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Abstract The synthesis of thioethers in excellent yields was achieved
under mild conditions via the displacement reaction of halogens by sul-
fur. The cross-reaction of 2-(a-bromoacetyl)thiophene with triethyl-
amine-activated phosphorus decasulfide (Et;N-P,Ss) was elaborated by
utilizing DFT calculations.
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Organic compounds possessing a sulfur heteroatom
have attracted scientific interest not only regarding their
utility in syntheses but also for their applications.! Among
such compounds, thioethers, especially aryl-substituted ex-
amples, are important scaffolds for materials chemistry?
and important for medicinal chemistry due to their biologi-
cal activities.?

The classical C-S coupling between aryl/alkyl halides
and thiols or other sulfur sources often requires harsh reac-
tion conditions, such as strong bases, elevated tempera-
tures, transition-metal catalysts,*> and addition of organo-
metallic reagents to disulfides. Migita and co-workers’
first reported cross-coupling reactions of aryl halides with
thiols in the presence of Pd(PPh;),. Recently, nickel,® palla-
dium,? iron,'® and cobalt!! catalysts have emerged as ap-
pealing catalysts for such reactions. Copper salts have also
been used as alternative and promising catalysts for many
organic transformations including the C-S bond-formation
reaction.'? As sulfur sources, S=C(NH,),, KSCN, CuSCN, Na,S,
KSAc, elemental sulfur, H,NC(=S)NHNH,, S,Cl,, and MeSH
have generally been utilized for this transformation.?¢13

Phosphorus decasulfide, P,S;, (also known as phospho-
rus pentasulfide, P,Ss, or Berzelius reagent),'#'> and
Lawesson’s reagent!®!” are the most common chemicals
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used for thionation, for building heterocycles, and also in
industrial applications including additives for lubricants,
oil, and insecticides.!® The first nucleophilic displacement
of halogens located on heterocycles (pyrizadines) by sulfur
was performed by Castle and Kaji with P,S,,, leading to the
formation of the corresponding thiols.!® Thiols have also
been obtained by using hydrosulfide-exchange resin,?° so-
dium hydrosulfide hydrate,?' and H,S.*

In this work, P,S;, was used to obtain thioethers via nu-
cleophilic displacement reactions of halogens (Br) under
milder conditions and in shorter reaction times. The effects
of carbonyl, aromatic/heteroaromatic, and alkyl subunits
were investigated. To shed more light on the reactions in-
volving an aryl-containing reactant, electronic effects of a
para substituent (OMe, Me, H, Br, CN, NO,) were taken into
consideration.

The reaction conditions were explored in depth by vary-
ing several parameters such as temperature, solvent, re-
agent, and stoichiometry. In order to initiate the reaction,
P,S;, had to be activated either chemically?® or with heat.
As the reaction was aimed to be performed under mild con-
ditions, the activation of P,S;, was undertaken using re-
agents such as Et;N and HCI. Several solvents, including n-
hexane, diethyl ether, 1,4-dioxane, and ethanol, were tested
to find the most appropriate for obtaining the best yield in
the shortest reaction time. The temperature factor was also
checked, namely whether a higher yield of thioether could
be achieved at higher temperatures.

Activation of P,S;, was achieved using Et;N via forma-
tion of the complex Et;N-P,Ss (PS5~ *NEt;-PS,).!> Reaction
of a-bromoacetophenone (1a) with P,S,, in the presence of
excess Et;N, also used as the solvent, resulted in symmetri-
cal thioether 2a (Scheme 1). The whole process could start
with an Sy2 reaction of PS5~ *NEt;-PS, with 1a, leading to
the formation of PS;-substituted ketone, followed by an in-
termolecular Sy2 reaction with another equivalent of 1a.
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Scheme 1 Reaction of a-bromoacetophenone (1a) with Et;N-activated P,S;, providing thioether 2a via proposed intermediates A and B

The reaction might follow two pathways involving an attack
either from the a-sulfur atom providing cationic intermedi-
ate A or from the other sulfur atoms generating a phospho-
rous cation B, where A is afforded with a relative energy of
17.8 kcal-mol-! [(CPCM:Et,0)-MPW1PW91/6-31+G(d)]
with respect to B via an intramolecular Sy2 mechanism.
Then, hydrolysis of A would provide 2a. P,S, as a sulfur
source was also an effective nucleophile under these reac-
tion conditions, with the ketones remaining intact.

