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Abstract

The synthesis and reactivity of thiophene S-oxides is discussed, with special emphasis on the use
of thiophene S-oxides as dienes in Diels-Alder type reactions, on the photochemistry and on the
electrochemistry of the molecules. Where useful, the reactivity is compared to that of
benzo[b]thiophene S-oxides, dibenzothiophene S-oxides, and tetracyclones.
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Introduction
While thiophene S,S-dioxides 1 are well-known compounds, thiophene S-oxides 2 (Figure 1)

have remained an elusive species until fairly recent times. As the methods of preparation and
derivatization of thiophenes 3 are inherently different from those of all-carbon arenes, thiophene
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S-oxides 2 were viewed as interesting building blocks with the proviso that they could be
synthesized from thiophenes directly and would prove be suitable cyclic dienes for cycloaddition
reactions that would lead to multi-functionalized arenes, thus complementing existing routes to
these compounds. This has been shown to be the case. Furthermore, thiophene S-oxides 2 have
been found to exhibit a wealth of interesting reactivity. In the following, some of the chemistry
of thiophene S-oxides 2 is detailed with an emphasis on reactions carried out in our laboratory.

R2 RZ R2
R2 R2 R2
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Figure 1
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1. Preparation and Structure

Thiophenes 3 can be oxidized to thiophene S-oxides 2,° a route taken in the oxidation of
thiophenes 3 with hydrogen peroxide or with peracids to yield the normally very stable thiophene
S,S-dioxides 1° of cyclic diene character. In fact, a long time before their actual isolation and
characterization, thiophene S-oxides 2 were considered as intermediates in the oxidation of
thiophenes 3 to thiophene S,S-dioxides 1. This was due to the fact that dimeric cycloadducts, the
so-called sesquioxides 7 — 9 (Figure 2),*” can be found as side-products in these reactions. These
stem from the cycloaddition of thiophene S-oxide to thiophene S-oxide (for 7 and 8) or to
thiophene S,S-dioxide (for 9). Interestingly, sesquioxides can also be found in oxidatively
treated, thiophene- containing fuel.®

That the oxidation of thiophenes can be stopped at the monoxide stage is a matter of adding a
Lewis acid such as boron trifluoride etherate in the case of the peracid oxidants™’ and of a proton
acid such as trifluoroacetic acid in the case of hydrogen peroxide (Scheme 1).* The same holds
true for the oxidation of benzothiophenes 10 to benzothiophene S-oxides 4,”'* the acid most
likely having a dual function, namely to activate the peroxide/peracid and to complex to the
monoxide once it is formed, hindering by the withdrawal of electron density from sulfur a further
oxidation to the corresponding thiophene- or benzothiophene-S,S-dioxide.

R i U R'
R2 _ Ox R2 _— Ox R2 _— //O
S —_— S = O —_— S\\
SN - e O
R2 R2 R?
R R R
3 L 2 i 1

side-products

Figure 2
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o)
BA o =9.3° for 3,4-bis(tert-butyl)thiophene S-oxide’
C—C\‘O}{"" ~£-= 12.9° for 2,5-diphenylthiophene S-oxide® 152
S

13.6° for 2,5-bis(diphenylmethylsilythiophene S-oxide!®®

f = 47.5° for 3,4-bis(tert-butyl)thiophene S-oxide’d
56.5° for 2,5-diphenylthiophene S-oxide®'%2

S - O = 1.484(3) A for 2,5-diphenylthiophene S-oxide®'52
1.471(2) A for 2,5-bis(diphenylmethylsilyl)thiophene S-oxide'>?
1.494(1) A for 3,4-bis(tert-butyl)thiophene S-oxide”d

Structural parameters from X-ray structural analyses of thiophene S-oxides

Figure 3

The oxidation of thiophenes is not the only path to thiophene S-oxides. The second, versatile
approach to aryl substituted thiophene S-oxides is via reaction of thionyl chloride with zircona-
cyclopentadienes 13,'' themselves prepared from diarylacetylenes 11 and dicyclopentadienyl-
zirconium dichloride (12) (Scheme 1). Interestingly, the first preparation of a thiophene S-oxide,
namely of 15, if only as a transient, detected species, utilized neither of the two routes, but rather
took advantage of a bis-dehydromesylation of the tetrahydrothiophene S-oxide 14 (Scheme 1)."?
In contrast, the all-carbon analogs of thiophene S-oxides, the tetra-arylcyclopentadienones
(tetracyclones) 6 are routinely prepared by the Weiss reaction.”” A similar preparation of
thiophene S-oxides via dibenzyl sulfoxide (16) has not been reported thus far.

