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Abstract: Direct evidence for the involvement of thiopheS8exide as a key primary reactive intermediate in the
metabolism of thiophenel) in rats was obtained from the isolation of two diastereoisomeric thiopSemade
dimers,4aand4b, bothin vitro (oxidation of thiophene with rat liver microsomes) andivo (isolation of4afrom

rat urine). The structure of these dimers was established after an original preparation of identical samples by oxidation
of thiophene with HO, and CRCOOH. In fact, the HO,/CFRCOOH system appeared to be the best oxidizing
agent for the selective transformation of thiophene t&itsxide. The complete determination of the structures of

4a and 4b was carried out for the first time by X-ray diffraction for the former and by a sequence of chemical
reactions for the latter. The reported results indicate two fates for thiogherielein vivo: (i) its dimerizationvia

a Diels—Alder reaction and (ii) its reaction with nucleophiles such as glutathione leading eventually to mercapturates.
These results together with recent literature data on thiophene derivatives suggest that ttaptidas, a class of
reactive intermediates whose chemistry is still not well-known, could play a central role in the metabolism and toxic
effects of thiophenes in mammals. This situation would be different from that observed in the metabolism of other
aromatic compounds, such as benzene or furan, in which arene oxides are predominant intermediates.

Introduction derivatives is much less well understdodThe intermediate
formation of thiophene 2,3-epoxide has been postulated to
explain the formation of a mercapturate urinary metabolite in
rats treated with thiopherfe.More recent results about the
oxidative metabolism of thiophene itselind of a 3-aroylth-
iophend were more in favor of thiopheng-oxides than arene
oxides as primary metabolites of thiophene compounds. These
results showed the formation of adducts which should result
from a Michael-type addition of a thiol-containing trapping agent
to a thiophene&s-oxide intermediate (Figure 1). Such unstable
thiopheneS-oxides would constitute a novel class of reactive
metabolites.

In fact, the chemistry of thiopheroxides is still not well-
nownl® Only two bearing bulky substituents at positions 2

Aromatic and heteroaromatic compounds are ubiquitous
components not only of food and drugs but also of environ-
mental pollutants. Living organisms have developed efficient
systems for their elimination after oxidative metabolism.
Unfortunately, this metabolic oxidation may lead to reactive
intermediates able to covalently bind to DNA and proteins
leading to toxic effectd. It is now well established that arene
oxides derived from cytochrome P450-dependent oxidation of
aromatic compounds play a central role not only in the oxidative
metabolism but also in the appearance of the toxic (e.g.,
carcinogenic or cytotoxic) effects of these compouhdehese
highly reactive intermediates either are deactivated by epoxide
hydrolases or glutathione and glutathione transferases or arek
Coval_ently bound to cell macromolecufes. While _the me- (6) (a) Rance, D. J. Irsulfur-Containing Drugs and Related Organic
tabolism of furan®has also been shown to procegd arene Compounds-Chemistry, Biochemistry, and Toxicology: Metabolism of

oxide intermediates, the mechanism of metabolism of thiopheneSulfur Functional Groups Damani, L. A., Ed.; Ellis Horwood Ltd.;
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Table 1. Comparison ofH and3C NMR Data of Thiophen&-Oxide Dimers4a and4b, Sesquioxides, and Monosulfoxides?

1H and!3C NMR chemical shifts

compd 2 3 3a 4 5 6 7 7a
4a 6.50 (137.2) 6.37 (137.7) 4.34 (54.0) 4.02 (67.7) 5.93 (125.4) 6.27 (130.2) 4.05 (64.5) 4.70 (61.5)
4b 6.49 (137.5) 6.62 (143.0) 4.84 (56.4) 3.97 (64.3) 6.07 (130.8) 6.19 (128.3) 4.39 (63.2) 4.07 (73.6)
5 6.59 (135.6) 6.69 (139.4) 4.49 (49.1) 4.09 (65.0) 6.12 (127.5) 6.29 (129.7) 4.26 (63.8) 4.30 (62.0)
6 5.95(128.2) 5.44 (120.8) 4.25 (54.9) 4.08 (65.5) 6.04 (128.4) 6.06 (128.5) 4.03 (65.5) 4.63 (49.7)

a All spectra were recorded at 300 K; solvent resonances were used for internal calibration, the spectra of the tBioxidern¢imers4a and
4b, sesquioxides, and monoxides were run in CRCN on a 500 MHz instrumentH and *3C chemical shifts are indicated®C shifts are in
parentheses. (b) Labeling of carbon atoms is as in Figure 4. Assigment'sf #mel’3C NMR signals were made after the following experiments:
(i) NOESY experiments showed only one clear NOE between two protons separated by more than two carbons; those pretamd breskice

the HH, distance is the shortest one between two protons separated

by more than two carbons, as shown in the X-ray séau(Butefofall

the other distances are longer than 3.5 A). (ii) COSY 45 experiments allowed one to assign aHatigerals by correlation with those ofstand
H,, and these assigments were in agreement with those derived from decoupling experiments and short distance NOEs. (iii)) RevEGe COSY

H correlation experiments led {6C NMR signal assignment.
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and 5 have been prepared in low yields (5%) by chemical

in vivo

(rats)
—————>= 3 + 4da
(CsHg0,S5)
Monooxygenase (90:10)
invitro
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(87:13)
Figure 2.

the formation of thiophen&oxide dimers in the metabolism
of thiophenen vivo in rats andn vitro by rat liver microsomes.
These results provide strong evidence for the key role of
thiopheneS-oxide in thiophene bioactivation and show the two
main fates of such poorly known reactive intermediates: (i) their

oxidation of the corresponding thiophenes and have beendimerization by a Diels Alder reaction and (ii) their reaction

characterized in solution by UV and NMR spectroscép@ther
thiopheneS-oxides have been produced as transient sp&cies
and only characterized at the level of their Dielsder
product$® or metal complexe¥® Quite recently, the first
complete X-ray structure of a thiophergoxide, 2,5-diphe-
nylthiopheneS-oxide, has been publishéel. Apart from the
Diels—Alder reactivity of thiophen&-oxide itselt3216and some

of its alkyl-substituted derivativel,limited data are available
on the chemical reactivity of thiopher&oxides. Thiophene
Soxide dimers resulting from DielsAlder dimerization of
thiopheneS-oxide have never been obtained by direct oxidation
of thiophené® Here we describe a new method for the transient
formation of thiophen&-oxide which is based on a controlled
oxidation of thiophene with b0, and CRCOOH and leads to
thiopheneS-oxide dimers in good yields. The structure of these
thiopheneS-oxide dimers was completely established for the
first time by chemical as well as spectroscopic techniques
including X-ray crystallography of one dimer. We also report

(11) Mock, W. L.J. Am. Chem. Sod.97Q 92, 7610-7612.