The best yield of 2a (77%) was obtained from the reac-
tion of 1a performed with 0.5 equivalents of P,S;q and 10
equivalents of Et;N in diethyl ether for 4 hours. In the ab-
sence of Et;N no reaction was observed, while decreasing
the amount of P,S,, resulted in longer reaction times with
lower yields (Table 1).

Table 1 Optimization of the Reaction Conditions for a-Bromoaceto-
phenone (1a) and P,S;, at Room Temperature?

Entry P,Si0 (equiv) Et;N Solvent Time (h)  Yield (%)
(equiv) of 2a
1 1.00 - Et;N 4 50
2 0.50 - EtsN 6 62
3 0.25 - EtsN 18 29
4 0.12 - Et;N 18 31
5 1.00 - toluene 19 -
6 0.25 0.5 THF 1.5 -
7 0.12 5.0 n-hexane 19 40
8 0.50 10 n-hexane 70 47
9 0.50 5.0 Et,0 3 62
10 0.50 10 Et,0 4 77
1 0.50 5.0 CH,Cl, 4 73
12 0.50 10 CH;Cl 24 -
13 0.50 10 1,4-dioxane 1 74

3 Reactions were performed on a 100 pmol scale.

To elaborate this transformation, a series of reactants
with carbonyl, aryl, and alkyl units were subjected to the
reaction with the Et;N-P,S; complex in different solvents
(Table 2).

While the reaction of benzyl bromide in diethyl ether in
the presence of 10 equivalents of Et;N provided thioether
2h in 75% yield (Table 2, entry 7), its reaction in neat Et;N
gave a quantitative yield (99%). When a reactant with an al-
kyl chain, n-octyl bromide, was subjected to reaction with
the complex, the corresponding thioether 2i was obtained
in 90% yield (Table 2, entry 8). The presence of only a ketone
group did not change the result, with the corresponding
thioether 2j obtained in moderate yield. The electronic ef-
fects of a substituent at the para position of a phenyl group
were examined. Unlike the electron-withdrawing NO,
group, which furnished 2f in the highest yield of 83% in di-
ethyl ether, the other substituents (OMe, Br, Me, CN) pro-
vided 2b-2e in yields between 62% and 71%, indicating that
the substituent group mainly had no effect on the transfor-
mation (Table 2, entries 1-5).

This transformation was also applied to the synthesis of
diaryl thioethers 3a-3d which, however, required treat-
ment of the aryl halides with Et;N-P,S; in the presence of
0.2 equivalents of Cul and N-methyl-2-pyrrolidinone (NMP)
at 90 °C to form 3a-3d in 25-72% yield (Table 2, entries 10—
13). All attempts with other copper catalysts (CuO, CuCl,
CuBr) and other solvents (e.g., DMF, pyridine) ended with
failure. In the case of 2-bromo-1-(4-bromophenyl)eth-
anone, 3-bromoiodobenzene, and 4-bromoiodobenzene,
good chemoselectivity was observed not only with the io-
dide and bromide functional groups but also with the ali-
phatic and aromatic bromide units (Table 2, entries 2, 11,
12). In addition, under these reaction conditions, carbonyl
groups remained intact (Table 2, entries 1-6, 9).