Thiophene S-oxides 2 and also benzothiophene S-oxides 4 are much more sensitive than their
dioxide counterparts. Depending on their substitution pattern, some of them cannot be kept in
substance at room temperature. The thiophene S-oxides have been discussed as having an
aromatic, anti-aromatic, and purely cycloalkadiene-like character.'* What has been found, also
from X-ray crystal structures (Figure 3),”™*'3 is that they are in fact dienes, where the lone pair
of the sulfur does not interact with the cyclic diene moiety, the heterocyclic ring being puckered,
this in contrast to the much better studied tetracyclones, which are planar molecules.'® Tetra-
aryl- substituted thiophene S-oxides are pale yellow, while tetra-arylcyclopentadienones are dark
purple. Thiophene S-oxides, however, do invert at the sulfur with different substituents at the
C2/C5 positions leading to different barriers of inversion.”!’
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2. Thiophene-S-oxides in [4 + 2]-Cycloaddition Reactions
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With alkenes, the reactions show endo-selectivity, ( S : S
indicating kinetic control of the products, R2 R
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1
2,
S > \
lying on the side of the newly formed double bond R2 ‘Z‘ ‘e‘
R

of the product.

Scheme 2

Thiophene S-oxides are useful dienes and add stereoselectively to a row of dienophiles
(Scheme 2).'™'"” With acetylenes 20 as the ene components, the substituted arenes 22 form
directly. The sulfoxide bridge in 7-thiabicyclo[2.2.1]heptadiene S-oxides 21 is extruded
spontaneously. With alkenes 18 as ene component, 7-thiabicyclo[2.2.1]heptene S-oxides 19 are
formed. The stereochemistry at sulfur is controlled in the cycloaddition, stereoselectivity
stemming from the ‘Cieplak’-effect (23 vs. 24, Scheme 2).%° Often, these cycloaddition reactions
occur at room temperature. A competitive experiment at room temperature between tetracyclone
6 and tetraphenylthiophene S-oxide (2) and N-phenylmaleimide (25) leads to exclusive formation
of 7-thiabicyclo[2.2.1]heptene S-oxide 26 (Scheme 3). Tetra-arylthiophene S-oxides are
thermally stable for limited periods of time, so that they can be reacted with substrates under
microwave irradiation, successfully. While thiophene S-oxides are useful dienes in Diels Alder
reactions, it is much more difficult to react them as the ene component as either self-dimerization
occurs with the less substituted thiophene-S-oxides or the molecules are too sluggish to react in
case of heavily substituted thiophene-S-oxides.

ISSN 1551-7012 Page 101 ©ARKAT USA, Inc.



Issue 5™ Eurasian Conference on Heterocyclic Chemistry ARKIVOC 2009 (ix) 96-113

For normal electron demand cycloaddition reactions:
Thiophene S-oxides are more reactive towards electron-deficient dienophiles than tetracyclone

Competitive experiment:

o) o) @ .
Ph s Ph 20 °C Ph PiH
jl/\%fph T Ph + ‘ N-Ph m; Va o
Ph Ph Ph™py, N
Ph Ph S o  Ph
1 eq. 1 eq. 2eq. (forms exclusively !!!)

2 6 25 26

(the reaction completes at 45 °C in 90 min.)

Note: Both thiophene S-oxides and tetracyclones are stable under microwave irradiation (no difference
when compared to the stability of the compounds under purely thermal conditions at the same
temperature). The reaction of 2,5-dialkyl-3,4-dibenzylthiophene S-oxide with p-naphthoquinone in diphenyl
ether takes less than 2 min. under microwave irradiation (120 °C). The effect of the microwave-specific
component vs. the purely thermal component in the microwave irradiated reaction still needs to be studied.