(12) Prochaka, M. Collect. Czech. Chem. Commut865 39, 1158
1168.
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Naperstkow, A. M.; Macauley, J. B.; Newlands, M. J.; Fallis, A. G.
Tetrahedron Lett1989 30, 5077-5080. (c) Thiemann, C.; Thiemann, T.;
Li, Y. Q.; Sawada, T.; Nagano, Y.; Tashiro, Bull. Chem. Soc. Jpri994
67, 1886-1893. (d) Li, Y. Q.; Thiemann, T.; Sawada, T.; Tashiro, M.
Chem. Soc., Perkin Tran$994 2323-2329.

(14) Rauchfuss, T. B.; Skaugset, A. E.; Stern, CJLAm. Chem. Soc.
1990 112 2432-2433.

(15) Pouzet, P.; Erdelmeier, I.; Ginderow, D.; Mornon, J.-P.; Dansette,
P. M.; Mansuy, D.Chem. Commurl995 473-474.

(16) (a) Melles, J. L.; Backer, H. Recl. Tra. Chim.1953 72, 316~
328. (b) Davies, W.; James, F. @.Chem. Soc1954 15-18.

(17) van Tilborg, W. J. MSynth. Commurl978 6, 583—589.

with nucleophiles such as glutathione, which could be respon-
sible for the toxic effects reported for some thiophene deriva-
tives®

Results

In Vivo and in Vitro Metabolism of Thiophene. Metabo-
lism of radioactively labeled thiophend)(in vivo in rats
afforded two main urinary metabolites which were separated
by HPLC. The main product, which represented about 90% of
the overall radioactivity detected in the urine within 33 h after
administration and ca. 20% of the overall administered dose,
was characterized previousiand found to be mercapturade
(Figures 1 and 2). More recently, the minor metabofite
representing ca. 10% of the urinary radioactivity and 2% of the
administered dose, could be isolated by HPLC. Its mass
spectrum (chemical ionization; NjHindicated a molecular mass
of 200 Da, and its'H and 13C NMR spectra revealed the
existence of eight inequivalent CH units, four in the aliphatic
and four in the olefinic region of the spectrum (Table 1). Finally
IR spectroscopy showed strong absorptions at 1030, 1040, and
1075 cnt?, which are characteristic of the presence of sulfoxide

(18) (a) Beaune, P.; Dansette, P. M.; Mansuy, D.; Kiffel, L.; Finck, M.;
Amar, C.; Leroux, J. P.; Homberg, J. Broc. Natl. Acad. Sci. U.S.A987,
84, 551-555. (b) McMurtry, R. J.; Mitchell, J. RToxicol. Appl. Pharmacol.
1977, 42, 285-291. (c) Imler, M.; Chabrier, G.; Cherfran, J.; Simon, C.
Gastroenterol. Clin. Biol1987, 11, 173-174. (d) Hastier, P.; Blanchi, D.;
Kuhdorf, H.; Arpurt, J. P.; Chichmanian, R. M.; Saint-Paul, M. C.; Delmont,
J. Gastroenterol. Clin. Biol.1993 17, 613-614. (e) Stricker, B. H. C,;
Biour, M.; Wilson, J. H. P. IrDrug Induced Hepatic InjuryDukes, M. N.
G., Ed.; Elsevier: Amsterdam, 1992; Chapter 5, pp-319.

(19) Dansette, P. M.; Thang, D. C.; El Amri, H.; Mansuy, Blochem.
Biophys. Res. Commuh992 186, 1624-1630.
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functions. All of these data were in accordance with a chemical
formula of GHgO,S; for the minor metabolitda and therefore
indicated the latter to be a dimer of thiophe®exide @).

In vitro metabolism of labeled thiophend)(with liver
microsomes of rats pretreated with dexamethasone in the
presence of NADPH and dioxyg&Hed to two major metabo-
lites, 4a and 4b (Figure 2) in a relative ratio of 87:13,

representing ca. 90% of the radioactivity detected in the aqueous

phase and 12% of the overall starting dose. Metabol&es
and 4b were separated by preparative HPLC. The major
metaboliteda exhibited an HPLC retention time a”rH NMR,

IR, and mass spectra identical to those of the minor metabolite
isolated from the urine of rats treated with thiophene. The minor
metabolitedb obtained from microsomal oxidation of thiophene
exhibited spectral properties very similar to thosetaf (i) a
molecular massn/z of 200 in mass spectrometry, (ii) eight
inequivalent hydrogens froiH NMR (Table 1), and (iii) the
presence of strong bands around 1050 tindicative for SO
functions in its IR spectrum. On the basis of these déln,
appeared to be an isomer &

Chemical Oxidation of Thiophene. At that stage, it was
not possible to determine the detailed stereochemistry of
metabolites4a and 4b from the available spectroscopic data
obtained from the limited amounts dfi vizo andin vitro
metabolites (0.53 mg). Therefore, we have undertaken a study
in order to develop a chemical system able to reproduce the
metabolic oxidation of thiophene which could lead to thiophene
Soxide dimers in sufficient amounts for complete structural
characterization. In fact, there was only one report in the
literature on thiopheng&-oxide dimersi? It was concerned with
a tentative synthesis of thiophergoxide @) by a double
elimination starting fromtrans-3,4-(dimesyloxy)tetrahydro-
thiophene sulfoxide. This reaction has been reported to lead