A possible mechanism for this transformation is illus-
trated in Scheme 2, based on Phukan’s work?* in which di-
aryl thioether synthesis was achieved via Cul-catalyzed
dominothiolation of aryl halides in the presence of 4-(di-
methylamino)pyridine as a ligand. Firstly, the reaction be-
tween aryl halide and Et;N-P,S; (PS;~ *NEt;-PS,) forms
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Table 2 Reaction of Et;N-Activated P,S,, with a Variety of Alkyl and

Aryl Halides
EtsN—P,Ss5
R—X —— > R/S\R
solvent, rt
Entry Reactant Solvent Time Product Yield
(h) (%)
(0]
Bi Et,0 4 66
1 /©)}\/ 1,4-dioxane 1 2b 58
MeO
(0]
B Et,0 4 71
2 | S 1,4-dioxane 1 2 49
Br &
(0]
B Et,0 1 68
3 | \ 1,4-dioxane 1.5 2 46
=
(0]
BI Et,0 4 62
4 /Ej*/ 1,4-dioxane 0.5 2e 67
NC &
(0]
5 Bi Et,0 5 > 83
1,4-dioxane 1 46
OoN
(0]
Br
\ Et,0 74
6 | 2 g
> 1,4-dioxane 1.5 76
Et,0 20 75
/ Q_\Br Et;N 20 20 99
8 s~ ~UB BN 20 2i 90
(0]
9 )K/Br Et,0 1.5 2j 65
100 @Br EEN 48 3a 25
|
112 GB Et;N 24 3b 72
r
122 I—QBr Et;N 24 3c 43
130 |OOMe EEN 2 3d 62

2 Reaction was performed with Cul (0.2 equiv) and NMP (0.2 equiv) at

90 °C.

ArPS; species C. Then, hydrolysis of C produces the corre-
sponding thiol. Treatment of thiol with ArCu"(L)X (X:
halide), generated in situ from oxidative addition of Cu(I) to
ArX in the presence of ligand NMP, furnishes Cu(IIl) inter-
mediate D. Lastly, reductive elimination from D produces
the diaryl thioether.

addition
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Scheme 2 Proposed mechanism for Cul-catalyzed thioether formation
from aryl halides

Thiophene as a heteroaromatic compound was also con-
sidered for the transformation. Thionation of 2-(a-bromo-
acetyl)thiophene (4) was performed in the presence of Et;N
in diethyl ether at room temperature for 1 day, which sur-
prisingly led to the formation of 2-acetyl-3-sulfanylthio-
phene (5), the structure of which was confirmed by 'H and
13C NMR spectroscopy (Scheme 3).

o
S 0 P4S1o, EtsN s
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4 5

Scheme 3 Reaction of 2-(a-bromoacetyl)thiophene (4) with Et;N-acti-
vated P,S;, giving rise to 2-acetyl-3-sulfanylthiophene (5) via likely con-
secutive intramolecular reactions

In order to understand the mechanism, DFT calculations
were conducted using the Gaussian 09 program (Scheme
4).25 Optimization of the geometries was performed at the
MPW1PW9126 level with an augmented polarized double-
zeta basis set (aug-cc-pVDZ), unless otherwise stated, ow-
ing to the fact that it provides reasonable results for struc-
tures possessing phosphorus and sulfur atoms.?” A double-
zeta quality basis set (LANL2DZ)*® containing Hay and
Wadt’s effective core potential (ECP) was applied on the
bromine atom, as implemented in Gaussian 09. The solvent
effect (Et,0) was incorporated by using a self-consistent re-
action field (SCRF) with a UFF (universal force field) param-
etrization of the polarizable continuum model (PCM).?° The
minima of the calculated structures were verified by ana-
lyzing the harmonic vibrational frequencies, using analyti-
cal second derivatives, which gave NImag = 0.
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Scheme 4 Reaction of 2-(a-bromoacetyl)thiophene (4) with Et;N-P,S; affording 2-acetyl-3-sulfanylthiophene (5) [(CPCM:Et,0)-MPW1PW91/aug-cc-
pVDZ level, relative Gibbs free energies including unscaled ZPE are given in kcal-mol~"]

