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A new synthesis of unsymmetrical disulfides is described.
The reaction of a thiol R1SH with 1-chlorobenzotriazole
(BtCl) at-78 °C in DCM affords a high-yielding conversion
to R1SBt without appreciable formation of the symmetrical
disulfide R1SSR1. R1SBt is then reacted with R2SH to form
the unsymmetrical disulfide in a one-pot sequence with green
character that avoids the use of toxic and harsh oxidizing
agents. The methodology has been developed for synthesis
of various types of disulfides.

The synthesis of unsymmetrical disulfides is a pivotal
transformation in modern medicinal chemistry research.1 Al-
though many different approaches exist for the transformation,
the majority of them suffer from involving highly toxic reagents,
such as Br2, SOCl2, and SO2Cl2, and/or harsh conditions of pH
that promote thiol exchange reactions. Furthermore, few pro-
cedures are one-pot transformations. These drawbacks arise
because the most prevalent approach involves substitution of a
sulfenyl derivative with a thiol or its derivative, necessitating
the preparation of the sulfenyl derivative in a separate step.
Sulfenyl derivatives utilized to date includeN-alkyltetrazolyl
disulfides,2 alkylthiodialkylsulfonium salts,3 S-alkylthioisothio-
ureas,4 S-alkylthiosulfates andS-arylthiosulfates (Bunte salts),5

2-benzothiazolyl disulfides,6 dithioperoxyesters,7 2-pyridyl dis-
ulfides and derivatives,8 sulfenamides,9 sulfenyl chlorides,10

sulfenyldimesylamines,11 4-nitroarenesulfenanilides,12 sulfenyl-
sulfinamidines,13 sulfenyl thiocarbonates,14 sulfenyl thiocyan-
ates,15 thionitrites,16 thioimides,17 thiolsulfinates and thiolsul-
fonates,18 and thiophosphonium salts.19 Two popular examples
that illustrate these points are the thioimide17 and thiocarbonate14

methodologies. Both methods involve two-step procedures, and
both involve harsh reagents for the sulfenyl intermediate
preparation, Br2 or SO2Cl2 for the former and ClCOSCl for the
latter. Other procedures of practical use involve reaction of a
thiol with a sulfinylbenzimidazole,20 sequential oxidation of
thiols with barbituric acid derivatives,21 rhodium-catalyzed
exchange of a disulfide,22 an electrochemical approach via a
sulfenium cation,23 and use of DEAD24 in a sequential coupling
of two different thiols. In conjunction with a medicinal chemistry
project on garlic mimics as potentially new antimicrobial agents,
it became our objective to develop a one-pot procedure involving
an environmentally friendly oxidant that could be recycled in
order to furnish a procedure with “green” character. We were
inspired by the work of Abe25 from the 1970s which demon-
strated thatN-chlorosuccinimide reacts with a thiol to form a
sulfenyl chloride, which on addition of triethylamine subse-
quently reacts with the byproduct succinimide to form an
N-sulfenylsuccinimide (Scheme 1).

From the point of view of unsymmetrical disulfide synthesis,
this sequence suffers from reaction of the reactive sulfenyl
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chloride with incoming thiol (BuSH in this case) to generate
homodimer disulfide. However, it suggested to us that a concise
one-pot unsymmetrical disulfide synthesis might be achieved
if (i) a chlorinating agent could be found to convert a thiol into
an N-sulfenyl derivative without the intermediacy of base; (ii)
experimental conditions could be identified for chemoselective
formation of theN-sulfenyl intermediate without subsequent
interception by thiol to form the symmetrical disulfide; and (iii)
the N-sulfenyl intermediate were to efficiently react with a
second thiol to form the desired unsymmetrical disulfide. In
this paper, we describe such a process based on using the
chemistry of 1-chlorobenzotriazole (BtCl) as the oxidizing
source. The overall process achieves unsymmetrical disulfide
synthesis in a one-pot reaction in a green sense since BtCl is
readily prepared by oxidation of 1,2,3-benzotriazole (BtH) using
sodium hypochlorite, and the BtH formed as a byproduct in
the reaction can be recycled using an acid/base extraction.
1-Chlorobenzotriazole was introduced by Rees and Storr26 in
1968 as an air-stable oxidant of alcohols, and although used in
a variety of functional group transformations over the years it
has found little application to thiols other than in their analytical
determination.27

Reaction Development.In view of our interest in garlic
(allicin) mimics, we began by targeting aralkyl disulfides in
which one of the allyl groups in allicin is replaced by an
aromatic ring and the other by an alkyl group.28 Thus,
p-anisylthiol and 1-propanethiol were selected for the model
study. After a number of experiments, it was determined that
slow addition of a solution ofp-anisylthiol in DCM to a cold
solution of BtCl (1.5 equiv) in DCM at-78 °C containing BtH
(1 equiv) resulted in immediate formation of a red color that
faded over time. After about 30 min, the reaction was allowed
to warm to-20 °C and 1-propanethiol was added (1.5 equiv).
After a further 30 min, the reaction was quenched with aqueous
sodium thiosulfate with sodium bicarbonate to produce the
unsymmetrical disulfide product following conventional workup
and column chromatography. The overall scheme of events is
summarized in Scheme 2.