J. Am. Chem. Soc., Vol. 119, No. 7, 1987

Table 2. Oxidation of Thiophene with Various Oxidizing Agehts

presence of time

entry oxidant CRCOOH (h)y 4 (%) 5(%) 45

1 NalQ(1.0-10) no 96 nd nd

2 dioxirane (0.20) no 05 nd 26

3  mCPBA (0.20) no 192 nd 76

4  mCPBA (0.20) yes 15 77  nd

5 30% HO; (0.17) yes 11 57 traces 99:1
6 30% HO, (0.35) yes 14 62 1 98:2
7  30% HO, (0.70) yes 20 33 4 89:11
8 30% HO, (1.00) yes 29 21 12 64:36

a|n methylene chloride at 28C, except for entry 1 where oxidation
was performed in an acetone/water mixture either &t0r at reflux.
b Oxidant/thiophene ratio in parentheseszCBOH/thiophene ratio ca.
3:1.¢Time until complete consumption of the oxidant was indicated
by using Kl/starchd Yields (based on the oxidant) were determined
by analytical HPLC (for conditions, see the Experimental Section)
directly from the water extracts of the crude mixture, error ca. 5% of
given values¢ Includes both isomergia and4b. f Not detected (nd).
9 Complex mixture withs as the main product.

Figure 3.

oxidant/thiophene ratio from 0.35 to 1.0, ¥4 ratio increased
from 98:2 to 64:36 (entries 7 and 8). The selectivity of the
H,0,/CRCOOH system for sulfoxidation (and not sulfonation)
of thiophenes has been attributed to a possible protonation of

to a compound whose mass spectrum and elemental analysighe thiopheneS-oxide by CRCOOHZ rendering its further

are in agreement with a thiopheiseoxide dimer but whose
stereochemistry was not determined. Interestingly, thiophene
S-oxide dimers have never been obtained by direct thiophene
oxidation. The only literature reports on chemical thiophene
oxidation were concerned with reactions with peracids which
provided thesynende3a,4,7,7a-tetrahydro-4,7-epithioberze[
thiophene 1,1,8-trioxide 5§ (see Figure 4), the so-called
sesquioxidé’ Its formation was explained by a Dietélder
reaction of thiophen&-oxide with the corresponding thiophene
SSdioxide?! This prompted us to reinvestigate the chemical
oxidation of thiophene.

As shown in Table 2, oxidation of thiophene with Nal@
classical and mild sulfoxidation reagéfgven in large excess,
failed to give compounds such asor 5. Other classical
oxidants such as dimethyldioxirane (entry 2)roetachlorop-
erbenzoic acidrrCPBA, entry 3) led to the major formation
of 5 but not to thiophené&-oxide dimers4, even when using
an oxidant/thiophene ratio of 0.2. On the contrary, oxidation
of thiophene with HO, and CRCOOH, a system recently
reported to selectively oxidize 2,5-disubstituted thiophenes to
the corresponding-oxidesl® led to compounddaand4b (78:

22 relative yield) in a 66 70% overall yield (see path A, Figure

4). When an oxidant/thiophene ratio smaller than 0.35 was used,

4aand4b were the major reaction products and formatiord of
was almost negligible (entries 5 and 6). Upon increasing the

(20) Rat liver microsomes (from dexamethasone-pretreated rats) were
prepared according to the literature: Kremers, P.; Beaune, P. H.; Cresteil,
T.; De Graeve, J.; Columelli, S.; Leroux, J. P.; Gielen, E®&:. J. Biochem.
1981, 118 599-606.

(21) Davies, W.; Gamble, N.; James, F. C.; SavigeCNem. Ind1952
804—805.

(22) Leonhard, N. J.; Johnson, C.R.Org. Chem1962 27, 282-284.

oxidation more difficult. In agreement with this proposition,
thiophene oxidation withm-CPBA led to5; whereas, in the
presence of CFEOOH, the thiophen&-oxide dimers4a and
4b were obtained as major products (entry 4).

Compoundgla and4b, as well as sesquioxidg were thus
obtained upon oxidation of thiophene either with th€&pCF3-
COOH system or withm-CPBA, respectively. They were
separated and purified with silica gel chromatography followed
by preparative HPLC for the separation of diméasand4b. It
is noteworthy that HPLC-monitoring at an early stage of the
thiophene oxidation reaction indicated an inidal4b ratio of
85:15, slightly different from the final one of 78:22. This was
rationalized in terms of an acid-catalyzed isomerizaffoAa
and4b being interconvertible in the presence of an excess of
CRCOOH. Accordingly, treatment of puda and4b with 50
equiv of CRCOOH in acetonitrile at ambient temperature led
to identical4a/4b mixtures (20:80 relative ratio) after several
days, indicating tha¥b is the thermodynamically favored
isomer.

Structure Determination of Compounds 4 and 5. The
ORTEP drawing of the X-ray crystal structure of sesquioxide
524 is shown in Figure 3. It definitively establishes thado
configuration of the two rings and ttsynconfiguration of the
bridging sulfoxide?> which were previously proposed from
NMR studies using lanthanide shift reagetfts.

(23) Scorrano, GAcc. Chem. Red.973 6, 132-138.

