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ABSTRACT: The photochemical and electrochemical behavior of thiophene-S-oxides as a class was studied for the
first time. It was shown that in both cases deoxygenation of the S—O functionality takes place. The outcome of the
photoirradiation is very dependent on the substituent pattern of the starting material. Thiophene-S-oxides show
different reduction behaviors in presence and absence of proton donors. In the absence of proton donors the reduction
potential of the compounds is dependent on the substituents of the molecules. In the presence of proton donors, the
substituents play a less significant role and a number of thiophene-S-oxides were reduced electrochemically to the
corresponding thiophenes in presence of a 10-fold excess of benzoic acid. Copyright 2000 John Wiley & Sons, Ltd.
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INTRODUCTION

Thiophene-S-oxides are elusive molecules and only in
recent times has it become possible to isolate and
characterize them in their pure form.1 For a long time
they have been considered to be intermediates in the
oxidation of thiophenes to thiophene-S,S-dioxides with
peracids.2 In the presence of a Lewis acid in this oxidation
step thiophene-S-oxides can be isolated as, owing to the
complexation of the Lewis acid with the oxygen of the
thiophene-S-oxides, they are protected against further
oxidation to the corresponding thiophene-S,S-dioxides.
Thiophene-S-oxides have been used extensively as dienes
in the [4� 2]-cycloaddition.3 Nevertheless, very little is
known about their other chemical behavior.4 As a
preliminary study on the use of thiophene-S-oxides as
complex ligands, we have become interested in the
photochemical and electrochemical behavior of this class
of molecules (although a number of efforts have been
made, thus far metal complexes with a thiophene-S-oxide
as ligand are unknown; see also Ref. 5).

RESULTS AND DISCUSSION

Compounds1–3 (Fig. 1) can be prepared from the
corresponding thiophenes by oxidation withm-3-chloro-
peroxybentoic acid (m-CPBA) in the presence of
BF3�Et2O at low temperatures (Scheme 1). Side-products
are the corresponding thiophene-S,S-dioxides. While it
has been stated that voluminous groups at the positions 2
and/or 5 are advantageous for the stability of the
thiophene-S-oxides,6 tetra-substitution of the compounds
leads equally to isolatable structures as one of the main
reaction pathways of the thiophene-S-oxides, namely the
self-condensation by cycloaddition, can be suppressed. In
this case, simple methylation of positions 2 and 5 leads to
stable products. Indeed, the thiophene-S-monoxides1–3
are sufficiently stable for purification by column
chromatography. Moreover,1 has been stored at 0°C
for 2.5 years with only a very insignificant deterioration
of the compound. Also, heating1 in chloroform at 60°C
for 2 h leads only to a small amount of thiophene and an
amount of more than 90% of the starting material can be
reisolated. Nevertheless, the biological activity of some
thiophene-S-oxides against a number of cancer cells
might be attributable to a slight but continued deox-
ygenation of the compounds (there has also been a study
showing that thiophene-S-monoxides can be metabolic
intermediates of dietary thiophenes in rats).
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Photochemistry

Upon irradiationwith light 1 deoxygenatesrapidly. The
two products6 and7 areproduced(Scheme2), where5
couldbe formulatedasan intermediate.

Generally, the exocyclic isomerization of double
bondsin 1 and similar compoundscould be observed
undera numberof otherconditions,in bothbasicmedia
(NaOMe,MeOH) andacidic media(p-TsOH,benzene).
It also has been observed in a mass spectrometric
experimentin the fast atom bombardment(FAB) mode
that 3 addsone moleculeof the matrix (m-nitrobenzyl
alcohol),whereagainthe correspondingintermediateof
5 can be formulated. m-Nitrobenzyl alcohol adds via
Michael additionto 5.