Based on DFT calculations, Sy2 reaction of activated
P,Si0 (EtsN-P,Ss, PS;~ *NEt;-PS,) with 2-(a-bromoace-
tyl)thiophene (4) resulted in an endothermic product 6
(Scheme 4). All calculation attempts to undergo an intra-
molecular ring-closure reaction of 6 to form zwitterionic
seven-membered ring 7, which could lead to 8 via a rear-
rangement, were unfortunately failed by a ring-opening re-
action and rendering compound 6 back. Optimization of 7
was also performed by freezing the newly generated C-S
single bond (in bold) which, however, led to cleavage of the
S-P bond and the formation of a thiocyclopropane-fused
dihydrothiophene molecule. Then, the calculation was con-
tinued with keto-enol tautomerization of 6, furnishing 9,
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13 14
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S
\ / Br
Cl

13

(o] (o]
\ W,
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which had a 6.5 kcal-mol-! higher energy than 6. This was
followed by attack of PS;~ *NEt;-PS, at the thiophene ring
giving rise to the corresponding enol 11 with energy of 18.6
kcal-mol-'. The possible carbanion intermediate 10, expect-
ed from the reaction of 9 with a second PS;-, could not be
located, indicating successive electron delocalization and
simultaneous proton abstraction, and consequently cleav-
age of the PS;~ unit. Keto-enol tautomerization provided
the corresponding ketone 12, with 13.9 kcal-mol-! less en-
ergy than enol 11. Finally, hydrolysis resulted in mercapto
product 5 and HPOS, (Scheme 4).

The reaction of thiophene 13 (Scheme 5), possessing CI
in place of the hydrogen atom proximate to the carbonyl

. o-H S_Rf\i . P
—
ms\P;S \ TS es
I (s é’
Cl S /
S=R,
15 S 16

Scheme 5 Reaction of 2-(a-bromoacetyl)-3-chlorothiophene (13) with Et;N-P,Ss providing 2,2'-thiobis(1-(3-chlorothiophen-2-yl)ethanone) (17)
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group in compound 4, with Et;N-P,S; in diethyl ether was
realized to unveil whether the reaction proceeds via the
proposed mechanism depicted in Scheme 4. Indeed, the ex-
pected anion 16, generated from the second PS;~ attack at
the Cl-substituted carbon atom, brought about cleavage of
the second PS; unit due to the weaker C-S bond with re-
spect to the C-Cl bond, and resulted in formation of 14 after
keto-enol tautomerization. As a result, 14 undergoes an in-
termolecular reaction with 13 leading to the corresponding
thioether 17.

In conclusion, we have described a useful and simple
methodology to synthesize various thioethers possessing
alkyl, benzyl, aryl, and carbonyl groups. This methodology
provides mild conditions for the displacement of halogens
by sulfur using the commercially available, inexpensive,
easy-to-handle, and chemically stable sulfur source P,S;,
under noninert conditions. The important applicability of
this procedure was demonstrated with various substrates
which provided the corresponding thioethers in excellent
yields and with a good functional group tolerance. More-
over, an intriguing reaction of 2-(ax-bromoacetyl)thiophene
(4) with activated P,S;o (Et;N-P,Ss) was also supported by
DFT calculations. Treatment of thiophene 13, containing a
neighboring ClI atom, with Et;N-P,S; resulted in the corre-
sponding thioether 17, which is a strong experimental
backup for inclusion of the follow-up reactions of interme-
diate 10. Further exploration of this methodology and ex-
tension to the synthesis of unsymmetrical and other het-
eroaromatic thioethers are currently in progress in our lab-
oratory.

All reagents were used as received from commercial sources, without
further purification. Analytical TLC was performed using Merck silica
gel G F,s, plates. Flash column chromatography was performed with
silica gel (200-300 mesh). IR measurements were performed on a Ni-
colet 6700 FT-IR instrument (ATR, diamond). 'H and '3C NMR spectra
were recorded in CDCl; on a Varian NMR spectrometer (500 MHz);
proton and carbon chemical shifts are reported in ppm downfield
from TMS. Mass spectra were recorded on Bruker micrOTOF-Q and
Thermo LCQ Deca ion trap mass spectrometers.