Scheme 3

Benzo[b]thiophene-S-oxides 10 and benzo[b]thiophene-S,S-dioxides 27 ' are good enes in
Diels Alder reactions. Self-adducts only form at high temperatures. Benzo[b]thiophene S§,S-
dioxides 27 have also been reacted with both an excess of tetracyclone 6 and of
tetraphenylthiophene S-oxide (2a) as diene, where the reaction has been performed in diphenyl
ether at 135 C. Here, interestingly, part of the tetracyclone 6 is oxidized to a-pyrone 29, probably
by the initially formed cycloadduct sulfone, giving substituted dibenzothiophenes 28 as the final
products.”' In the case of tetraphenylthiophene S-oxide (2a), dibenzothiophene S,S-dioxides 30
are formed (Scheme 4). Both benzo[b]thiophene S-oxides such as 34'® and benzo[b]thiophene
S,5-dioxides such as 31 can be reacted as formal dienes with electron deficient acetylenes and
alkenes as long as either the C2- or C3 position of the oxygenated benzo[b]thiophenes carry a
substituent (Scheme 5).%
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7-Thiabicyclo[2.2.1]Theptene S-oxides 19 themselves are versatile synthetic intermediates.
Oxidative extrusion of the sulfoxy bridge leads to multi-functionalized arenes 22. The extrusion
can be accomplished thermally,” electrochemically,” photochemically®* or by using KMnOy, as

oxidant® under phase transfer conditions (Scheme 6). The last three reactions are run at room
temperature. As the reaction of thiophenes to thiophene S-oxides also proceeds at room
temperature or below, the above represents a two-step procedure of transforming substituted
thiophenes to substituted arenes at room temperature. This transformation, also run as a one-pot
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oxidation - cycloaddition reaction,”® has been used to prepare multi-functionalized cyclophanes
such as 41 and 43 (Scheme 7),%” crown ethers such as 45 (Scheme 8)*° and phenyl-substituted
amino acids 49 (Scheme 8)*® from their thienyl precursors. Furthermore, 7-
thiabicyclo[2.2.1]heptene S-oxides 19 can be transformed to 7-thiabicyclo[2.2.1]heptenes 37 by
action of PBr3,** to substituted cyclohexadienes 38 with BusSnH** and to diphenyl disulfides
36, when halo substituted 7-thiabicyclo[2.2.1]heptene S-oxides are reacted with base (Scheme
6).

Follow-up reactions

RZ R2
X Y
R’ S
S R
Y X
26 R2 R2
when R' =CI, Br
and X=Y=CO,Me
0 R’
S Photochemically R2 X
R2 R"  and thermally possible
,# X additionally: g2 y
R® Rt Y oxidatively at rt Y
9 with KMnO,4
by electrolysi
or by electrolysis 92
BU3S|’N
PBrs
R'I
R? X
s R? %
Vi
R?" o . 38
R Y

37

Scheme 6
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Cyclophanes
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Scheme 8
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3. Photochemistry of Thiophene S-Oxides

When thiophene S-oxides are left in solution exposed to daylight, most revert slowly to the
corresponding thiophenes, where a number of other products can be in evidence. This
deoxygenation occurs in the dark, too, but much more slowly. Thiophene S-oxides exhibit a
certain cytotoxicity.’® Typical examples are shown in Fig. 4.

Cytostatic activity of some thiophene S-oxides vs. NCI cancer cell lines

PhMPh CNS SF-268 Growth Percentage: -83

O
2b

iz_fi NCI-H460 (Lung) Growth Percentage: -80
S

"
0

2c

Ph Ph
CNS SF-268 Growth Percentage: -82
NCI-H460 (Lung) Growth Percentage: -87

2d
Ph Ph A Ph Ph
/ \ — / \
s prolonged S
I (in solution)
0]
2b 3a

Figure 4
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Studies on the interaction between 3,4-dibenzyl-2,5-dimethylthiophene S-oxide (2b) and
isolated dsDNA have been carried out electroanalytically.”’ As 2b shows very low solubility in
polar solvents, a mixture of dsDNA and compound in pH 7.4 phosphate buffer was placed on the
glassy carbon electrode surface and dried for 24h. It was found that 2b does not damage dsDNA
directly. Only after an initial reductive step of 2b at -1.6V vs. SCE was damage to dsDNA
observed due to the appearance of an oxidation peak corresponding to 8-oxoguanine in the
differential pulse voltammogram. The preparation of water-soluble thiophene S-oxides in form of
carbohydrate-substituted thiophene-S-oxides for studies in polar aqueous or alcoholic solvents
has been unsuccessful thus far.>? Nevertheless, the possibility that the cytotoxicity of the
molecules is also linked to their deoxygenation has been considered.”

