH2 group, α-sulfenylation of aldehydes, and α-sulfenylation of
aromatic ketones.
We began the screeing experiments by reacting benzo[d]-

thiazole-2(3H)-thione (1a) with 4-methylpentan-2-one (2a)
using DMSO as an oxidant (Table 1). Thus, the reaction of
thione 1a with ketone 2a in DMSO (3 equiv) and HI (55%
solution in water, 1 equiv, as an additive) in dichloroethane
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Scheme 1. Sulfenylation Methods

Table 1. Optimization Studiesa

entry additive (equiv) oxidant (equiv) solvent (mL) yieldb 3a:4

1 HI 55% (1) DMSO (3) DCE 85 (1:0)
2 HI 55% (1) DMSO (3) EtOAc 82 (1:0)
3 HI 55% (1) none DMSO 78 (1:0)
4 HBr 55% (1) none DMSO nd
5 I2 (1) none DMSO 84 (1:0)
6 NIS (1) none DMSO 76 (1:0)
7 NBS(1) none DMSO trace
8 NCS (1) none DMSO 36 (1:2)
9 I2 (1) none DMSO 72 (1:0)c

10 I2 (1) none DMSO 56 (1:0)d

11 I2 (1) none DMSO 18 (1:0)e

12 I2 (0.5) none DMSO 58 (1:0)
13 I2 (0.2) none DMSO 28 (1:0)
14 I2 (1) none DMSO ndf

15 I2 (1) none none nd
16 none none DMSO nd

aReaction conditions: 1a (0.6 mmol), 2a (2.4 mmol), additive (0.6
mmol), oxidant (1.8 mmol, 3 equiv) in 1 mL of solvent at 80 °C.
bIsolated yield. c3 equiv of 2a. d2 equiv of 2a. e1 equiv of 2a and 3
equiv 1a. fNa2CO3 (1 equiv), nd = Not determined.

Letter

pubs.acs.org/OrgLett

© 2016 American Chemical Society 6090 DOI: 10.1021/acs.orglett.6b03084
Org. Lett. 2016, 18, 6090−6093



resulted in the selective formation of 3a in 85% yield, in which a
rare regioselective sulfenyaltion of the α-CH3 of ketone in the
presence of the more reactive α-CH2 group has taken place
(entry 1, Table 1). The solvent screening studies revealed that a
similar reaction in EtOAc in DMSO (3 equiv) or DMSO (1 mL)
led to the product 3a in 82 and 78% yields, respectively (entries 2
and 3, Table 1; see the Supporting Information for more details).
Our attempts on using aq. HBr instead of aq. HI did not afford
the expected products (entry 4, Table 1). The reaction of 1awith
2a using iodine was highly successful, which furnished the
product 3a in 84% yield (entry 5). Using NIS as a halogen source
led to the formation of 3a in 76% yield (entry 6), whereas the
reaction of 1a and 2a with NBS failed to provide the product 3a
(entry 7). Surprisingly, the reaction of thione 1a with ketone 2a
using NCS afforded a mixture of products 3a and 4 in 36% in a
1:2 ratio (entry 8). This is the only example which has furnished a
mixture of α- and α′-sulfenylated products, 3a and 4,
respectively, whereas the remaining experiments afforded α-
sulfenylated product 3a as the sole product. Further screening
was performed using iodine (entries 9−15). As can be seen,
varying the amount of 1a or 2a was not helpful in enhancing the
yield of 3a (entries 9−11). Decreasing the amount of iodine to
0.5 or 0.2 equiv resulted in decreasing the yield of the product
(entries 12 and 13, Table 1). A reaction of 1a with 2a in Na2CO3
was performed, which did not yield the expected product 3a
(entry 14, Table 1). The reactions in the absence of either iodine
or DMSO were not successful, and the formation of 3a was not
observed (entries 15−16, Table 1; for an elobarate screening
study, see the Supporting Information). With these screening
studies, entry 5 of Table 1 has been chosen as the optimal
conditions, as iodine is easier to handle and DMSO is a green
solvent over a halogenated solvent.2a It is also noteworthy that
most of the heterocyclic thiols used are stable crystalline solids
and do not possess a bad odor.
With the optimal conditions in hand, sulfenylation reactions