TLC monitoring of the reaction revealed the complete
conversion ofp-anisylthiol in the first step to form two closely
running more polar products assigned as isomeric 1-BtSR and
2-BtSR intermediates (R) p-MeOPh) (Figure 1).

Significantly, no significant amounts of the homodimer
disulfide, di-p-anisyl disulfide, could be detected. The yield of

the product disulfide was optimized by adding BtH (1equiv to
R1SH) into the reaction vessel containing BtCl, to assist trapping
of the sulfenyl chloride intermediate. BtH turned out to be
superior to other additives tested, as shown in Table 1.

These results are consistent with the simplified overall
mechanistic course depicted in Scheme 3 based on Abe’s
reaction described previously.25

The mechanistic rationale in Scheme 3 draws attention to
several important features of this novel one-pot disulfide
synthesis. First, triethylamine is not required to promote the
N-sulfenylation step as in the Abe reaction on account of the
greater nucleophilicity of BtH compared to succinimide. Fur-
thermore, and most importantly, the resultantN-sulfenyl deriva-
tive 1 is not as reactive at-78 °C as BtCl toward incoming
ArSH. The in situ trapping of the sulfenyl chloride intermediate
by BtH is a highlight and unique aspect of this new method as
it prevents homodimer formation of the first thiol. Substitution
with the second thiol is facile at around-20 °C. BtH as its
hydrochloride together with the excess BtH can be recycled
using an acid/base extraction (see Experimental Section), thus
ensuring a cost-effective procedure with green character. It is
conceivable that compound1 exchanges its HCl with BtH, thus
the nature of the exact intermediate in the disulfide formation
step with the second thiol is open to speculation. Subsequent
reactions to investigate the scope of the reaction were divided
into the various types of disulfide.

Aralkyl Disulfide Synthesis. Aromatic thiols for this study
were selected to address the influence of both steric and
electronic factors on the efficacy of the process. Thusp-tolSH
andp-anisylSH provided an opportunity for evaluating electron-
releasing substituents, while methyl thiosalicylate was chosen
as an electron-deficient system with anortho steric effect.
2-Pyridylthiol was also reacted as aπ-deficient heteroaromatic
thiol. Reactions were run under the optimized set of conditions
described previously28 with added BtH to scavenge the initial
sulfenyl chloride formed. The results are shown in Table 2.

The results reveal a number of interesting trends. First, the
question of order of thiol addition arose. Adding the aliphatic
thiol first resulted in formation of significant amounts of
aliphatic homodimer, indicating the greater nucleophilicity of
the aliphatic thiol (compared with the aromatic ones) toward
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SCHEME 1. Abe’s Sulfenylation of NCS25

SCHEME 2. Conditions for Unsymmetrical Disulfide
Formation

FIGURE 1. Structures of the BtSR intermediates.

TABLE 1. Additives for Unsymmetrical Disulfide Synthesis

entry additive (equiv)a yield (%)b

1 67
2 thiourea (1) 41
3 NEt3 (1.5) 18
4 BtH (1) 89

a Relative to R1SH. b Yield of disulfide as depicted in Scheme 2.

SCHEME 3. Mechanistic Course of the Reaction
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the intermediate sulfenyl chloride. Conversely, adding the
aromatic thiol first did indeed result in the formation of the
unsymmetrical disulfide and in excellent yield right across the
spectrum of both types of thiol except for the case of allyl, for
which yields were consistently around 55-60%. Importantly,
no homodimer of the aromatic thiol was observed, except for
entry 4 in which di-p-tolyl disulfide was observed coeluting
with the product as an 80:20 mixture, and even using 2 equiv
of BtCl. In all cases, excess BtCl inevitably converted the excess
second aliphatic thiol to its homodimer, which could be easily
separated by chromatography in the nonpolar fractions. There-
fore, provided that the thiols are added in the correct order, this
method appears to have good scope for a number of potential
coupling partners.