The irradiation of 3 leadsto a numberof products,
where the progressof the reaction is much slower
comparedwith 1 (Scheme3). While an intermediateas
discussedabovemay be formulated once again, here,
bromoradicalsareformedwhich leadto 2-bromomethyl-
3,4-dibromo-5-methylthiophene(8) potentiallyaswell as
to 9 by additionof abromoradicalto 10with subsequent
cleavageof the bromohydrin.It is interestingthat in the
photoirradiation of 3 an appreciableamount of the
thiophene4 is formedby soledeoxygenation.

In the presenceof compoundsthat can easily be
oxidized,e.g. in the presenceof aminesor thiophenols,
photoirradiationof a thiophene-S-oxideleadsexclusively

to the correspondingthiophene.[It is known that in the
photoirradiationof dibenzothiophene-S-oxides an oxy-
gentransferoccursto xyleneor cyclohexene,whenused
as solvents. Whether the oxygen is released from
dibenzothiophene-S-oxidesasmolecularsingletoxygen,
where a complex of two dibenzothiophene-S-oxides is
involved or as an ‘oxenoid’ species,has been under
discussion.8 Dibenzothiophene-S-oxides resemblesul-
foxy-bridged diaryls rather than dibenzo-annelated
thiophene-S-oxides. They do not deoxygenatewhen
photoirradiatedunder conditionsusedin this study (�
>320nm andin absenceof a photosensitizer).]Whenp-
methoxythiophenolwas used as an additive in the
photoirradiation,bis(p-methoxyphenyl)disulfide, a for-
maloxidationproductof thethiophenol,couldbeisolated
in amountsequal to the thiophene-S-oxide consumed.
This reactiondoesnotoccuruponphotoirradiationof the
thiophenolalone and progressesvery slowly when the
thiophene-S-oxide andthe thiophenolare reactedin the
dark.

Electrochemistry

Thiophene-S-oxides1–3 in acetonitrile(0.1M NBu4PF6)
show well-defined, chemically irreversible cyclic vol-
tammetricreductionwaves(seereductionprocess1 in
Table 1 and Fig. 3). In the absenceof protons the

Figure 1. Typical preparation of a thiophene-S-oxide

Scheme 1. Typical preparation of a thiophene-S-oxide
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potential at which the reduction occurs is strongly
affectedby the substituentsat the thiophenering (see
Table1). Theprocessesunderlyingthis reductionarenot
yet clearly understood,although the observed peak
currents indicate fast follow-up chemical steps and
transferof morethanoneelectron.

In the presenceof a proton donor the reduction
responsesof all thiophene-S-oxides 1–3 experiencea
markedshift to morepositivepotentials(Fig.3),although
again a certain dependenceof the potential on the
substituentsof thiophene-S-monoxideremains.That this
is a secondprocesscanbeseenin theoccurrenceof two

Scheme 2. Photoirradiation of thiophene-S-monoxide 1

Scheme 3. Photoirradiation of thiophene-S-monoxide 3
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reductionwaveswithin a certainconcentrationrangeof
the protondonor.In the presenceof equimolaramounts
of thiophene-S-oxide and benzoicacid, both processes
can be seen to compete,which is indicative for the
consumptionof two equivalentsof protons per thio-
phene-S-oxide moleculereduced.At higher concentra-
tions of benzoicacid only the secondprocesscan be
found,which is thetwo proton–twoelectronreductionof
the thiophene-S-monoxideto the thiophene(Scheme4).
The authorsbelievethat a protonationat oxygenof the
thiophene-S-oxide occursfirst with a subsequentsingle

electrontransferto the cationic species.After a second
protonationwith a secondelectrontransferthethiophene
is formed with elimination of water. Bulk electrolysis
experimentshave been carried out with 1–3 in the
presenceof a 10-fold excessof benzoicacid as proton
source.In all casesthe correspondingthiophenes(up to
90%) could be isolated.No other by-productcould be
detectedby TLC, GC or 1H NMR spectroscopy.

