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Convenient method for the addition of disulfides to alkenes
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Abstract—Catalytic disulfenylation reaction of alkenes by common Lewis acids has been investigated in detail. While reactions by
FeCl3 were feasible with cycloalkenes and other simple alkenes, much faster and excellent conversions were possible by AlCl3 even
with the substrates less reactive towards FeCl3.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. General reaction mechanism of Lewis acid catalyzed alkene

disulfenylation.
Introduction of sulfur functionality into unsaturated or-
ganic molecule is an important process for the drug
development and other purpose of fine chemical synthe-
sis.1 We report herein a convenient method for the addi-
tion of disulfide to alkene, in the presence of a catalytic
amount of common Lewis acids without using large ex-
cess amount of alkenes. The addition of disulfides to al-
kenes is a simple and reliable way for the synthesis of
various sulfur-containing compounds. Recent reports
on this type of reaction have revealed the utility of mild
acid catalysts, either in a stoichiometric or a catalytic
amount, which includes BF3ÆOMe2,2 PhIO-TfOH,3 and
GaCl3

4 or a catalytic amount of a transition metal com-
plex such as [CpRuCl(cod)].5 Another report also
emphasized the utility of metal cation-exchanged mont-
morillonites (M+-monts).6 These results prompted us to
describe our own results for the comparison of the re-
agent ratio (alkene/disulfide) and effectiveness of the
common catalysts such as aluminum chloride (AlCl3)
and ferric trichloride (FeCl3).

According to the reaction mechanism discussed previ-
ously,2 desired alkene disulfenylation should proceed
via S-substituted disulfanium ion 3 or advanced S-
substituted trisulfanium ion 4, both of which are gener-
ated from Lewis acid (LA) and disulfide 2, as shown in
Figure 1. On the other hand, free-Lewis acid (LA) cata-
lyzed undesired alkene self-polymerization as a competi-
tive pathway. Due to the consumption of alkene 1 by
this self-polymerization, a large excess amount of alkene
was employed generally to attain the high conversion of
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disulfide 2. For example, two equivalents of alkene were
employed in the reaction of BF3ÆOR2

2 and GaCl3,4 while
in the reaction with M+-monts, 6-fold excess of alkene
was employed.5 Because the selectivity between desired
disulfenylation and undesired alkene self-polymerization
would depend on the equilibrium constants (Ks and Ka),
a sulfur-favored Lewis acids (Ks� Ka) would effectively
promote the desired disulfenylation and accordingly
prevent undesired alkene self-polymerization. On the
other hand, the co-operative catalyst (PhIO-TfOH)3

effectively catalyzed alkene disulfenylation with just
one equivalent of alkene, while the catalyst was not en-
ough inexpensive and stable.

We thus examined the activity of common Lewis acid
catalysts for the alkene disulfenylation with least
amount of alkenes 1 (1.2 equiv) and initial results are
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summarized in Table 1. With 10 mol% of trifric acid the
alkene self-polymerization proceeded quite immediately,
resulting in the low yield of desired product 6aa (entry
1). Although BF3ÆOEt2 effectively catalyzed the alkene
disulfenylation as reported previously2 (entry 2), the alu-
minum chloride showed the higher reactivity (5 mol% in
entry 3, 3 mol% in entry 4). Ferric chloride was similarly
effective to attain the highest conversion, while some-
what longer reaction time was required (entry 5). Other
metals such as FeCl3Æ6(H2O), CoCl2, CuCl2, Bi(NO3)3

and Yb(OTf)3 were all ineffective (entry 6–10). Toluene
was most convenient for the reaction solvent, while
other halogenated solvents such as CH2Cl2 and
ClCH2CH2Cl showed similar tendency. However, in
Table 2. FeCl3 catalyzed alkene disulfenylation
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Table 1. Acid catalyzed alkene disulfenylation

+ PhSSPh
SPh

SPh

catalyst

toluene, rt

1a (1.2 eq.) 2a 6aa

Entry Catalyst Loading (mol%) Time (h) % Yield

1 HOTf 10 0.5 35

2 BF3ÆOEt2 5 4 72

3 AlCl3 5 3 90

4 AlCl3 3 6 95

5 FeCl3 5 20 98

6 FeCl3Æ6(H2O) 10 24 0

7 CoCl2 10 24 0

8 CuCl2 10 24 0

9 Bi(NO3)3 10 24 0

10 Yb(OTf)3 10 24 3
coordinating solvents, reactions resulted in complete
recovery of the starting disulfides, such as tetrahydrofu-
ran (THF), diethyl ether, and cyclopentyl methyl ether
(CPME).

From the initial screening, we were particularly inter-
ested in the behavior of AlCl3 and FeCl3. Both catalysts
were most effective and notably, complete conversions
have been attained with FeCl3 under mild conditions.
While these catalysts are very common in classical Le-
wis-acid catalyzed reactions, they were not well exam-
ined in the disulfide addition reactions. It was our
objectives to find the usefulness of these catalysts in such
disulfenylation and to reveal their utilities compared
with previous conditions.

We thus surveyed the reaction of FeCl3 first with differ-
ent substrates. Results with 5 mol% FeCl3 catalyst are
summarized in Table 2. In typical runs, FeCl3 was added
to a toluene solution of disulfide 2, followed by addition
of alkene 1 at room temperature.7 After stirring the mix-
ture for the indicated period of time, extractive workup
followed by purification through silica gel column chro-
matography afforded the desired product 5.