Alkyl Thioethers 2; General Procedure

A mixture of P,S;, (0.5 equiv) and Et;N (10 mL) was stirred at rt for 30
min and then alkyl bromide (1.0 equiv) was added. The reaction mix-
ture was allowed to stir until the alkyl bromide was completely con-
sumed, as monitored by TLC. Then, it was quenched with saturated
aqueous NH,CI solution and extracted with Et,0 (3 x 10 mL). After
successive washing with water and brine, the organic layer was dried
over Na,SO,. The product was purified by column chromatography
over silica gel (n-hexane-EtOAc). The NMR data of 2a-d*° and 2f-j31-3%
align well with the corresponding literature values.

2-(2-0x0-2-phenylethylsulfanyl)-1-phenylethanone (2a)*°
White needless; yield: 106 mg (77%; Table 1, entry 10).

H NMR (500 MHz, CDCl,): 8 =3.99 (s, 4 H), 7.47 (t, J = 8.0 Hz, 4 H),
7.59(t,J = 8.0 Hz, 2 H), 7.97 (d, ] = 8.0 Hz, 4 H).

13C NMR (125 MHz, CDCl,): 8 = 37.6, 128.6, 128.7, 133.5, 135.3, 194.2.

1-(4-Methoxyphenyl)-2-[2-(4-methoxyphenyl)-2-oxo-ethylsulfa-
nyl]ethanone (2b)*°

Pale yellow solid; yield: 102 mg (66%; Table 2, entry 1).

'H NMR (500 MHz, CDCl;): 6 =3.85 (s, 6 H), 3.92 (s, 4 H), 6.92 (d, ] =
9.0 Hz,4H), 7.94 (d,] = 9.0 Hz, 4 H).

13C NMR (125 MHz, CDCl): & = 37.4, 55.4, 113.8, 128.3, 130.9, 163.8,
192.9.

1-(4-Bromophenyl)-2-[2-(4-bromophenyl)-2-oxoethylsulfa-
nyl]ethanone (2c¢)*°

White solid; yield: 115 mg (71%; Table 2, entry 2).

TH NMR (500 MHz, CDCl;): 8 =3.92 (s, 4 H), 7.62 (dd, ] = 8.5, 2.0 Hz, 4
H), 7.82 (dd, J = 8.5, 2.0 Hz, 4 H).

13C NMR (125 MHz, CDCl;): § =37.4, 128.9, 130.1, 132.1, 134.0, 193.0.

2-(2-0x0-2-p-tolylethylsulfanyl)-1-p-tolylethanone (2d)*°
Off-white solid; yield: 96 mg (68%; Table 2, entry 3).

1H NMR (500 MHz, CDCl): & =2.40 (s, 6 H), 3.95 (s, 4 H), 7.25 (d,
J=8.0Hz,4H),7.86(d,] = 8.5 Hz, 4 H).

13C NMR (125 MHz, CDCls): § = 21.7, 37.6, 128.7, 129.4, 132.9, 144.4,
193.9.

1-(4-Cyanophenyl)-2-[2-(4-cyanophenyl)-2-oxoethylsulfanyl]eth-
anone (2e)

Light brown solid; yield: 97 mg (67%; Table 2, entry 4); mp 126-
128 °C.

IR (ATR, diamond): 2961 (m), 2918 (m), 2890 (m), 2849 (m), 2231 (m,
C=N), 1684 (s, C=0), 1605 (m), 1401 (m), 1259 (s), 1012 (s), 794 (s),
570 cm™! (m, C-S).

H NMR (500 MHz, CDCl;): § =3.95 (s, 4 H), 7.78 (d, J = 8.5 Hz, 4 H),
8.04(d, ] = 8.5 Hz, 4 H).