Unsymmetrical Aromatic-Aromatic Disulfide Synthesis.
In this category, once again, the issue of order of thiol addition
arose with some interesting results that gave valuable insight
into kinetic aspects of reactions in the sequence. The ratio of
the various reactants was maintained as before as BtCl:BtH:
R1SH:R2SH ) 3:2:2:3, to optimize the formation of BtSR1 and
minimize the formation of homodimer R1SSR1. Inevitably,
though, the excess BtCl and R2SH reacted to form homodimer
R2SSR2, yields of which are not given. However, in all cases,
the disulfide mixture could be separated by column chroma-
tography. Results are given in Table 3.

Except for entry 10, yields of the unsymmetrical disulfide
were excellent. In entry 10, formation of large amounts of
p-TolSSTol (70% based onp-TolSH) indicated that the rate of
interception ofo-MeO2CPhSBt byp-TolSH was much lower
than interception ofp-TolSBt by p-TolSH; hence, the second
thiol was mainly channelled through to its homodimer. This
presumably indicates a steric effect from the thiosalicyl inter-
mediate coming into play with the less nucleophilicp-TolSH
since the yield went up with the more nucleophilic 2-pyridylthiol

(entry 9). The low yield in entry 10 could be easily rectified by
simply reversing the order of addition (see entry 11) and
introducing the sterically bulkier and more acidic thiol second.
A small amount of homodimer (R1SSR1) formed from the first
thiol was isolated from entry 10 (∼8%), but generally this was
not a competing side reaction in other cases. Studies to evaluate
the importance of exchange reactions occurring in this type of
system will be reported on in a subsequent full paper.

Aliphatic -Aliphatic Disulfide Synthesis.Development of
an effective protocol for reliable synthesis of this category of
disulfide proved to be the most challenging of the three, as
unsymmetrical disulfide and homodimers cannot be readily
separated on column chromatography in nonpolar cases. As
mentioned previously, reaction of an aliphatic thiol with BtCl
resulted in competing interception of the intermediate sulfenyl
chloride by aliphatic thiol. Eventually, a set of conditions was
worked out as follows. Addition of aliphatic R1SH to a 2-fold
excess of BtCl ensured complete conversion to the desired BtSR1

intermediate as inferred from TLC without any R1SSR1 being
formed. Destruction of excess BtCl by thiourea (3 equiv) in
order to avoid formation of the homodimer of the second thiol
also resulted in reaction of BtSR1, presumably to form an
isothiouronium salt.4 Addition of R2SH and allowing the reaction
to stir at room temperature overnight ensured complete conver-
sion to the desired unsymmetrical disulfide without significant
interference from homodimer formation as determined by NMR
analysis of the product. Scheme 4 and Table 4 summarize the
results. Of note is the formation of the disulfide alcohol product
from entry 17, which was achieved without hydroxyl group
protection.

TABLE 2. Yields of Aralkyl Disulfides

a Isolated as an 80:20 inseparable mixture with di-p-tolyl disulfide using
BtCl (2 equiv).

TABLE 3. Yields for Aromatic -Aromatic Disulfides

SCHEME 4. Mechanistic Course for Unsymmetrical
Disulfide Synthesis Using Thiourea
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In summary, the methodology offers attractive environmen-
tally friendly and cost-saving aspects in that effectively bleach
is used as the oxidant with a carrier (BtH) that can be recycled.
The latter could be achieved by chromatography (96% recovery)
or using an acid/base extraction, which necessitated acidifying
and stirring the aqueous solution in the presence of CH2Cl2 for
1 h to ensure complete extraction of the benzotriazole (99%)
into the aqueous layer as its hydrochloride salt, in which case
the yield of disulfide product (entry 1, Table 2) dropped to 70%
(see Experimental Section). Lower stirring times diminished the
benzotriazole recovery yield owing to incomplete extraction into
the acidified layer. The key features of this new one-pot
synthesis are summarized in Figure 2.

A subsequent paper will present studies on aspects of the
scope and mechanism of the methodology as well as its
application to the preparation of bioconjugates.

