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Abstract: The reaction of aromatic thiols with sulfur
dichloride and sulfur monochloride to form the corresponding
aromatic trisulfides, 2a—d, and tetrasulfides, 3a—d, has
been optimized with respect to yield and purity. The use of
pyridine as an amine base and the use of freshly distilled
sulfur monochloride (S;Cl;) serve as important alterations
to the synthetic method. Their physical properties have been
characterized, revealing some discrepancies with the litera-
ture.

The preparation of symmetric, acyclic trisulfides is
well-documented.t The methods include the use of sulfur
dichloride?® with thiols in the absence of base, the
coupling of alkyl halides with sodium trisulfide,* mixtures
of thiols>¢ or disulfides with sulfur,” the reaction of a
metal sulfide with alkanesulfenyl chlorides,® the reduc-
tion of thiosulfonates and disulfonyl sulfides with phos-
phines,® and sulfur insertion reactions into thiosulfinates,
thiosulfonates,? sulfides, and disulfides.1112

Preparation of the analogous tetrasulfides is not as well
researched. To our knowledge, there exists no compre-
hensive study of the formation of this class. Oxidation of
hydrodisulfides in the presence of iodine,*® coupling of
thiols with dialkoxy disulfides (ROSSOR),'415 sulfur
insertion reactions,'? and electrophilic aromatic substitu-
tion with sulfur monochloride!® have all been reported
as preparative methods.

These methods suffer from either low yields or the
formation of undesirable polysulfide byproducts. Some
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SCHEME 1
S,Cly, pyridine
R \ / R Snaz R
ether; -78° C; 2 hrs
R=H la R=H n=1 2a; n=23a
R=CH; 1b R=CH; n=12b; n=23b
R=Br 1c R=Br n=12¢c n=23c
R=NO, 1d R=NO, n=12d; n=23d

methods require the presynthesis of appropriate precur-
sors, which complicates the procedure.

The synthesis of unsymmetric trisulfides is more
difficult. Among the known procedures are the coupling
of chlorodisulfides with thiols'”'8 or similarly with N-
arylamidthiosulfites.'® Other methods require the use of
unwieldly and often unstable hydrodisulfides (RSSH)%
or the desulfurization of highly functionalized dialkane-
sulfonic thioanhydrides (RSO,SSO,R').° Stable alkyl or
aryl phthalimido disulfides as sulfur transfer reagents,
developed in our lab,?! have been used as a key step in
the preparation of calicheamicin y,'.22 Another procedure
involves the sequential coupling of two thiols using sulfur
dichloride.?®> To our knowledge, no high-yield, general
method exists for the formation of unsymmetric tetra-
sulfides, although two such tetrasulfides were formed??
using sulfur monochloride as the coupling reagent.

As part of another research effort dedicated to the rapid
sulfurizing of oligonucleotides with these substrates, we
required pure samples of a variety of symmetric polysul-
fides.

We report a modification of two literature proce-
dures??3 (Scheme 1) to form aromatic trisulfides 2a—d,
wherein yields and purity are significantly improved. We
also report for the first time the synthesis of a corre-
sponding set of aromatic tetrasulfides 3a—d. All com-
pounds were characterized by 'H NMR, 3C NMR, MS,
and HRMS or elemental analysis; crystal structures of
2b and 3b were also obtained.

To a solution of easily accessible aromatic thiols 1a—d
and equimolar pyridine in anhydrous diethyl ether was
added a freshly distilled solution of sulfur dichloride for
2a—d or sulfur monochloride for 3a—d at —78 °C, Scheme
1. After workup, the sample was usually analytically pure
but could be recrystallized in the freezer with n-pentane.
The procedure was readily scaled up to 10 g.

The use of freshly distilled sulfur monochloride, ether
as the solvent, with pyridine as a hydrochloride sink and
possible activator were all necessary components of the
reaction to ensure the purity of the product and its high
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TABLE 1. Data for Tri- and Tetrasulfides

yield? mp lit. mp

entry thiol S,Cl,® product (%) (°C) (°C)

1 la 1 2a 61 51-52 ca.5%

2 2 3a 71 30—31 34-35%

3 1b 1 2b 97 78—79 82—84%

4 2 3b 99 62—64  oil?8d 71—-7229

5 1c 1 2c 97 61-64 68—7125 70—7130

6 2 3c 97 53-57

7 1d 1 2d 90 131-136° 114—116%°

8 2 3d 99 154-158

an = 1 for sulfur dichloride, n = 2 for sulfur monochloride.
b Yields reported after one recrystallization. ¢ Sample turned dark
yellow at 122—124 °C. 9 The combustion analysis in the reference
is not accurate and the claim of synthesis should be questioned.