EXPERIMENTAL

General. Melting-pointsareuncorrected.IR spectrawere
measuredwith JASCOIR-700 andNippon DenshiJIR-
A2OM instruments.1H and 13C NMR spectra were
recorded with a JEOL EX-270 spectrometer.The
chemicalshifts are relative to TMS. J valuesare given
in hertz.Massspectraweremeasuredwith aJMS-01-SG-
2 spectrometer(electronionization,70eV, direct inlet or
GC–MScombination).

Photochemistry. For the irradiation a Rikoh–Kagaku–
SangyoRIKO 100W high-pressuremercury lamp was
used.

Electrochemistry. Benzoic acid (BDH), acetonitrile
(dried and distilled, Fisons,after drying over activated
alumina with a water content of ca 2mM) and tetra-
butylammonium hexafluorophosphate(electrochemical
grade,Fluka) were usedas purchased.A conventional
three-electrodeelectrochemicalcell with argondegassing
(BOC, PureshieldArgon) was used for voltammetric
measurements.A saturatedcalomel electrode (SCE)
(Radiometer,Copenhagen,Denmark)was the reference
electrode(stored in acetonitrile–NBu4PF6), which al-
lowedtheferrocene(Fc�0) redoxcoupleto bedetectedat
E1/2 = 0.39V vs SCE.A gold wire servedasthecounter

Figure 2. Photoirradiation of 3,4-dibenzyl-2,5-dimethylthio-
phene-S-oxide (1). Composition in mol% of the reactant and
products after 2, 4, 6 and 6.5 h

Table 1. Data obtained for the cyclic voltammetric reduction of different thiophene-S-oxides (2 mM) at a 3 mm diameter glassy
carbon electrode in acetonitrile±0.1 M Bu4NPF6 (scan rate 0.1 V sÿ1, T = 20� 2°C)

[BzCOOH] Reduction:process1 Reduction:process2

(mM) E1/2
a (V vs SCE) Ep,red

b (V vs SCE) Ip,red (mA) E1/2
a (V vs SCE) Ep,red

b (V vs SCE) Ip,red (mA)

3,4-Dibromo-2,5-dimethylthiophene-S-oxide (3):
0 ÿ1.27 ÿ1.40 100 — — —
2 ÿ1.26 ÿ1.39 90 ÿ0.91 ÿ1.04 40

10 — — — ÿ0.91 ÿ1.01 55
3,4-Dibenzyl-2,5-dimethylthiophene-S-oxide (1):
0ÿ1.95ÿ2.02 85 — — —
2 ÿ1.95 ÿ2.00 80 ÿ1.40 ÿ1.60 35

10 — — — ÿ1.36 ÿ1.51 78
12, 13-Dibenzylmetacyclo[2](2,5)thiophenophane-S-oxide (2):0
ÿ1.65 ÿ1.70 59 — — —
2 ÿ1.65 ÿ1.70 59 ÿ1.18 ÿ1.34 30

10 — — — ÿ1.09 ÿ1.22 55

a E1/2 valuescorrespondto the potentialat half-height.
b Ep valuescorrespondto thepeakpotential.
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electrodeandtheworkingelectrodewasa3 mmdiameter
glassycarbondisc electrode(BAS, WestLafayette,IN,
USA). A PGSTAT20Autolabpotentiostat(EcoChemie,
TheNetherlands)wasused.

Compounds13a and 33b were preparedaccordingto
literatureprocedures.

Synthesis of 3,4-dibromo-2,5-dimethylthiophene-S-
oxide (3). Boron trifluoride ether complex (2.0ml,
15.8mmol) was added slowly to solution of 3,4-
dibromo-2,5-dimethylthiophene(4) (440mg,1.63mmol)
in dry CH2Cl2 (10ml) at ÿ20°C underan inert (argon)
atmosphere.After 10min. a solution of m-CPBA
(367mg, 2.12mmol) in CH2Cl2 (10ml) was added
dropwiseto the reactionmixture at ÿ20°C and stirred
at that temperaturefor 3 h. Thereafter, the reaction
mixturewaspouredinto amixtureof CH2Cl2 (30ml) and
a concentratedNaHCO3 solution (50ml). The resulting