(24) Sesquioxidé& was crystallized from acetonitrile. Compoubds
monoclinicand possesses the following structural parametegsin; a =
943.5(4) pm;b = 1242.4(5) pmc = 724.1(3) pm;5 = 94.19(4); V =
846.5(6) x1® pm3; Z = 4; deaca = 1.697 g/cm3; 1379 independent
reflections;R = 0.0720. Further details of the crystal structure of sesquioxide
5 are available on request from the Cambridge Crystallographic Data Centre
by quoting the names of the authors and the journal citation.
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The X-ray crystal structure of thiopheiSoxide dimer4a?” (0] g;"::n’;‘;zf;
(Figure 3) clearly established the configurations of the ring 1 [2] 4
junction and bridging sulfoxide to be identical to those of
sesquioxideéd. Moreover, it demonstratedsynconfiguration (0] (0]
of the nonbridging sulfoxide group. This is in complete
agreement with chemical experiments showing that oxidation ﬂ
of 4a either with 1.1 equiv of HO, in the presence of GF s 2 5
COOH or withm-CPBA exclusively led to the formation of 0. Cyc[?():dzd]ition
sesquioxides (path B, Figure 4).
As far as the structure of isometb is concerned, the
following experiments have been performed to deduce its o 1. m-CPBA (1.0 equiv.) s-0 s-0
configuration from those of dimeda and sesquioxideb. R 2.PPh, y .
Selective deoxygenation of the nonbridging sulfoxide group of U + qN—Ph —> o+
: : : . : S S CH,Cl,,20°C,3.5h I
4a with trimethylsilyl chloride and sodium iodide in dry o 1% ot seracid o N.Ph o~--3,0
acetonitril@® afforded monosulfoxides (path C, Figure 4). (10% conversion of peracid)
Compounds was detected in about 90% yield in tHe NMR 1 8 5
spectrum of the crude reaction mixture but was only obtained (20:1) [2.4%] [6%]
in a 23% vyield after silica column chromatography. Actual Figure 5.

deoxygenation of the vinylic sulfoxide group was indicated by
a significant upfield shift of the two protons in positions 2 and
3 (0 6.50 and 6.37 for dimeda and 6 5.95 and 5.44 fo6
respectively, Table 1). The structure shown for compoénd
in Figure 4 is in complete agreement with it$ and'3C NMR

and the major formation o#b from 6 indicates ananti
configuration of the nonbridging sulfoxide fdéb. This structure

of 4b is further supported by experiments showing that it is
neither oxidized witm-CPBA nor with HO,/CRCOOH under

spectra, mass spectra, and elemental analysis. Reoxidation ofonditions leading to a complete oxidation of its isorarto

6 with 1.0 equiv of either Nal@or m-CPBA yielded4a and

4b as the only products (path D, Figure 4) with a 8:92 and 16:
84 relative ratio, respectively. Since Nal@hdm-CPBA are
known to oxidize cyclic thioethers preferentially at the sterically
less hindered sit&, the minor formation of4a was expected

(25) Since the nomenclature for the stereochemical prefixes of unsy-
metrically substituted brigde atoms is far from being unique, we prefer,
with regard to earlier communications concerning Dieddder reactions
of thiopheneS-oxides, to name the configuration of the sulfoxide group
synwhen the oxygen atom directs toward the second ringaentdvhen it

directs away from it. For a more detailed discussion, see: Macauley, J. B.;

Fallis, A. G.J. Am. Chem. S0499Q 112 1136-1144 and references cited
therein.

(26) Merrill, R. E.; Sherwood, Gl. Heterocycl. Chenil977, 14, 1251~
1253.

(27) Crystals of thiopheneS-oxide dimer 4a were obtained from
acetonitrile. Dimer4a is orthorhombic with the following structural
parametersPbe,; a = 2027.9(8) pmp = 1013.7(4) pmg = 784.3(3) pm;

B =90 V=1612.3(1)x 10° pm?; Z = 8; dcaica = 1.650 g/cnm3; 1291
independent reflection® = 0.0433. Further details of the crystal structure
of dimer4a are available on request from the Cambridge Crystallographic

Data Centre by quoting the names of the authors and the journal citation.

(28) Olah, G. O.; Narang, S. C.; Gupta, B. G. B.; Malhotra, $§nth.
Commun.1979 61-62.

(29) (a) Johnson, C. R.; McCants, D., Jr Am. Chem. Sod.965 87,
1109-1114. (b) Overman, L. E.; Fisher, M. J.; Hehre, W. J.; Kahn, S. D.
J. Am. Chem. S0d988 110, 4625-4633.

5 (1.1 equiv of the oxidant). This should be due to the much
lower accessibility of the sulfur lone pair of its nonbridging
sulfoxide group. These results clearly established the detailed
structure of the two main productda and 4b, obtained by
controlled oxidation ofl with H,O, and CRCOOH. They
should derive from th&-oxidation of1 followed by a Diels-
Alder dimerization of thiophen&soxide ). Intermediate
formation of thisS-oxide was also suggested by the formation
of adduct7 as the only product (32% vyield) detected upon
oxidation of 1 by H,O, and CRCOOH in the presence of 1
equiv of 1,4-benzoquinone as a Dielalder trapping reagent
(path E, Figure 4332

Two mechanisms may apply for the formation of sesquioxide
5 in the oxidation of thiophene with #,/CRCOOH or
m-CPBA. The first one involves a DietsAlder dimerization
of thiopheneS-oxide @) followed by a further oxidation of the
nonbridging vinylic sulfoxide in dimerdaand4b. The second
one implies an oxidation of the thiopheiseoxide monomer
(2) to the corresponding thiopher&S-dioxide intermediate,
which may react with thiophen&-oxide in a Diels-Alder
reaction to directly giveb (Figure 5). In order to distinguish
between these two mechanisms, oxidation of thiophene with
m-CPBA was performed in the presence of a small amount of
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N-phenylmaleimide as a competing Diel&lder trapping
agent (thiophenetCPBAMN-phenylmaleimide molar ratie=
20:20:1). Neither thiophen&oxide dimers4a and 4b nor
sesquioxides were observed until after complete consumption
of N-phenylmaleimide (1.5 h). The oxidation was then allowed
to continue for a further periodf@ h and was then quenched
by addition of an excess of triphenylphosphine (total peracid
consumption ca. 10%). This procedure yieldeds a major
product (6% yield) and addu@ (2.4% yield) resulting from
the competing DielsAlder reaction of thiophen&-oxide @)
with N-phenylmaleimide. However, one failed to detect the
formation of4a and4b and of products resulting from Diets
Alder reaction of thiophen& S-dioxide with itself° or with
N-phenylmaleimide. This lack of formation of products derived
from Diels—Alder reactions of thiophengS-dioxide favors of

a mechanism of formation & involving a further oxidation of
4a and4b.