With simple cyclic alkene such as cyclohexene (1a), high
yield of 6 was attained with diphenyl disulfide (2a) (20 h,
98%), while slightly lower yields were observed with dib-
enzyl disulfide (2b) (72 h, 70%) and dimethyl disulfide
(2c) (20 h, 42%). The FeCl3 catalyst was effective for
both cyclic and acyclic alkenes 1a-e, and afforded
desired product 6 in over 90% yield within 26 h (entry
5 mol %)
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Scheme 1. Disulfenylation of alkyne.
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4–7 in Table 2). From the terminal alkene 1f, the desired
product 6f was equally obtained in high yield, while
longer reaction time was required (entry 8 in Table 2).
Stereochemistry was assigned as a trans-addition prod-
uct, which was explained by the reaction mechanism
via S-substituted thiiranium ion intermediate 5.8

There were, however, some problems with the partic-
ular substrates. Conjugate alkenes such as styrene or
1,3-cyclohexadiene9 gave inferior yields, resulting in
the complex mixture due to their poor nucleophilic-
ity. Stilbene did not react under the FeCl3 condi-
tions at all. Moreover, alkyne disulfenylation did
not proceed under FeCl3 conditions, while with
AlCl3, alkyne gave disulfenylation product as an iso-
meric mixture (mentioned later). Obviously, sub-
strates with polar functionality did not react under
these conditions.

We then turned our attention to AlCl3 catalyst to com-
pare the reactivity in the disufenylation reaction. While
FeCl3 catalyzed alkene disulfenylation under mild con-
ditions, AlCl3 could also catalyze same reaction more
efficiently in a shorter time as summarized in Table 3.7

AlCl3 showed thus wider applicability, because of its
strong Lewis acidity and usually, good yields were ob-
tained with the substrates which were less reactive (more
than 20 h reaction) in the case of FeCl3. It was thus
Table 3. AlCl3 catalyzed alkene disulfenylation
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revealed that AlCl3 was more effective than FeCl3 and
made the conversion faster than in the case of FeCl3.
Cyclic alkenes were most easily converted to the desired
products 6 with dialkyl or diaryl disulfides 2. The termi-
nal alkenes and trisubstituted alkene were converted
into corresponding disulfenylation product 6 in high
or moderate yields.

As noted above, with AlCl3, alkyne 7 gave the corre-
sponding disulfenylation product 8 as an isomeric mix-
ture [24 h, (E)-8/(Z)-8 = 5.4/1] in Scheme 1.10 We also
observed further isomerization of the vinyl disulfide
product 8 took place by the influence of AlCl3 present
in the reaction mixture.11 Even though there was a room
for improvement in geometric selectivity, it was note-
worthy that both alkene- and alkyne-disulfenylation
were possible with AlCl3 catalyst, just like GaCl3.4
5 mol %)

, rt

R3

R1

R2
R4

SR

SR

roduct Time (h) % Yield

SR

SR

6aa
6ab
6ac

4 90

24 82

24 68

t

t SPh

SPh

6d 1 95

t

t SPh

SPh

6e 1 98

-Bu
SPh

SPh
6f 12 74

-Pr
SPh

SPh
6g 12 75

SPh

SPh

6h 6 57

SPh
SPh

h
6i 24 72

SPh

SPh

h
6j 16 57



AlCl3 (10 mol%)

toluene, rt, 1h
BnSSBn+

6aa:2b = 1:1

6aa 2b

SPh

SPh

PhSSPh BnSSBn BnSSPh
2a 2b 2d

+ +

2a : 2b : 2d = 15 : 48 : 37

mixture

mixture = 6aa + 6ab +

6ad

SPh

SBn

+

Scheme 2. Disulfide scrambling.

6200 N. Yamagiwa et al. / Bioorg. Med. Chem. Lett. 17 (2007) 6197–6201
Asymmetric version of alkene disulfenylation was a
challenging matter, and initial attempt with chiral Lewis
acids (such as BINOL complex) was turned to be diffi-
cult to achieve in our hands, most probably by the inter-
ference with undesired racemization occurred under this
reaction conditions (i.e., reversible reaction course; see
Fig. 1). Namely, with Lewis acid, 1,2-bis(alkylthio) com-
pound 6 was presumably transformed into S-substituted
thiiranium ion 5 reversibly, resulting in racemization of
the product. Additional experiment as shown in Scheme
2 clearly indicated the reversibility of the disulfenylation
reaction and probably a reversible formation of S-
substituted thiiranium ion 5 occurred as a key step.

In conclusion, we have disclosed herein a simple proce-
dure for alkene disulfenylation by common Lewis acid
catalysts: FeCl3 and AlCl3. Reactions with FeCl3 usually
took longer time but almost complete conversion was
possible. With AlCl3, reactions were much faster and
satisfactory conversions were attained with substrates
less reactive towards FeCl3. We thus recommend select-
ing one of the two common catalysts for a simple and
effective alkene disulfenylation. However, because of
acidic nature of the reaction mixture, substrates that
contain conjugated alkenes and coordinating substitu-
ents are not suitable for these catalytic transformations.
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