TABLE 2. Temperature Study of Thiol Coupling with
Sulfur Monochloride

entry product temp (°C) yield® (%) mp (°C)
1 3b —78 99 62—64
2 3b 0 91 60—61
3 3b rea 86 63—64

art =254 1 °C. P Yields reported after one recrystallization.

SCHEME 2
S,Cl,, pyridine +
R SH —> R SS,——N /
ether; -78° C; 2 hrs \
R=H la
R=CH; 1b
R=Br Ic
R=NO, 1d

R4®>SM2 @R

yield (Table 1). Maintaining the temperature at —78 °C
may also serve to increase purity as compared with
previous syntheses.?4?°> We investigated this criterion by
repeating the reaction for the production of 3b at 0 °C
and at room temperature, Table 2. The yields remained
high but decreased with increasing temperature, as did
the purity of the sample. It therefore seems that the
coupling rate of the second equivalent of thiol to the
intermediate (Scheme 2) is faster than its decomposition.

The addition of pyridine as the amine base distin-
guishes this method from previous uses of sulfur dichlo-
ride or sulfur monochloride as coupling agents. While this
is a simple alteration in the normal procedure, the greatly
enhanced yields and purity clearly show the advantage.
It is likely that the increased yield and higher purity is
because the pyridinium salt is insoluble in the ether
solvent. Upon addition of the yellow chlorosulfane to the
thiol/pyridine solution, an immediate conversion to a
white precipitate was observed. The precipitation of this
pyridinium salt byproduct apparently drives the reaction
to completion. It may also be that the activated inter-
mediate is that of a sulfenyl pyridinium complex or a
thiosulfenyl pyridinium complex (Scheme 2). Activated
complexes of sulfur monochloride are not without prece-
dent.3!
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The nitro analogues 2d and 3d also precipitated from
solution. In all cases, no higher order polysulfides were
observed upon completion of the reaction. This proved
to be important and beneficial, as separation of polysul-
fides by chromatography is often problematic as a result
of their very similar properties.

Compound 2a had previously been reported to be an
0il;192532 however, after being placed in the freezer in
n-pentane for 24 h, pure crystals were determined.

Crystal structures of 2b and 3b were determined. The
geometry of these aromatic polysulfides is unexcep-
tional'®3334 compared to that previously reported for
others of this class, with an average S—S bond length of
2.045 A.

All compounds in Table 1 were bench-stable for months;
however, on exposure to light they would decompose in
a matter of hours, forming different-order polysulfides
of n = 2—6. No special precautions need be made with
respect to air exposure if the compounds are weighed and
used directly. Thermally, tetrasulfides were less stable
than their trisulfide counterparts. The nitro group sig-
nificantly increased the thermal stability of the com-
pounds.

This optimized method provides a convenient prepara-
tion of acyclic aromatic tri- and tetrasulfides in high yield
and purity from readily accessible materials under very
mild conditions.

Experimental Section

General Experimental. All reagents were commercially
available and were used without further purification save for
the following exceptions. Methylene chloride was distilled over
calcium hydride. Diethyl ether was dried over molecular sieves.
Sulfur monochloride, S;Cl, (135—137 °C), was distilled according
to procedures adapted from Fieser and Fieser (100:4:1 S,Cl,/
sulfur/charcoal).3®> Sulfur dichloride, SCl, (59—60 °C), was
fractionally distilled over 0.1% phosphorus pentachloride, PCls.
Both S,Cl, and SCI, were used immediately after distillation.
All glassware was oven-dried. All melting points are uncorrected.
NMR spectra were recorded in CDCl3 at 300, 400, or 500 MHz
for *H and 75, 101, or 125 MHz for 13C.