As far as the characterization of add&is concerned, it
was performed byH and13C NMR, IR, mass spectrometry,
and elemental analysis. Compoudhdas obtained in 32% yield
from oxidation of thiophene with 0.2 equiv of,B, and Ck-
COOH in the presence of 1 equiv bfphenylmaleimide.

Discussion

The aforementioned results provide strong evidence for the
formation of thiophen&-oxide as a major reactive intermediate
in the oxidative metabolism of thiopheir vitro andin vivo
in rats (Figure 6). Interestingly, the metabolic patterns obtained
from in vitro oxidation (liver microsomes) of and from its
chemical oxidation (HO,/CFCOOH) are very similar (major
formation of4a and minor formation ofib), indicating thatda
and4b are formed in both cases by a Dielalder dimerization
of the intermediate thiopherf@oxide. The development of a
chemical system (bD,/CFCOOH) able to reproduce the
microsomal oxidation of thiophene was crucial for the synthesis
of compoundgta and4b and the nonambiguous determination
of their structure.

Oxidation of thiophene derivatives with,8, and CkCOOH
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system could be useful to study the mechanisms of microsomal
oxidation of thiophene derivatives, as demonstrated here for
thiophene itself.

Detection of4ain the urine of rats treated with suggests
that formation of thiophen&-oxide also occurin vivo and is
a more direct evidence for such an intermediate than formation
of 3 that has been reported previouglyln vivo, the major
metabolite3 does not derive from DietsAlder dimerization
of thiopheneSoxide. It could result from a Michael-type
addition of glutathione at position 2 of thiopherg&oxide
followed by the usual transformation of glutathione adducts to
the corresponding mercapturafésin the hepatocytes which
are greatly involved in the metabolism of xenobiotics, the
glutathione concentration is high5 mM), and the formation
of its adducts with electrophilic metabolites is generally
catalyzed by glutathion&transferase®. Our results indicate
that the trapping of thiopheng-oxide by glutathione is very
efficientin vivo. The lack of formation of an equivalent 8f
in vitro, after oxidation ofl with rat liver microsomes in the
presence of NADPH, dioxygen, and glutathione (5 mM) as a
trapping agent (data not shown) could be due to the absence of
the appropiate glutathiorfgtransferase in the liver microsomes
used.

Formation of a thiopheng-oxide as a key reactive intermedi-
ate in the metabolism of a 3-aroylthiophene has been deduced
from the isolation of its adduct with mercaptoethanol, resulting
from Michael-type addition of this thiol at position 2 of the
corresponding-oxide® (see Figure 1). Moreover, the formation
of 5-hydroxy-2-aroylthiophenes upon metabolic oxidation of
2-aroylthiophenes and the suicide inactivation of P450 2C9
during oxidation of one of these 2-aroylthiophettdmve been
explainedvia the intermediate formation of such highly reactive
Soxides and their fast reaction with nucleophiles. All of these
data suggest that, for the oxidative metabolism of thiophene
derivatives in mammals, thiopheBexides must be considered,
in addition to arene oxides, as crucial, primary reactive
intermediates which are able to dimerize or to react with
nucleophiles in the cell. The pharmacological and toxicological
consequences of the formation of these reactive species, whose
chemistry is hardly known, remain to be determined.

Experimental Section

General Aspects. Melting points were taken on a'Bhi apparatus
and are uncorrectedH and**C NMR spectra were recorded on Bruker
AC 250 and AMX 500 spectrometers (250 or 500 MHz and 63 MHz,
respectively),and the resonance of the solvent was used as internal
standard. Infrared spectra were recorded on a Perkin-Elmer 783 ratio-
recording infrared spectrophotometer. Mass spectra were taken on a
Nermag R 1010 spectrometer. Elemental analyses were carried out
by the Service Rgional de Microanalyse de I' Universitearis VI.
Column chromatography was done by using Merck Kieselgel 66 (70
230 mesh), the adsorbant/substrate ratio being ca. 100:1. Thin layer
chromatography (TLC) was accomplished by using Polygram SIL
G/UVas4 (40 x 80 mm) from Macherey-Nagel. Products were

thus appears to represent the method of choice for the preparavisualized by using iodine vapor or by means of a 5% ethanolic solution

tion of thiopheneS-oxides with minimum formation o5S

of molybdophosphoric acid. Hydrogen peroxide (30%, Prolabo),

dioxides. This method has been successfully applied to the thiophene (Janssen), trifluoroacetic acid (Jans$¢phenylmaleimide
synthesis of some relatively stable 2,5-disubstituted thiophene (Aldrich), and 1,4-benzoquinone (Aldrich) were of highest commercially

S-oxides® and benzothiopher@oxides? Here, it was applied
to thein situformation of reactive thiophergoxide itself. The

success of this system for selective sulfoxidation of thiophenes

could reside in the presence of a strong acid and partial
protonation of thiophen&oxides which would prevent them
from further oxidatior?®> Regardless, the @,/CFCOOH

(30) Bailey, W. J.; Cummins, E. W.. Am. Chem. So4954 76, 1932-
1936, 1936-1939, 1946-1942.

available quality and used without further purification. Tritiation of
thiophene at positions 2 and 5 was achieved according to a previously
described methotf

(31) Glutathione: Metabolism and Functiprrias, I. M.; Jakoby, W.
B., Eds.; Raven Press: New York, 1976, Kroc Foundation Series; Vol. 6,
Chapters 1214, pp 189-232.

(32) Lopez-Garcia, P.; Dansette, P. M.; MansuyBihchemistryl994
33, 166-175.