Photochemical reactions of thiophene S-oxides: Pathway 1

Loss of oxygen and concomitant oxygen insertion into C-H bond of an alkyl substituent

Ph
Ph Ph Ph Ph ph s Y ph
hv | N\ —
B LA O
) OH

(non-dried
Pyrex

2b 50 51

i
(0]

Irradiation with a mercury high pressure lamp (100 Watt); for ¢ = 0.16 M in 2b: 50 (7%); 51 (70%)
forc =0.016 M in 2b: 50 (35%); 51 (35%)

[ref. 34]
Scheme 9

As light accelerates the deoxygenation of the thiophene S-oxides 2, photochemical
investigations of thiophene S-oxides were initiated, although the authors were aware of the fact
that the mechanisms leading to deoxygenation and operating in the light- reaction and in the
dark- reaction might well be different. It was found that the molecules exhibit a rich
photochemistry,” which depends on the substitution pattern of the thiophene S-oxides. Photo-
irradiation of 2- or 5- alkylated thiophene-S-oxides such as 2b with a proton in a position alpha
to the heterocyclic ring leads to hydroxylated thiophenes such as to 50 and 51 (Scheme 9). The
presence of a reductant in the reaction mixture, such as of an amine, leads to exclusive
deoxygenation to the parent thiophene compound 53 (Scheme 11). In the presence of thiophenol
54, again exclusive photodeoxygenation is found. Here, diphenyl disulfide 55 is obtained as the
oxidized product (Scheme 11). It is believed that water is formed concomitantly. The nature of
the initially liberated oxygen species has been a matter of discussion.
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Photochemical reactions of thiophene S-oxides: Pathway 2

Insertion of the oxygen into the heterocyclic ring and extrusion of sulfur

H H
H H
hv
CD,CI 0
¢ S 2Ll t
Bu Pyrex
2e 52 (quant.)
H H
H H H
Yt —— V- 3 N B
Bu S Bu' S‘j Byt 57O
0 (@]

H hoon
H : t
L LN
Bu © Bu © s’ >0 570

[ref. 34]
Scheme 10

When dibenzothiophene S-oxides are photo-irradiated, deoxygenation also occurs.® It is this
transformation that has initiated the discussion on the nature of such a photo-extruded oxygen. A
mono-molecular process has been considered.*® In such a case, the liberated oxygen species may
be monoatomic oxygen O(P). This mechanism has been supported by trapping experiments.*®’
New work by Jenks and his co-workers indicates that in the case of dibenzothiophene S-oxides
the photochemical active state is the lowest singlet, not the lowest triplet.’’ Previously, the
possibility of release of singlet oxygen via an excited benzothiophene S-oxide dimer has been put
forward.”® Attempts to substitute dibenzothiophene S-oxides in such a way that formation of an
excited dimer would be sterically unfavorable, led to the observation that while 4,6-
trimethylsilyldibenzothiophene S-oxide deoxygenates less effectively than non-substituted
dibenzothiophene S-oxide or 4,6-dimethyldibenzothiophene S-oxide, the equally bulky 4,6-bis-
(2,5-dimethylphenyl)dibenzothiophene S-oxide deoxygenates very efficiently.® This seems to
indicate that steric requirements do not influence the rate of deoxygenation but rather that the
nature of the substituent (substituent effect) influences the outcome of the photoreaction.
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Photochemical reactions of thiophene S-oxides: Pathway 3
Exclusive deoxygenation, often found in the presence of an additive that can be oxidized

OMe OMe
MeO O MeO D
SOl
| AN CD,Cly \
(non-dried) S
S

X piperidine or
2 O dibenzylamine 53 (44% isolated yield)
(5eq.)