Experimental Section

Procedure for Aromatic-Aromatic and Aromatic -Aliphatic
Disulfides as Illustrated for Entry 1 in Table 2. To a stirred
solution of 1-chlorobenzotriazole (0.61 g, 4 mmol) and benzotriazole
(0.32 g, 2 0.7 mmol) in CH2Cl2 (30 mL) under N2 at -78 °C was
added dropwise a solution ofp-methoxybenzenethiol as R1SH (0.37
g, 2.7 mmol) in CH2Cl2 (2 mL). The solution was allowed to stir
for 2 h with slow warming to-20 °C. 1-Propanethiol as R2SH
(0.30 g, 4 mmol) in CH2Cl2 (2 mL) was then added slowly at-20
°C and the solution stirred at 0°C for 30 min. The reaction was
then quenched with a solution of Na2S2O3 (0.50 g in 10 mL water)
together with saturated aqueous NaHCO3 (20 mL), with rapid
stirring at 0°C for 20 min before being extracted with CH2Cl2 (3
× 100 mL). The combined organic extracts were dried over
anhydrous MgSO4, filtered, and evaporated under reduced pressure.
The crude material was purified by silica gel column chromatog-

raphy using light petroleum/EtOAc mixtures to affordp-methoxy-
phenyl 1-propyl disulfide (entry 1, 0.515 g, 2.4 mmol, 89%) as a
pale-yellow oil. IR (CHCl3): νmax 495 cm-1 (S-S). 1H NMR (400
MHz, CDCl3): δ 0.96 (t,J ) 7.3 Hz, 3H), 1.70 (sextet,J ) 7.3
Hz, 2H), 2.71 (t,J ) 7.3 Hz, 2H), 3.80 (s, 3H), 6.86 (d,J ) 8.9
Hz, 2H), 7.48 (d,J ) 8.9 Hz, 2H). 13C NMR (100.6 MHz,
CDCl3): δ 13.1, 22.1, 40.9, 55.4, 114.6, 128.6, 131.6, 159.5.
HRMS: calcd for C10H14OS2 (M)+, 214.0486; found, 214.0487.
Further elution produced recovered benzotriazole (0.77 g, 6.4 mmol,
96%), mp 96-97°C (lit26 98-99°C) with 1H and13C NMR spectra
identical to those of an authentic sample. The benzotriazole could
also be recovered by an acid/base extraction procedure. Thus,
following reaction with 1-propanethiol, the reaction was quenched
with a solution of Na2S2O3 (0.50 g in 10 mL water) and then
acidified with excess concentrated HCl to pH 1, stirred for 1 h in
a two-phase system with CH2Cl2 (100 mL) and then extracted with
CH2Cl2 (3 × 100 mL). The combined organic extracts were washed
with saturated aqueous NaHCO3, dried over anhydrous MgSO4,
filtered, and evaporated under reduced pressure. The crude material
was purified by chromatography using light petroleum/EtOAc
mixtures to affordp-methoxyphenyl 1-propyl disulfide (0.40 g, 1.87
mmol, 70%). The aqueous layer was basified with solid Na2CO3

to pH 8 and extracted with CH2Cl2 (5 × 70 mL). The combined
organic extracts were dried over anhydrous MgSO4, filtered, and
evaporated under reduced pressure to give benzotriazole (0.79 g,
6.64 mmol, 99%), mp 96-97 °C (lit26 98-99 °C) with 1H and13C
NMR spectra identical to those of an authentic sample.

Procedure for Aliphatic-Aliphatic Disulfide Synthesis as
Illustrated for Entry 15 in Table 4. To a stirred solution of
1-chlorobenzotriazole (0.61 g, 4 mmol) and benzotriazole (0.24 g,
2 mmol) in CH2Cl2 (20 mL) under N2 at -78 °C was added
dropwise a solution of 1-propanethiol as R1SH (0.15 g, 2 mmol)
in CH2Cl2 (2 mL). After 10 min, a solution of thiourea (0.46 g, 6
mmol) in dry THF (5 mL) was added and the solution stirred for
a further 10 min.t-Butanethiol as R2SH (0.27 g, 3 mmol) in CH2-
Cl2 (2 mL) was added slowly at-78 °C and the solution stirred
for 18 h with slow warming to room temperature. The solvent was
evaporated under reduced pressure and the crude material purified
directly by silica gel column chromatography using light petroleum/
EtOAc mixtures to affordtert-butyl 1-propyl disulfide (entry 15,
0.24 g, 1.46 mmol, 73%) as a pale-yellow oil. IR (CHCl3): νmax

478 cm-1 (S-S). 1H NMR (300 MHz, CDCl3): δ 0.98 (t,J ) 7.4
Hz, 3H), 1.33 (s, 9H), 1.68 (sextuplet,J ) 7.3 Hz, 2H), 2.69 (t,J
) 7.3 Hz, 2H).13C NMR (75.5 MHz, CDCl3): δ 13.1, 22.6, 30.0,
43.0, 47.6. HRMS: calcd for C7H16S2 (M)+, 164.0693; found
164.0693.
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FIGURE 2. Unsymmetrical disulfide process cycle using BtCl.

TABLE 4. Yields for Dialkyl Disulfides
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