13C NMR (125 MHz, CDCl;): § =37.5,116.9, 117.7, 129.0, 132.6, 138.2,
192.4.

HRMS (EI): m/z [M + 1]* caled for C;gH;3N,0,S: 321.06922; found:
321.06915.

1-(4-Nitrophenyl)-2-[2-(4-nitrophenyl)-2-oxoethylsulfanyl]eth-
anone (2f)3!

Light red solid; yield: 123 mg (83%; Table 2, entry 5).

H NMR (500 MHz, CDCl;): & =3.99 (s, 4 H), 8.12 (d, J = 8.4 Hz, 4 H),
8.33(d,J=8.4Hz, 4 H).

13C NMR (125 MHz, CDCl;): § = 37.7, 124.0, 129.7, 139.7, 150.6, 192.2.

1-(1,1'-Biphenyl-4-yl)-2-[2-(1,1'-biphenyl-4-yl)-2-oxoethylsulfa-
nyl]ethanone (2g)??

Off-white solid; yield: 117 mg (76%; Table 2, entry 6).

H NMR (500 MHz, CDCl,): &=4.03 (s, 4 H), 7.42 (t, J = 7.5 Hz, 2 H),
7.48 (t,J = 7.5 Hz, 4 H),7.62 (d,] = 7.5 Hz, 4 H), 7.70 (d, ] = 8.5 Hz, 4 H),
8.03(d,J=8.5Hz, 4 H).

13C NMR (125 MHz, CDCl,): 8 = 37.7,127.3,127.4, 128.3, 129.0, 129.3,
134.1,139.7, 146.3, 193.8.

Dibenzyl Sulfide (2h)*3
Pale yellow liquid; yield: 125 mg (99%; Table 2, entry 7).
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H NMR (500 MHz, CDCl,): 6 =3.70 (s, 4 H), 7.38 (d, J = 8.8 Hz, 4 H),
8.20(d,J = 8.8 Hz, 6 H).

13C NMR (125 MHz, CDCl,): 6 = 42.2, 123.8, 130.0, 144.7, 147.3, 160.6.

Di-n-octyl Sulfide (2i)**

Colorless liquid; yield: 121 mg (90%; Table 2, entry 8).

'H NMR (500 MHz, CDCl;): & = 0.89 (t, J = 6.5 Hz, 6 H), 1.40-1.75 (m,
24 H),2.88 (t,] = 7.2 Hz, 4 H).

13C NMR (125 MHz, CDCl3): § = 14.1, 22.6, 28.5, 28.8, 29.1, 31.8, 38.9,
39.2.

1-(2-0xopropylsulfanyl)propan-2-one (2j)*

Pale yellow solid; yield: 60 mg (65%; Table 2, entry 9).
TH NMR (500 MHz, CDCl,): § = 2.25 (s, 6 H), 3.42 (s, 4 H).
13C NMR (125 MHz, CDCl,): 6 = 28.3, 41.6, 202.6.

Aryl Thioethers 3; General Procedure

A mixture of P,S;((1.11 g, 2.50 mmol) and Et;N (5.0 mL) was stirred at
rt for 15 min and then aryl halide (halide: Br, I) (1.00 mmol), Cul (38.1
mg, 0.2 mmol), and NMP (19.8 mg, 0.2 mmol) were added. The reac-
tion mixture was stirred at 90 °C until the aryl halide was completely
consumed, as monitored by TLC. Then, it was quenched with saturat-
ed aqueous NH,Cl solution and extracted with CH,Cl, (3 x 50 mL). The
organic layer was washed with water and brine, and dried over
Na,S0,. The product was purified by column chromatography over
silica gel (n-hexane-CH,Cl,, 5:1). The NMR data of 3a-d'3"¢36 match
well with reported data.

Diphenyl Sulfide (3a)'3
Colorless liquid; yield: 60 mg (25%; Table 2, entry 10).