MeO
MeO O
S-S
hv
+ MeOOSH - AN +
CD,Ch |

2.5h, rt S E

OMe

OMe
MeO I Q
N\
S
A\
(0]

2f 54 53 55

[ref. 34]
Scheme 11

In thiophene-S-oxides that do not possess a substituent at C2 or C5 with a proton alpha to the
heterocyclic ring system the photo-irradiation leads to a different reaction outcome. Thus, both
2,5-diphenylthiophene S-oxide and 2,5-bis-(z-butyl)thiophene S-oxide (2e) (Scheme 10) give
significant amounts of furans. Small quantities of difuryl disulfides can be isolated as side
products. The authors have postulated oxathiin (Scheme 10) as a possible intermediate.
Important, though, is that this transformation represents a photo-induced extrusion of sulfur from
thiophene derivatives.

4. Electrochemistry of Thiophene S-Oxides

Thiophene S-oxides exhibit interesting electrochemistry, which differs from that of the
corresponding C-analogs, the tetracyclones. In the reductive electrochemistry, the main reaction
is a reduction of thiophene S-oxide 2 to the thiophene 3,% in the case of the tetracyclone 6 it is
the formation of its stable radical anion followed by further reduction.*'

ISSN 1551-7012 Page 109 ©ARKAT USA, Inc.



Issue 5" Eurasian Conference on Heterocyclic Chemistry ARKIVOC 2009 (ix) 96-113

Electrochemistry of Tetraphenylthiophene S-oxide
(constitutes part of an electrochemical oxidative desulfurisation of thiophenes)

OQ XA

1. 6 Vvs SCE
O O Pt electrode Q
O MeCN/BuyNPFg 00
HO,SO
2a 21V 56 57
vs SCE
stereochemistry of the dibenzoylstilbene was verified
by ‘wet'-chemical synthesis
56
(favoured at higher potential)
[ref. 42]
Scheme 12

The oxidative electrochemistry of the classes of molecules also differs — under forced
electro-oxidative conditions thiophene S-oxides 2 form diphenacylstilbenes under extrusion of
sulfur,* while the tetracyclones 6 form a-pyrones 58. Ultrasonication of the substrates at 40 and
850 kHz during the electro-oxidation enhanced the current for both tetraphenylthiophene S-oxide
and tetracyclone,” but did not mitigate® the fouling processes that are often associated with the
oxidative processes.

Indications that 2-substituted benzothiophene-S-oxides ring-open oxidatively have been
obtained.** The electro-oxidative extrusion of sulfur may find some future application in an
electro-oxidative desulfurization of benzo- and dibenzothiophene containing fuels.

R
R R
) o
1.45-1.50V O O
_vs.SCE N +  side-products
O Pt-electrode |
C C CHsCN/BusNPFg o o
O
6 58

R =H, Me, MeO, Br, Phenyi
[ref. 42]

Scheme 13

ISSN 1551-7012 Page 110 ©ARKAT USA, Inc.



Issue 5™ Eurasian Conference on Heterocyclic Chemistry ARKIVOC 2009 (ix) 96-113

Acknowledgements

The efforts and dedication of Mr. D. Ohira, Mr. M. Matsuda, Mr. K. Kumazoe, Mr. H. Fujii, Dr.
K. Arima, Dr. K. Gopal Dongol, and Dr. L. Antonio da Silva in their investigative work of

thiophene S-oxides are gratefully acknowledged. The authors thank one of the referees for kind

suggestions regarding the mechanism of the photoreaction of thiophene S-oxide (2e) (Scheme

10).

References and Notes

[98)

10.

For reviews, see: (a) Nakayama, J. Bull. Chem. Soc. Jpn. 2000, 73, 1. (b) Thiemann, T.;
Gopal Dongol, K. J. Chem. Res. (S) 2002, 303; (M) 2002, 701.

Mock, W. L. J. Am. Chem. Soc. 1970, 92, 7610.

cf., Melles, J. L.; Backer, H. J. Rec. Trav. Chim. Pays-Bas 1953, 72, 314.