using heterocyclic thione with a variety of ketones have been
performed (Scheme 2). As can be seen in the scheme, the
reactions of aliphatic ketones that contain α-CH2 or α-CH
groups were highly regioselective and exhibited a novel, and
hitherto unknown, regioselectivity. Thus, the reaction of thione
(1a) with 3-methylbuta-2-one and 1-cyclopropylethan-1-one led
to α-sulfenylation at the α-CH3 group of the ketones in the
presence of the more reactive α-CH group and furnished the
products 3b and 3c in excellent yields (Scheme 2). Indeed this
remarkable selectivity observed was found to be general, and the
reaction of 4-phenylbutan-2-one, and a few other aliphatic
ketones with thione (1a), furnished their sulfenylated products
3d−3j, in good yields. We believe that the reason for this
selectivity is due to the thermodynamic stability of the terminal
enolate that leads to the sulfenylation at the α-CH3 group of the
ketone. To the best of our knowledge, this is the first report of the
highly regioselective sulfenylation of ketones at α-CH3 in the
presence of the more reactive α-CH2 or α-CH group using
heterocyclic thiones under CDCmethods, and these compounds
are difficult to synthesize. Similarly, the reaction of 3-pentanone
with thione 1a afforded the product 3k in 70% yield.
Interestingly, in the sulfenylation reactions of aldehydes with
thione (1a) it was found that the aldehyde functionality was
unaffected, and the corresponding α-sulfenylated aldehydes (3l−
3o) were obtained in good yields. In these reactions, a highly
oxidative prone aldehyde functionality survived under the
reaction conditions, and this is also the first report on an
efficient α-sulfenylation of aldehydes using CDC methodology.

Furthermore, this sulfenylation reaction was found to be
versatile and a variety of aromatic ketones were successfully
sulfenylated with benzo[d]thiazole-2(3H)-thione (1a) (Scheme
2). It is noteworthy that the thio-derivatives obtained in the
reaction of 1a with aromatic ketones are highly useful
compounds.13 Thus, the thione 1a underwent a smooth coupling
reaction with acetophenone, propiophenone, 1-phenylbutan-1-
one, and 1-phenylpentan-1-one affording the corresponding α-
sulfenylated products 5a−5d, respectively, in good to excellent
yields (85−92%, respectively, Scheme 2). Benzyl and alkyl
substituents on the phenyl ring were well tolerated under the
reaction conditions furnishing their corresponding sulfenylated
products 5e−5i, in good to excellent yields (77−97%). The
reaction of thione 1a with naphthyl ketones, 1,2-diphenylethan-
1-one derivatives, and biphenyl ketone derivatives afforded their
corresponding sulfenylated products 5j−5o in good yields. The
halogen substituted acetophenone and propiophenone deriva-
tives furnished their corresponding α-sulfenylated products in
good to excellent yields (5p−5x, Scheme 2), which are useful

Scheme 2. Reactions of Thiones with Ketones and
Aldehydesa,b

aReaction conditions: 1a (0.6 mmol), 2 (2.4 mmol), I2 (0.6 mmol) in
DMSO (1 mL) at 80 °C for 1 h. bIsolated yield, c3 equiv of ketone
used. d2 equiv of ketone used.
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precursors for metal-catalyzed cross-coupling reactions.14 The
reaction of 1-(4-(trifluoromethyl)phenyl)propan-1-one and 1-
(3-methoxyphenyl)ethan-1-one with thione 1a furnished the
sulfenylated product 5y and 5z in 89% and 80% yields,
respectively.15 Sulfenyaltion of a variety of aromatic ketones
that contain both electron-releasing and -withdrawing sub-
stituents on the phenyl ring was highly facile and proceeded
smoothy furnishing the products 5aa−5ag in good yields.
Further investigation revealed that several heterocyclic

ketones such as 1-(thiophen-2-yl)propan-1-one, 1-(5-methyl-
thiophen-2-yl)propan-1-one, 1-(furan-3-yl)ethan-1-one, and 1-
(pyridin-2 yl)ethan-1-one underwent a facile reaction with
thione (1a) furnishing their corresponding α-sulfenylated
products 6a−6d, in good to excellent yields (Scheme 2).
Next, it was found that sulfenylation of 4-methylpentan-2-one

(2a) with a variety of heterocyclic thiones or thiols were also
regioselective and led to the sulfenylation of the α-CH3 group of
ketones in the presence of more reactive α-CH2 groups. Thus,
the reaction of 4-methyl-2-pentanone (2a) with 4-methyl-
thiazole-2(3H)-thione, 5-methoxybenzo[d]thiazole-2(3H)-thi-
one, and benzo[d]oxazole-2(3H)-thione furnished the corre-
sponding sulfenylated products 7, 8, and 9 in excellent yields
(85%, 84%, and 72%, respectively, Scheme 3). The reaction of
heterocyclic thiols with ketone 2awas also regioselective yielding
the sulfenylated products 10−14 in good to excellent yields
(Scheme 3). However, the reaction of thiophenol with ketone 2a
failed to afford the expected product 15. Similarly, 2-mercapto-
benzimidazole failed to undergo a sulfenyaltion reaction with 2a.
Further exploration of this versatile sulfenylation reaction