two-phasesystemwasstirredfor 20min, thenthe layers
wereseparatedandtheaqueousphasewasextractedwith
CH2Cl2 (3� 20ml). The combinedorganic phasewas
washedwith water(30ml), driedoveranhydrousMgSO4

andfiltered.Thesolutionwasconcentratedin vacuoand
theresiduewassubjectedto columnchromatographyon
silica gel (eluent diethyl ether–hexane,1:2) to yield 3
(244mg, 0.85mmol, 52%) ascolorlesscrystals,Rf 0.29
(diethyl ether–hexane,1:2); m.p. 104 –106°C (diethyl
ether–hexane);IR (KBr), 1591,1431,1372,1198,1151,
1123, 1056, 992, 774, 544, 474cmÿ1; 1H NMR
(270MHz, CDCl3), � 2.33 (s, 6H, 2 CH3);

13C NMR
(67.8MHz, CDCl3), � 13.50,122.71,145.34;MS (FAB,
3-nitrobenzylalcohol), m/z (%) 289 ([81Br2]MH�, 23),
287 ([81Br79Br]MH�, 29), 285 ([79Br2]MH�, 15);
HRMS, found, 286.8559 (MH�); calculated for
C6H7O

79Br81BrS, 286.8564;elementalanalysis,found
C, 25.36;H, 2.13;calculatedfor C6H6OSBr2 (285.98),C,
25.20; H, 2.11%; and 3,4-dibromo-2,5-dimethylthio-
phene-S,S-dioxide (5) (38mg, 0.13mmol, 8%) as pale
yellow crystals,R, 0.70,m.p.98–101°C; IR (KBr), 1620,
1605, 1433, 1376, 1301, 1184, 1157, 1111, 559, 541,
458cmÿ1; 1H NMR (270MHz, CDCl3), � 2.19(s, 6H, 2
CH3);

13C NMR (67.8MHz, CDCl3), � 10.87,124.31,
138.11;MS (70eV), m/z (%) 303 ([81Br2]M

�ÿH, 20),
301 ([81Br79Br]M�ÿH, 39), 299 ([79Br2]M

�ÿH, 20);
HRMS, found, 301.8433; calculated for
C6H6O

79
2 Br81BrS, 301.8435.

Photoirradiation of 1. Compound 1 (39.5mg,
0.128mmol) was placedin an NMR tube (Pyrex) and
dissolvedin CD2Cl2 (1.0ml). The solution was purged
with argon(lossof solventled to a 1.6M solutionof 1 in
CD2Cl2) and the tube was sealedunder argon. The
sample was photoirradiated.The composition of the
solutionwasanalyzedby 1H NMR spectroscopyas the
reactionprogressed(seeFig. 1). After 6.5h thetubewas
openedandthesolutionwasdirectlysubjectedto column
chromatographyon silica gel (eluent diethyl ether–
hexane, 1:1) to give bis-2-(3,4-dibenzyl-5-methyl-2-
methylenethienyl)ether (6) (27mg, 4.5� 10ÿ2 mmol,
70%) as pale yellow crystals; Rÿf 0.82 (diethyl ether–
hexane,1:1); m.p. 135–138°C; IR (KBr), 3085, 3022,
2924,2854,1600,1493,1453,1433,1396,1338,1055,
981,748,696cmÿ1; 1H NMR (270MHz, CD2Cl2), � 2.24
(s,6H,2 CH3), 3.60(ps,8H,4 CH2), 4.56(s,4H,2 CH2—

Figure 3. Cyclic voltammograms for the reduction of 2 mM

12,13-dibenzylmetacyclo[2](2,5)thiophenophane-S-oxide (2)
in acetonitrile ±0.1±M Bu4NPF6 at a 3 mm diameter glassy
carbon electrode in the presence of (A) 0, (B) 2 and (C)
10 mM benzoic acid (scan rate 0.2 V sÿ1, T = 20� 2°C)