(33) Ostman, B.; Olson, $Ark. Kemi1l96Q 15, 275-282.
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In Vivo Metabolism of Radioactively Labeled Thiophene (1) in
Rats. The experimental details of tlie vivo administration of labeled
thiophene and the collection of the rat urine were previously desctibed.
Mercapturate3 and thiopheneS-oxide dimer4a were separated by
analytical HPLC (Hypersil MOS column [bm, 250x 4.6 mm], flow
1.0 mL/min, gradient A (0.1% GEOOH/H0) and B (90:10 Cht
CN/H;0); 0% B for 5 min, changing to 60% B within 12 min,
plateauing at 60% for 5 min, and then changing to 100% B within 2
min). Fractions of 0.5 mL were collected, and the radioactivity was
measured after addition of 2.0 mL of Pico-Fluor 40 to each sample.

1-syn8-synendo3a,4,7,7a-Tetrahydro-4,7-epithiobenzdg]thio-
phene 1,8-Dioxide (4a):mp 160 °C (dec.); TLC (10:1 methylene
chloride/methanol) 0.60H NMR (CDsCN, 500 MHz, 27°C) ¢ 4.02
(m, 1 H), 4.05 (m, 1 H), 4.34 (m, 1 H), 4.70 (d&i,= 7.0 Hz,J, = 3.8
Hz, 1 H), 5.93 (m, 1 H), 6.27 (m, 1 H), 6.37 (d#l,= 6.0 Hz,J, = 2.3
Hz, 1 H), 6.50 (dd,J; = 6.0 Hz,J, = 1.6 Hz, 1 H);°C NMR (CDx-
CN, 63 MHz, 27°C) ¢ 54.0 (d), 61.5 (d), 64.5 (d), 67.7 (d), 125.4 (d),
130.2 (d), 137.2 (d), 137.7 (d); IR (KBn) 3085, 3060, 1600, 1350,
1310, 1295, 1230, 1170, 1140, 1075, 1040, 1030, 1000%cMS
(chemical ionization, N m/z 218 (M + NH,, 49), 201 (M+ H,
100), 185 ((M— O] + H, 14), 170 ((M— SO] + NH,, 6), 153 ((M—
SQO] + H, 10).

In Vitro Metabolism of Radioactively Labeled Thiophene (1) with
Rat Liver Microsomes? In a total volume of 1.0 mL of a 0.1 M
phosphate buffer (pH 7.4) containing a suspension of liver microsomes
from rats pretreated with dexamethasone (22 mg of protein/mL, 1.8
nmol of cytochrome P450/mg protein) and Znol of tritiated
thiophene (specific activity 0.16 mCi/mmol), the reaction was started
by addition of 1.0umol of NADP, 10umol of glucose-6-phosphate,

and 2 units of glucose-6-phosphate dehydrogenase. After incubation

for 30 min at 37°C, the reaction was quenched by adding 1.0 mL of
isooctane (2,4,4-trimethylpentane) to extract the excess of unreacte

thiophene {). The phases were separated, and the aqueous phase wag,

analyzed. The thiopherf@oxide dimerstaand4b were separated by
analytical HPLC (Hypersil MOS column [bm, 250x 4.6 mm], flow
1.0 mL/min, gradient 95:5 A (0.1% GEOOH/H,0)/B (50:50 CH-
CN/H,0) for 6 min, and then changing to 100% B within 5 min).
Fractions of 0.5 mL were collected, and the radioactivity was
determined after addition of 2 mL of Pico-Fluor 40 to each sample.
1-anti,8-synendo3a,4,7,7a-Tetrahydro-4,7-epithiobenzdi]thio-
phene 1,8-Dioxide (4b) mp 161-162°C (dec.); TLC (10:1 methylene
chloride/methanol) 0.52H NMR (CDsCN, 500 MHz, 27°C) ¢ 3.97
(m, 1 H), 4.07, (m, 1 H), 4.39 (m, 1 H), 4.84 (m, 1 H), 6.07 (m, 1 H),
6.19 (m, 1 H), 6.49 (ddJ, = 6.0 Hz,J, = 1.9 Hz, 1 H), 6.62 (ddJ,
= 6.0 Hz,J; = 2.4 Hz, 1 H);3C NMR (CDsCN, 63 MHz, 27°C) ¢
56.4 (d), 63.2 (d), 64.3 (d), 73.6 (d), 128.3 (d), 130.8 (d), 137.5 (d),
143.0 (d); IR (KBr)v 3080, 3040, 2990, 1600, 1340, 1325, 1270, 1230,
1180, 1170, 1070, 1040, 1025 ciMS (chemical ionization, Nk
m/z 218 (M + NH,, 100), 201 (M+ H, 55), 185 ((M— Q] + H, 4),
170 (M — SO] + NHg, 13), 153 ((M— SO]+ H, 7). Anal. Calcd.
for CgHgO,S; (200.28): C, 47.97; H, 4.03. Found: C, 48.07; H, 3.94.
Attempted Oxidation of Thiophene (1) with NalO,. Thiophene
(533 mg, 6.63 mmol, 0.5 mL) in 5 mL of acetone was allowed to react
with 1.35 g (6.33 mmol) of Nal@in 10 mL of water at room
temperature for 24 h followed by a further 24 h at reflux. No product
formation could be detected by using TLC and NMR techniques. The
result was unchanged after an additional 9 equiv of Nal@l heating
of the reaction mixture under reflux for several days.
Oxidation of Thiophene (1) with Dimethyldioxirane. Thiophene
(53.3 mg, 0.633 mmol, 5&L) was dissolved in 1.0 mL of methylene
chloride and 0.2 equiv of dimethyldioxirane (as ca. 0.1 M acetone
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Preparation of Thiophene S-Oxide Dimers 4a and 4b by Oxida-
tion of Thiophene (1) with 30% H,O,/CFsCOOH. Thiophene (2.13
g, 25.3 mmol, 2.0 mL) dissolved in 30 mL of methylene chloride
together with 8.91 g (78.1 mmol, 6.0 mL) of gFOOH and 0.5 mL
(4.40 mmol, 0.18 equiv) of 30%4@,. The reaction mixture was stirred
for 11 h until no more peroxide could be detected with Kl/starch and
then extracted three times with 10 mL of water. The aqueous phase
was evaporated at 28 (0.1 Torr), the residue was taken up into 5
mL of water, and the solution was neutralized to pH 6 with saturated
NaHCQG; solution. The mixture was then evaporated to dryness at 25
°C (0.1 Torr), and the mixture of diasterecisomdis and 4b was
isolated by silica gel column chromatography. After the residue was
eluted with 10:1 methylene chloride/methanol, 254 mg (58%) of the
4a and4b mixture (78:22 rel ratio) was obtained as a colorless solid.
The isomers were separated by semipreparative isocratic HPLC
(Hypersil MOS column [5¢m, 250x 7.8 mm], flow 2.3 mL/min, eluent
98:2 H,O/CH:CN).