IH NMR (500 MHz, CDCLy): §=7.23 (t, J=7.5Hz, 4 H), 7.28 (d,
J=7.5Hz,2 H),7.50 (dd, ] = 8.2, 1.2 Hz, 4 H).

Bis(3-bromophenyl) Sulfide (3b)!3¢

Yellow liquid; yield: 87 mg (72%; Table 2, entry 11).

H NMR (500 MHz, CDCly): & = 7.16 (dt, J = 7.2, 1.25 Hz, 2 H), 7.39 (d,
J=8.0Hz, 2 H), 7.43 (dd, J=8.0, 1.25 Hz, 2 H), 7.63 (d, J= 1.25 Hz, 2
H).

13C NMR (125 MHz, CDCl,): 6 = 128.7, 128.8, 129.3, 132.8, 144.4.

Bis(4-bromophenyl) Sulfide (3c)'3"
White solid; yield: 52 mg (43%; Table 2, entry 12).

'H NMR (500 MHz, CDCly): 8§=7.37 (d, J=8.5Hz, 4 H), 745 (d,
J=8.5Hz 4 H).

Bis(4-methoxyphenyl) Sulfide (3d)'3>36
Yellow liquid; yield: 65 mg (62%; Table 2, entry 13).

H NMR (500 MHz, CDCL,): & = 3.82 (s, 6 H), 6.88 (d, J = 7.5 Hz, 4 H),
7.45(d,J = 7.5 Hz, 4 H).

2-Acetyl-3-sulfanylthiophene (5)°’

2-(a-Bromoacetyl)thiophene (4) (100 mg, 488 umol) was added to a
solution of P,S;, (109 mg, 244 numol) and Et;N (247 mg, 2.44 mmol) in
Et,0 (10 mL) at rt. After the reaction mixture had been stirred for 24
h, it was quenched with saturated aqueous NH,CI solution (10 mL)

and extracted with Et,0 (3 x 15 mL). The combined organic layer was
dried over Na,SO,. Removal of the solvent furnished 5 as a dark yel-
low oil; yield: 40.0 mg (253 pmol, 52%).

H NMR (500 MHz, CDCl,): 8=2.49 (s, 3 H), 2.56 (s, 1 H), 7.08 (d,
J=4.0Hz, 1H),7.41(d,] = 4.0 Hz, 1 H).

13C NMR (125 MHz, CDCl3): § = 26.2, 122.7, 131.2, 132.5, 145.9, 189.5.

2,2'-Thiobis(1-(3-chlorothiophen-2-yl)ethanone) (17)
2-(a-Bromoacetyl)-3-chlorothiophene (13) (100 mg, 417 umol) was
added to a solution of P,S;; (92.8 mg, 209 umol) and Et;N (211 mg,
2.09 mmol) in Et,0 (10 mL) at rt. After the reaction mixture had been
stirred for 18 h, it was quenched with saturated aqueous NH,CI solu-
tion (10 mL) and extracted with Et,0 (3 x 15 mL). The combined or-
ganic layer was dried over Na,SO,. Removal of the solvent was fol-
lowed by column chromatography over silica gel (n-hexane-CH,Cl,,
1:1) to furnish 17 as an orange oil; yield: 50.0 mg (143 umol, 69%).

IR (ATR, diamond): 3102 (m), 2902 (m), 2890 (m), 2849 (m), 1639 (s,
C=0), 1496 (s), 1403 (s), 1273 (s), 1185 (s), 726 (s, C-Cl), 556 cm~! (m,
C-S).

H NMR (500 MHz, CDCl,): & =4.03 (s, 4 H), 7.02 (d, J= 5.5 Hz, 2 H),
7.58(d, J = 5.5 Hz, 2 H).

13C NMR (125 MHz, CDCl3): § = 39.4, 129.0, 130.7, 132.5, 135.8, 186.1.

HRMS (EI): m/z [M+1]* caled for C;;Hq0,Cl,S3: 350.9136; found:
350.9137.
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