(a) Prochazka, Coll. Czech Chem. Commun. 1965, 30, 1158. (b) Davies, W.; Gamble, N.;
James, F. C.; Savige, W. Chem. Ind. (London) 1952, 804. (c) Melles, J.; Backer H. J. Recl.
Trav. Chim. Pays-Bas 1953, 72, 491. (d) Davies, W.; James, F. C. J. Chem. Soc. 1954, 15;
(e) Okita, K.; Kambara, S. Kogyo Kagaku Zasshi 1956, 59, 547. Chem. Abstr. 1958, 52,
3762; (f) van Tilborg, W. J. M. Synth. Commun. 1976, 6, 583. (g) Merrill, R. E.; Sherwood,
G. J. Heterocycl. Chem. 1977, 14, 1251. (h) Nagasawa, H.; Sugihara, Y.; Ishii, A.;
Nakayama, J. Bull. Chem. Soc. Jpn. 1999, 72, 1919.

Li, Y. Q.; Thiemann, T.; Sawada, T.; Mataka, S.; Tashiro, M. J. Org. Chem. 1997, 62, 7926.
Thiemann, T. unpublished.

(a) Li, Y. Q.; Matsuda, M.; Thiemann, T.; Sawada, T.; Mataka, S.; Tashiro, M. Synlett 1996,
461. (b) Furukawa, N.; Zhang, S.; Sato, S.; Higaki, M. Heterocycles 1997, 44, 61. (c)
Nakayama, J.; Nagasawa, H.; Sugihara, Y.; Ishii, A. J. Am. Chem. Soc. 1997, 119, 9077. (d)
Nakayama, J.; Yu, T.; Sugihara, Y.; Ishii, A. Chem. Lett. 1997, 499.

Pouzet, P.; Erdelmeier, I.; Ginderow, P.; Mornon, J. P.; Dansette, P. M.; Mansuy, D. J.
Chem. Soc., Chem. Commun. 1995, 473.

(a) Venier, C. G.; Squires, T. G.; Chen, Y.; Hussmann, G. P.; Shei, J. C.; Smith, B. F. J.
Org. Chem. 1982, 47, 3773. (b) Palkowitz, A. D.; Glasebrook, A. L.; Trasher, K. J.; Hauser,
K. L.; Short, L. L.; Phillips, D. L.; Muehl, B. S.; Sato, M.; Shetler, P. K.; Cullinan, G. J.;
Pell, T. R.; Bryant, H. U. J. Med. Chem. 1997, 40, 1407. (c) Arima, MSc Thesis, Kyushu
University 1991.

For a review on benzo[b]thiophene S-oxides, see: Thiemann, T.; Arima, K.; Kumazoe, K.;
Mataka, S. Rep. Inst. Adv. Mat. Kyushu Univ. 2000, 14, 139; Chem. Abstr. 2001, 134,
326,318a.

ISSN 1551-7012 Page 111 ©ARKAT USA, Inc.



Issue 5™ Eurasian Conference on Heterocyclic Chemistry ARKIVOC 2009 (ix) 96-113

1.

12.
13.
14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.
30.

31.

(a) Meier-Brocks, F.; Weiss, E. J. Organomet. Chem. 1993, 453, 33. (b) Jiang, B. T.; Tilley,
T. D. J. Am. Chem. Soc. 1999, 121, 9744. (c) Suh, M. C.; Jiang, B. T.; Tilley, T. D. Angew.
Chem. 2000, 112,2992; Angew. Chem. Int. Ed. Engl. 2000, 39, 2870.

Prochazka, M.; Palecek, M. Collect. Czech Chem. Commun. 1967, 32, 3049.

Johnson, J. R.; Grummitt, O. Org. Synth. 1943, 23, 92.

(a) Hashmall, J. A.; Horak, V.; Khoo, L. E.; Quicksall, C. O.; Sun, M. K. J. Am. Chem. Soc.
1981, 703, 289. (b) Amato, J. S.; Karady, S.; Reamer, R. A.; Schlegel, H. B.; Springer, J. P.;
Weinstock, L. M. J. Am. Chem. Soc. 1982, 104, 1375. (c¢) Rojas, 1. J. Phys. Org. Chem.
1992, 5, 74.