Figure 4. Preparative electrochemical reduction of a thiophene-S-oxide
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O), 6.86–7.12(m, 20H, Ar-H); 13C NMR (67.8MHz,
CD2Cl2), � 14.16,33.18,33.51,65.37,126.59,126.63,
128.79,129.00,129.06,129.09,132.99,135.33,136.58,
138.87, 140.88, 140.91; MS (70eV), m/z 598 (M�);
HRMS;found,M�, 598.2364;calculatedfor C40H38OS2,
598.2350; and 3,4-dibenzyl-2-hydroxymethylene-5-
methylthiophene(7) [3 mg, 9.7� 10ÿ3 mmol, 7% (dur-
ing thework-upanamountof compound7 waslost: the
reasonfor this is not known)] as colorlesscrystals;Rf

0.43 (diethyl ethen–hexane,1:1); m.p. 99–102°C; IR
(KBr), 3412,2910,2852,1601,1493,1453,1431,1333,
1288,1221,1194,1134,1072,1041,1028,1009,978,
743, 697cmÿ1; 1H NMR (270MHz, CDCl3), � 1.43 (s,
1H, OH), 2.26 (s, 3H, CH3), 3.73 (s, 2H, CH2), 3.79 (s,
2H), 4.67 (s, 2H, CH2—O), 6.98–7.24(m, 10H, Ar-H);
13C NMR (67.8MHz, CDCl3, DEPT 90, DEPT 135)
[assignmentsof 13C signals were aided by DEPT
measurements;(�) denotesprimary and tertiary, (ÿ)
secondaryandC(quat) quaternarycarbonatoms],� 14.07
(�, CH3), 33.03(ÿ), 33.20(ÿ), 58.56(ÿ), 126.38(�,
CH), 126.52(�, CH), 128.30(�, CH), 128.48(�, CH),
128.84(�, CH), 128.95(�, CH), 134.75(Cquat), 136.42
(Cquat), 137.84(Cquat), 140.34(Cquat), 140.61(Cquat); MS
(FAB, 3-nitrobenzyl alcohol), m/z 308 (M�); HRMS,
found, M� 308.1235; calculated for C20H20OS,
308.1228.

Electrochemical reduction of 3,4-dibromo-2,5-di-
methylthiophene-S-oxide(3). Compound 3 (35mg,
0.12mmol) and benzoicacid (150mg, 1.2mmol) were
dissolvedin a degassedsolution of 0.1M Bu4NPF6 in
acetonitrile (100ml). For the experiment the counter
electrode(gold) waskept in a separatecompartmentto
avoid contaminationof the product. As the working
electrode a reticulated vitreous carbon electrode
(10� 10� 10mm) (ElectrosynthesisCompany, Lan-
caster,NY, USA) wasused.Theelectrolysiswascarried
out at room temperaturewith stirring of the solution.
After passingthe equivalentof 2 C molÿ1 chargeat an
appliedpotentialof ÿ1.4V vs SCE,theelectrolysiswas
stoppedand the solventwas removedin vacuo. There-

after, the mixture was takenup in water and extracted
with chloroform. The organic phasewas dried over
anhydrousMgSO4 and concentratedin vacuo. Column
chromatographyof the residue on silica gel (diethyl
ether–hexane,1:1) gave4 (30mg, 92%) as a colorless
solid, b.p.37 –39°C; IR (KBr), 2850,1510,1350,1270,
1210, 1140, 1122, 1000cmÿ1; 1H NMR (270MHz,
CDCl3), � 2.40(s,6H); 13C NMR (67.9MHz, CDCl3), �
15.78,111.70,131.50;MS (70eV), m/z (%) 270 (M�,
46). Elemental analysis, found, C, 26.71; H, 2.19;
calculatedfor C6H6Br2S (269.98),C, 26.70;H, 2.24%.
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