General Procedure for the Determination of Product Ratios after
Peracid Oxidations of Thiophene (1). Thiophene (533 mg, 6.63
mmol, 0.5 mL) was dissolved in a mixture containing 2.23 g (19.5
mmol, 1.5 mL) of CkRCOOH and the appropiate amount of the oxidant
in 10 mL of methylene chloride. The solution was stirred at ambient
temperature until no more peroxide could be detected with Kl/starch.
The reaction mixture was extracted three times with 10 mL of water,
and the aqueous phase was evaporated to dryness’&t @1 Torr).

The residue was taken up into 5 mL of water, neutralized to pH 6 with
saturated NaHC@solution, and again evaporated to dryness at@5
(0.1 Torr). Product quantification was performed directly on the crude
reaction mixture after isocratic HPLC (Hypersil MOS columryj®,

250 x 4.6 mm], flow 1.0 mL/min, eluent 98:2 #/CH;CN) and UV
detection £ = 220 nm). The yields of dimerda and 4b and of

dsesquioxideS are given in Table 1.

HPLC Monitoring of the Oxidation of Thiophene (1) by 30%
20,/CFsCOOH. The thiophene 1) oxidation was repeated as
described above. At specific time intervals, small samples of about
100 uL were taken out of the crude reaction mixture and 0.5 mL of
water was added to these samples. The phases were separated, and
the 4a/4b ratio was determined after isocratic HPLC (conditions see
above) and UV detectionl(= 220 nm) to be 85:15 aftel h and 75:

25 after 14 h (complete conversion of®h).

Trifluoroacetic Acid-Catalyzed Isomerization of the Dimers 4a

and 4b. The thiophen&-oxide dimerda (or 4b) (2.00 mg, 10.Q«mol)
was dissolved in 1.0 mL of acetonitrile and 56.9 mg (%000l, 50
equivalents) of trifluoroacetic acid were added. The isomerization was
followed by isocratic HPLC (conditions see above) for several days. It
led to 4a and4b mixtures with a similada4b ratio (ca. 20:80).

Oxidation of Dimer 4a with H,0, and CF;COOH. The thiophene

S-oxide dimer4a (10.0 mg, 49.%umol) was dissolved in 1.0 mL of
water, and a mixture of 6,2L (54.8 umol, 10% excess) of 30% 4D,
and 27.1 mg (23@&mol) of trifluoroacetic acid was added. Stirring at
ambient temperature was continued fbh until no more dimeda
could be detected by TLC (10:1 methylene chloride/methanol). TLC
andH NMR with 1,2-dichloroethane as an internal standard revealed
the formation of sesquioxid® as the only detectable product (94%
yield).

Attempted Oxidation of Dimer 4b with H 0, and CF;COOH.

The above procedure was repeated with 10.0 mg (4&8l) of the
thiophene S-oxide dimer 4b. After 4 h of stirring at ambient
temperature, no transformation 4 could be observed by TLC (10:1
methylene chloride/methanol) or HPLC.

Deoxygenation of Dimer 4a with MgSiCl/Nal. Compound4a

(208 mg, 1.04 mmol) and 308 mg (2.08 mmol) of sodium iodide were

solution) was added. Stirring at ambient temperature was continued dissolved in 10 mL of dry acetonitrile under a nitrogen gas atmosphere.

for 30 min until no more peroxide could be detected by Kl/starch. The
solvent was removed at 2 (15 Torr), and the crude product was
analyzed by TLC anéH NMR spectroscopy using 1,2-dichloroethane
as an internal standard. The reaction yielded sesqui®ddethe main
product (26%) together with a complex mixture of unidentified products.
No thiopheneS-oxide dimers 4aand4b) could be detected neither by
IH NMR spectroscopy nor by HLPC on the aqueous extract of the
crude reaction mixture. Sesquioxi8ewas identified by comparison

of its 'H and ®C NMR characteristics with literature daia.

To the stirred solution was added 112 mg (1.04 mmol, 4B} of
trimethylsilyl chloride, and the deeply brownish reaction mixture was
stirred for 1.5 h at room temperature. The reaction mixture was treated
with 1.5 mL of a saturated aqueous solution of sodium thiosulfate and
then with 10 mL of water and 25 mL of methylene chloride. The phases
were separated, and the aqueous phase was extracted two times with
10 mL of methylene chloride. After drying over Mg$Qhe solvent

was removed at 20C (15 Torr) to obtain 143 mg of a yellow crude
product. Purification by silica gel column chromatography by eluting
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with 20:1 methylene chloride/methanol afforded 45 mg (23%9 aé

a colorless solid.
8-synendo3a,4,7,7a-Tetrahydro-4,7-epithiobenzdjthiophene

8-Oxide (6y mp 123-124 °C; TLC (20:1 methylene chloride/

methanol) 0.36!H NMR (CDCls, 250 MHz, 27°C) § 4.03 (m, 1 H),

4.10 (m, 1 H), 4.42 (m, 1 H), 4.80 (dd; = 10.1 Hz,J, = 3.8 Hz, 1

H), 5.46 (dd,J; = 6.0 Hz,J, = 2.4 Hz, 1 H), 5.97 (ddJ; = 6.0 Hz,

J, = 2.0 Hz, 1 H), 6.09 (m, 2 H)*C NMR (CDClk, 63 MHz, 27°C)

0 49.0 (d), 54.4 (d), 65.1 (d), 67.0 (d), 119.5 (d), 128.0 (d), 128.5 (d),

128.9 (d); IR (KBr)» 3050, 2920, 2850, 1590, 1340, 1315, 1260, 1235,

1200, 1165, 1140, 1070, 1030, 1005 ¢mMS (chemical ionization,

NH3) m'z202 (M + NHa, 17%), 185 (M+ H, 100%), 137 ((M— SO]

+ H, 24%). Anal. Calcd. for gHsOS; (184.28): C, 52.14; H, 4.38.