Pouzet, P.; Erdelmeier, I.; Ginderow, D.; Mornon, J.-P.; Dansette, P. M.; Mansuy, D. J.
Heterocycl. Chem. 1997, 34, 1567. (b) Furukawa, N.; Zhang, S.-Z.; Horn, E.; Takahashi, S.;
Sato, S.; Yokoyama, M.; Yamaguchi, K. Heterocycles 1998, 47, 793.

Ogliaruso, M. A.; Romanelli, M. G.; Becker, E. I. Chem. Rev. 1965, 65, 261.

Boyd, D. R.; Sharma, N. D.; Haughey, S. A.; Malone, J. F.; McMurray, B. T.; Sheldrake, G.
N.; Allen, C. C. R.; Dalton, H. J. Chem. Soc., Chem. Commun. 1996, 2363.

(a) Thiemann, T.; Fujii, H.; Ohira, D.; Arima, K.; Li, Y. Q.; Mataka, S. New J. Chem. 2003,
27, 1377; (b) Thiemann, T.; Li, Y. Q.; Thiemann, C.; Sawada, T.; Ohira, D.; Tashiro, M.;
Mataka, S. Heterocycles 2000, 52, 1215.

Ho, M. T.; Treiber, A.; Dansette, P. M. Tetrahedron Lett. 1998, 39, 5049.

(a) Cieplak, A. S. J. Am. Chem. Soc. 1981, 103, 4540. (b) Cieplak, A. S. Chem. Rev. 1999,
99, 1265.

Iniesta, J.; Matsumoto, T.; Thiemann, T. J. Chem. Res. 2008, 109.

Thiemann, T.; Ideta, K. J. Chem. Res., to be submitted.

Thiemann, T.; Sa e Melo, M. L.; Campos Neves, A. S.; Li, Y. Q.; Mataka, S.; Tashiro, M.;
Geissler, U.; Walton, D. J. Chem. Res. 1998, (S) 346.

Thiemann, C.; Thiemann, T.; Li, Y. Q.; Sawada, T.; Nagano, Y.; Tashiro, M. Bull. Chem.
Soc. Jpn. 1994, 67, 1886.

Li, Y. Q.; Thiemann, T.; Sawada, T.; Tashiro, M. J. Chem. Soc., Perkin Trans. 1 1994,
2323.

(a) Torssell, K. Acta Chem. Scand. (Ser. B) 1976, 353. (b) Naperstkow, A. M.; Macaulay, J.
B.; Newlands, M. J.; Fallis, A. G. Tetrahedron Lett. 1989, 30, 5077. (¢) Thiemann, T.; Li, Y.
Q.; Mataka, S.; Tashiro, M. J. Chem. Res. 1995, (S) 384; (M) 2364.

Li, Y. Q.; Thiemann, T.; Mimura, K.; Sawada, T.; Mataka, S.; Tashiro, M. Eur. J. Org.
Chem. 1998, 1841.

Dongol, K. G.; Mataka, S.; Thiemann, T. J. Chem. Res. 2003, (S) 527; 2003, (M) 901.
Thiemann, T.; Li, Y. Q.; Mataka, S. unpublished results.

In collaboration with the National Cancer Institute, Bethesda, Maryland, U.S.A., as part of
its Developmental Therapeutics Program.

Oliveira Brett, A. M.; Antonio da Silva, L.; Fujii, H.; Mataka, S.; Thiemann, T. J.
Electroanal. Chem. 2003, 549, 91.

ISSN 1551-7012 Page 112 ©ARKAT USA, Inc.



Issue 5™ Eurasian Conference on Heterocyclic Chemistry ARKIVOC 2009 (ix) 96-113

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44,

(a) Thiemann, T.; Nakano, H. unpublished results. (b) for the case of a protected transient
carbohydrate-thiophene S-oxide hybrid, see: Wang, Z.; Li, M.; Liu, X.; Yu, B. Tetrahedron
Lett. 2007, 48, 7323.