revealed that the reactions of a variety of carbonyl compounds
with heterocyclic thiols were also facile (Scheme 4). However,
these reactions furnished better yields using HI, instead of iodine,
and thus further exploration has been performed using HI (see
Table 11 of the Supporting Information for more details). As
expected, the reaction of 1-methyl-1H-tetrazole-5-thiol with
ketones such as 1-(1-methyl-1H-indol-3-yl)ethan-1-one, cyclo-
hexanone, cycloheptanone, and cyclooctanone proceeded
smoothly furnishing sulfenylated products 16a−16d in good to
excellent yields (Scheme 4). Similarly, the aldehydes 3-methyl-
butanal and 2-phenylacetaldehyde reacted well with 1-methyl-
1H-tetrazole-5-thiol and 1-phenyl-1H-tetrazole-5-thiol respec-
tively, furnishing the sulfenylated products 16e and 16f,
respectively, in excellent yields. In these α-sulfenylation
reactions, the aldehyde functional group was unaffected. The
application of this selective sulfenylation reaction has been

demonstrated by synthesizing a host of sulfenylated products,
which are useful intermediates in the Julia−Kocienski olefination
reaction. Thus, the reaction of thiols such as 1-methyl-1H-
tetrazole-5-thiol, 1-phenyl-1H-tetrazole-5-thiol, 5-methyl-1,3,4-
thiadiazole-2-thiol, and pyridine-2-thiol with acetophenone
furnished the corresponding sulfenylated products 17, 18, 19,
and 20, respectively, in excellent yields.13c,e

To understand the mechanism of this reaction, a few control
experiments were performed. First, the reaction of acetophenone
(2) with benzo[d]thiazole-2(3H)-thione (1a) under the optimal
conditions in the presence of TEMPO furnished a trace amount
of sulfenylated product 5a, while the same reaction in the
presence of a radical inhibitor such as BHT proceeded well to
form 5a in 76% yield (Scheme 5). This observation indicates that

the reaction does not proceed through a radical pathway. To find
whether 2-iodo-1-phenylpropan-1-one is an intermediate, a
reaction was performed with 2-iodo-1-phenylpropan-1-one,
which failed to furnish the expected product 5b. The reaction
of 1,2-bis(benzo[d]thiazol-2-yl)disulfane with acetophenone in
the presence of a catalytic amount of iodine (20 mol %),
furnishing 5a in 83% yield. This experiment supports the
intermediacy of disulfide in the reaction. To confirm the role of
DMSO as an oxidant and iodine as a catalyst, a reaction was
performed with 1-methyl-1H-tetrazole-5-thiol with 20 mol % of
aq. HI and DMSO (3 equiv) in DCE as solvent, which proceeded
well to form 17 in 88% yield (Scheme 5). The same reaction, in
the absence of DMSO, failed to furnish the product 17. These
experiments clearly support the role of iodine as a catalyst and
DMSO as an oxidant. Further, the reaction of thione 1a with
iodine and DMSO resulted in complete decomposition of thione
(1a). However, the reaction of propiophenone with iodine and

Scheme 3. Regioselective Sulfenylation of 4-Methylpentan-2-
one with Thione or Thiolsa,b

aReaction conditions: 1 (0.5 mmol), 2a (2.0 mmol), iodine (0.5
mmol) in 1 mL of DMSO at 80 °C, 1 h. bIsolated yield. c1 equiv of
NIS used. d20 mol % of iodine used in 1 mL of DMSO at 80 °C, 4 h.

Scheme 4. Reaction of Heterocyclic Thiols with Ketones and
Aldehydesa,b

aReaction conditions: 1 (0.6 mmol), 2 (2.4 mmol), aq HI (55% in
water, 20 mol %) in 1 mL of DMSO at 80 °C, 4 h. bIsolated yield. c2
equiv of ketone used. d1 equiv of I2 used.

Scheme 5. Control Experiments
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DMSO, in the absence of thione or thiol, furnished 2-hydroxy-1-
phenylpropan-1-one (21) in 11% yield along with unreacted
propiophenone.
Based on these experiments and the literature preceden-

ce,11d−h a tentative mechanism is proposed (Scheme 6).

Benzo[d]thiazole-2(3H)-thione (1a) requires a strong acidic
condition to exist in benzo[d]thiazole-2-thiol (I).1e,12d,e Iodine
reacts with benzo[d]thiazole-2-thiol (I) furnishing 1,2-bis-
(benzo[d]thiazol-2-yl)disulfane (II). Disulfane (II) further
reacts with iodine to form an intermediate (III), which contains
a S−I bond. Nucleophilic displacement of the iodo group from
intermediate III from the enolate of ketone or aldehyde furnishes
an α-sulfenylated product. DMSO reacts with HI to regenerate
an active species I2 or [DMSI+]I− (Scheme 6).11g

In summary, a rare regioselective C−H sulfenylation of
carbonyl compounds with heterocyclic thiones and thiols has
been described by employing an iodine andDMSO combination.
To the best of our knowledge, this is the first report of the
regioselective sulfenylation of (i) methyl ketones in the presence
of α-CH2 or α-CH groups and (ii) aldehydes. This ecofriendly
protocol uses readily available and inexpensive I2 and DMSO. A
broad substrate scope has been demonstrated, and target
products were obtained in good to excellent yields. The
application of this methodology has been demonstrated by
synthesizing highly useful precursors for Julia−Kocienski
olefination intermediates.
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