Synthesis of p-Aryl Trisulfides. An example of the syn-
thetic procedure is as follows. A solution of thiol (20 mmol, 1
equiv) and pyridine (20 mmol, 1 equiv) in 50 mL of diethyl ether
was allowed to stir under nitrogen at —78 °C. A solution of sulfur
dichloride (10.0 mmol, 0.5 equiv) in 50 mL of ether was added
dropwise over 0.5 h. The reaction mixture was allowed to stir
for a further 1.5 h. The reaction mixture was quenched with 25
mL of H,0O. The organic phase was washed 3 x 25 mL of H,O or
until the aqueous phase became clear. The organic phase was
dried over MgSQ,. This mixture was vacuum filtered, and the
solvent was removed first under reduced pressure and then in
vacuo.
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Diphenyl Trisulfide (2a). Yield 61%; recrystallization from
n-pentane at —15 °C afforded light white needles; mp 5152 °C
(lit. mp?6 ~5 °C); *H NMR 6 7.14—7.34 (m, 6H), 7.47—7.59 (m,
4H); 13C NMR ¢ 127.14, 127.47, 129.05, 137.00; MS (EI) m/z (rel
intensity) 250 (4.3), 218 (100.0) —S, 185 (16.2) —S;, 154 (15.4),
141 (97) —SCgHs5, 109 (765) —S,CsHs. HRMS for C1oH10S3:
249.9945. Found: 249.993(6)

Bis(p-tolyl) Trisulfide (2b). Yield 97%; recrystallization
from n-pentane at —15 °C afforded light yellow needles; mp 78—
79 °C (lit. mp?* 82—84 °C).

Bis(p-bromophenyl) Trisulfide (2c). The product was a
light, flaky solid. Yield 97%; mp 61—64 °C (lit. mp3° 70—71 °C).

Bis(p-nitrophenyl) Trisulfide (2d). The above procedure
was scaled up by a factor of 2. Upon quenching with 100 mL of
H,0, a grayish precipitate formed. This precipitate was vacuum
filtered and further washed with 2 x 100 mL of H,O. The filtrate
was further purified as above, and the solute was dried. The
products were combined to yield a tan-colored solid. Yield 90%);
mp 122—-124 °C turning dark yellow then melting at 131—-136
°C (lit. mp% 114-116 °C).

Synthesis of p-Aryl Tetrasulfides. The following is a
general example of the synthetic procedure. A solution of thiol
(40 mmol, 2 equiv) and pyridine (40 mmol, 2 equiv) in 100 mL
of diethyl ether was allowed to stir under nitrogen at —78 °C. A
solution of sulfur monochloride (20.0 mmol, 1 equiv) in 100 mL
of ether was added dropwise over 0.5 h. The reaction mixture
was allowed to stir for a further 1.5 h. The reaction mixture was
quenched with 100 mL of H,O. The organic phase was washed
3 x 50 mL of H2O or until the agueous phase became clear; the
organic phase was dried over MgSQO,. This mixture was vacuum
filtered, and the solvent was removed first under reduced
pressure and then in vacuo.
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Diphenyl Tetrasulfide (3a). Yield 71%; recrystallization
from n-pentane at —15 °C afforded light yellow needles; mp 30—
31 °C (lit. mp?’ 3435 °C).

Bis(p-tolyl) Tetrasulfide (3b). Yellow powder. Yield 99%;
recrystallization from n-pentane at —15 °C afforded bright yellow
needles; mp 62—64 °C (lit. mp oil,28 71—-72 °C29).

Bis(p-bromophenyl) Tetrasulfide (3c). Light yellow, flaky
solid. Yield 97%; mp 53—57 °C; 'H NMR § 7.38 (AB, 4H J =
8.40 Hz); 13C NMR 6 131.7, 132.3, 132.4, 132.4; MS (EI) m/z (rel
intensity) 440 (1.6), 408 (6.7) —S, 376 (100) —S,, 189 (74.5)
—S,CgH4Br, 108 (762) —S,CgH4BT. Anal. Calcd for C1oHgS4Br:
C, 32.74; H, 1.83. Found: C, 32.77; H, 1.43.

Bis(p-nitrophenyl) Tetrasulfide (3d). Upon quenching
with 100 mL of H;O, a grayish precipitate formed. This
precipitate was vacuum filtered and further washed with 2 x
100 mL of H,0. The filtrate was further purified as above, and
the solute was dried. The products were combined to yield a
sandy colored solid. Yield 99%; mp 154—158 °C; 'H NMR ¢ 7.88
(AB, 4H J = 9.20 Hz); 13C NMR 6 124.4, 126.3, 144.0, 146.9;
MS (CI) m/z (rel intensity) 308 (100) —S. Anal. Calcd for
C12HgN204Ss + NH4: 389.9711. Found: 389.971(6).
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