A thiophene S-oxide derived from hepatic cytochrome P450- dependent oxidation in the
presence of NADPH, has been formulated as a metabolite of the diuretic drug thienilic acid.
The toxicity of thienilic acid has been linked to the electrophilicity of this thiophene S-
oxide: (a) Mansuy, D.; Valadon, P.; Erdelmeier, 1.; Lopez-Garcia, P.; Amar, C.; Girault, J.-
P.; Dansette P. M. J. Am. Chem. Soc. 1991, 113, 7825. (b) Lopez-Garcia, P.; Dansette, P.
M.; Mansuy, Biochemistry 1994, 33, 166 and ref. cited.

(a) Ohira, D. MSc Thesis, Kyushu University, 2000. (b) Thiemann, T. Kyushu Daigaku
Chuo Bunseki Senta Hokoku 2000, 18, 1; Chem. Abstr. 2001, 134, 326,045j. (c¢) Thiemann,
T.; Arima, K.; Ohira, D.; Kumazoe, K.; Mataka S. ECSOC-4 Proceedings (Wirth, T.;
Kappe, C. O.; Felder, E.; Diedrichsen, U.; Lin, S.-K., eds.), ISBN 3-906980-05-7; Chem.
Abstr. 2001, 135, 288,649v. (d) Ohira, D.; Watanabe, M.; Miura, A.; Mataka, S.; Thiemann,
T.; Iniesta Valcarcel, J.; Walton, D. J. Photochem. Photobiol. Sci. 2005, 4, 808.

The photochemistry of benzo[b]thiophene S-oxides differs, as [2 + 2] photodimerization is
the dominant reaction: (a) El Amoudi, M. S.; El Faghi; Geneste, P.; Olive, J. L. Nouv. J.
Chim. 1981, 5, 251. (b) Hopkinson, M. J.; Schloman, W. W., Jr.; Plummer, B. F.; Wenkert,
E.; Raju, M. J. Am. Chem. Soc. 1979, 101, 2157. (¢) Harpp, D. N.; Heitner, C. J. Org. Chem.
1970, 35, 3256.

(a) Wan, Z.; Jenks, W. S. J. Am. Chem. Soc. 1995, 117, 2667. (b) Ng, M.; Jenks, W. S. J.
Org. Chem. 2008, 70, 3458.

Thomas, K. B.; Greer, A. J. Org. Chem. 2003, 68, 1886. (b) Lucien, E.; Greer, A. J. Org.
Chem. 2001, 66, 4576.

Gurria, G. A.; Posner, G. H. J. Org. Chem. 1973, 38, 2419.

Kumazoe, K.; Arima, K.; Mataka, S.; Walton, D. J.; Thiemann, T. J. Chem. Res. 2003, (S)
60, (M) 248.

(a) Thiemann, T.; Ohira, D.; Arima, K.; Sawada, T.; Mataka, S.; Marken, F.; Compton, R.
G.; Bull, S. D.; Davies, S. G. J. Phys. Org. Chem. 2000, /3, 648. (b) Bongini, A.;
Barbarella, G.; Zambianchi, M.; Arbizzani, C.; Mastragostino, M. J. Chem. Soc., Chem.
Commun. 2000, 439.

Ozyoruk, H.; Pekmez, K.; Yildiz, A. Electrochim. Acta 1987, 32, 569. (b) Kopilov, I.;
Evans, D. H. J. Electroanal. Chem. 1990, 280, 381. (c¢) Fox, M. A.; Campbell, K.; Maier,
G.; Franz, L. H. J. Org. Chem. 1983, 48, 1762.

Iniesta, J.; Alcock, H.; Walton, D. J.; Watanabe, M.; Mataka, S.; Thiemann, T. Electrochim.
Acta 2006, 51, 5682.

Iniesta, J.; Walton, D. J.; Fujii, H.; Thiemann, T.; Tanaka, Y.; Mataka, S.; Mason, T. J.;
Lorimer, J. P. Ultrasonics Sonochem. 2004, 11, 227.

Iniesta, J.; Thiemann, T., unpublished results.

ISSN 1551-7012 Page 113 ©ARKAT USA, Inc.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /FRA <>
    /ENU (Use these settings to create PDF documents with higher image resolution for improved printing quality. The PDF documents can be opened with Acrobat and Reader 5.0 and later.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308000200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e30593002537052376642306e753b8cea3092670059279650306b4fdd306430533068304c3067304d307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