Found: C, 52.40; H, 4.41.

Oxidation of Monosulfoxide 6 with m-CPBA. Monosulfoxide6
(3.10 mg, 16.8:mol) was dissolved in 1.0 mL of methylene chloride,
and the solution was cooled to°C. Then, 2.90 mg (16.@mol) of
m-CPBA, dissolved in 0.1 mL of methylene chloride, was added, and
the mixture was stirred for 20 min until no peroxide could be detected
by using Kl/starch. As shown by TLC (20:1 methylene chloride/
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Preparation of Diels—Alder Adduct 8 by Oxidation of Thiophene
(1) with H,0, and CF;COOH. Thiophene (1.88 g, 22.3 mmol, 2.0
mL) and 1.53 g (8.81 mmol) df-phenylmaleimide were dissolved in
a mixture of 8.91 g (78.1 mmol, 6.0 mL) of trifluoroacetic acid and 20
mL of methylene chloride. After 0.5 mL (4.41 mmol, 0.20 equiv) of
30% HO, was added, the yellow reaction mixture was stirred at ambient
temperature for 12 h until no more peroxide could be detected by Kl/
starch. The solution was then washed two times with 20 mL of water
and one time with 20 mL of a saturated solution of NaHQ@e organic
phase was dried over MgQ(and the solvent was evaporated at’@0
(15 Torr). The crude product was suspended in 15 mL of methylene
chloride, and the unsoluble product was filtered, washed several times
with 5 mL of hot methylene chloride, and dried. The Diefder
adduct8 was thus obtained (382 mg, 32%) as a slightly brown,
analytically pure solid.

N-Phenyl-8synendo2a,3,6,6a-tetrahydro-3,6-epithiobenzajpyr-
role-2,7-dione 8-Oxide (8): mp 193-194 °C (dec.); TLC (20:1
methylene chloride/methanol) 0.4% NMR (DMSO-ds, 250 MHz,
27°C) 6 4.08 (s, br, 2 H), 4.41 (s, br, 2 H), 6.42 (s, br, 2 H), 7.16 (d,
J=7.2 Hz, 2 H), 7.47 (dJ = 7.6 Hz, 3 H);*C NMR (DMSO-s, 63

methanol), the starting material had been completely consumed. ThepmHz, 27°C) ¢ 44.6 (d), 63.4 (d), 126.7 (d), 128.2 (d), 128.4 (d), 128.6

solvent was removed at 2 (15 Torr), and the crude product was
taken up in 0.8 mL CBCN with 1,2-dichloroethane present as an
internal standard. According to NMR spectroscopy, the only products
were the thiophen&oxide dimers4a and4b in a 14:86 ratio.

Oxidation of Monosulfoxide 6 with NalO4. Monosulfoxide6 (2.40
mg, 13.0umol) was dissolved in 0.5 mL of acetone, and 2.79 mg (13.0
umol) of sodium periodate in 0.3 mL of water was added. Stirring at
ambient temperature was continued foh until no starting material
could be detected by TLC (20:1 methylene chloride/methanol). The
4al4b product ratio was determined directly from the reaction mixture
by isocratic HPLC (Hypersil MOS column [Bm, 250 x 4.6 mm],
flow 1.0 mL/min, 98:2 HO/CH;CN) to be 8:92.

Oxidation of Thiophene (1) with m-CPBA in the Presence of 0.05
Equiv of N-Phenylmaleimide. m-CPBA (399 mg, 2.31 mmol) and
20.0 mg (115:mol, 0.05 equiv) oN-phenylmaleimide were dissolved
in 30 mL of methylene chloride, and 194 mg (2.31 mmol, 182 of
thiophene was added. After 1.5 h of stirring at ambient temperature,
N-phenylmaleimide was completely consumed (TLC,.CH). The
mixture was left reacting for a further 2 h, and the oxidation was then
quenched by addition of 606 mg (2.31 mmol) of triphenylphosphine.
The solvent was removed at 2C€ (15 Torr), and the crude product

(d), 131.9 (s), 174.2 (s); IR (KBry 1735, 1520, 1415, 1250, 1230,
1220, 1185, 1155, 1110 cth MS (El) m/z 273 (M, 48), 225 (M—
SO, 100). Anal. Calcd. for ZH1:NOsS (273.32): C, 61.52; H, 4.06;
N, 5.13. Found: C, 61.54; H, 4.01; N, 5.11.

Trapping of in Situ Generated ThiopheneS-Oxide with 1,4-
Benzoquinone Thiophene (21.3 mg, 258mol) was dissolved in 0.8
mL of CDCl; and 89.1 mg (0.781 mmol) of trifluoroacetic acid, and
3.00 mg (88.2«mol) of 30% HO, and 28.6 mg (0.265 mmol) of 1,4-
benzoquinone were added. The reaction mixture was stirred for 15 h
at room temperature until complete consumption gDi{(detected by
Kl/starch). In addition to unreacted 1,4-benzoquinone, only the
previously reported DielsAlder adduct7*32 was detected in théH
NMR spectrum of the crude product mixture in 32% yield.
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(6%) of sesquioxidé.
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