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Diels-Alder Reactions of Thiophene Oxides Generated in situ
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Oxidation of thiophenes with m-Cl-perbenzoic
acid in the presence of quinones gives sulfoxide-
bridged adducts and naphtho- or anthraqui-
nones. Benzoquinone and thiophene give un-
expectedly juglone in a yield of ca. 20 9% among
other products. Thiophene sulfoxide is a very
unstable and reactive intermediate.

By engaging the lone pairs of the thiophene
sulfur in bond formation, the aromatic stabiliza-
tion is destroyed and the double bonds receive
more diene character. This is borne out in the
properties of thiophene sulfoxide! and thio-
phene sulfone * which are unstable and have
not been prepared in a pure state. They dimer-
ize in a Diels-Alder fashion (1) and have thus
both ene and diene properties.* A few stable
substituted thiophene sulfones have been pre-
pared.* It therefore seemed reasonable to an-
ticipate the formation of Diels-Alder adducts
when the sulfoxide was generated in presence
of suitable enes.

Thiophene was treated with two equivalents
of m-chloroperbenzoic acid in methylene chlo-
ride at 0 °C for 48 h in the presence of phenyl-
acetylene, ethyl propiolate, or acrylonitrile, but
none of the expected cyclic derivatives were
obtained. A reaction occurred with quinones
but it took a somewhat unexpected course.
The .major product from benzoquinone, thio-
phene, and m-chloroperbenzoic acid (1:1:2.4)
was juglone I (21 %), naphthoquinone 2, and
traces of a compound thought to be acylated
juglone. The presence of the adduct 3 was
proved spectroscopically in the crude product.
It was isolated in a pure condition (ca. 20 %)
by using chloroform as the reaction medium.
When thiophene was oxidized separately at
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0 °C overnight and benzoquinone then added,
no adduct or naphthoquinones could be de-
tected, which shows that thiophene sulfoxide
is shortlived and reactive even at 0 °C. There
is a competition between S- and C-hydroxyla-
tion. The latter occurs at an early stage of the
reaction since naphthoquinone is stable to the
peracid under the reaction conditions. 3 de-
composed slowly on standing, forming: 2 as
one of the products, but no juglone 1 could
be detected by TLC. Refluxing 3 in chloroform
in the presence of m-chlorobenzoic acid did
not produce juglone, i.e., it is not formed via
a Pummerer rearrangement but it was slowly
formed together with naphthoquinone (2:1) by
the action of peracid on 3 at 0 °C. Alternatively,
juglone could arise from the Diels-Alder
reaction of 2-hydroxy (or benzoyloxy) thio-
phene oxide. 2,5-Dimethylthiophene gives a
stable sulfone,® which was found to react very
slowly with benzoquinone at room temp. Re-
fluxing in chloroform overnight was necessary
to bring about the formation of 6. When 2,5-
dimethylthiophene was oxidized at 0 °C in
the presence of benzoquinone, the adduct 4a
was obtained in a yield of 33 9, but neither
2,5-dimethylthiophene sulfone nor 6 could be
detected in the crude reaction mixture, 7<.e.,
the thiophene sulfoxides are much more re-
active enophiles 'than are the sulfones and
furthermore, the naphthoquinones produced
are not formed by initial oxidation of the
thiophene to the sulfone followed by Diels-
Alder addition and splitting off sulfur dioxide.
6 was stable in the presence of trifluoroacetic
acid but decomposed in contact with silica and
in basic solution forming 5a as one of the
products. Prolonged refluxing of 6 in chloro-
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form gave Sa, whereas under these conditions
4a is practically not affected. After 5 h reflux
of 4a in toluene only ca. 18 9, of 4a decomposed.
Thus the sulfone bridge is considerably more
unstable than the sulfoxide bridge, a circum-
stance that was noted earlier.* The possibility
remains that the naphthoquinones are formed
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via an oxidation of the sulfoxide bridge to a
sulfone function. The most plausible routes to
the naphthoquinones are depicted in (2).
From toluquinone a mixture (crude yield
ca. 30 %) was obtained of 2-methylnaphtho-
quinone and its 5- and/or 8-hydroxylated
derivatives which were difficult to separate.

R, gz 0 R, 0
Ry R, R,
= peracid . (3)
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Ry R O Ry O
ba-c Sa-e
da, 5a R,=R,=CH; R;=H
4b, 5b R;=CH,; R,=R;=H
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Addition to the methyl side of toluquinone
was not observed.

A series of substituted thiophenes were ox-
idized in the presence of benzoquinone as
dienophile. 2-Carbomethoxy-, 2,4-diphenyl, and
2-phenylthiophene gave no adducts, but small
amounts of the corresponding naphthoquinones
could be isolated from 2,5-diphenyl- and 2,5-
dichlorothiophene. The oxidation of thio-
phenes with electron withdrawing groups is
slow. Better yield of the adducts (4a—c) was
obtained from the methylated thiophenes.

Following the principle of maximal z-orbital
in the transition state of the diene reaction,
the adduct was given the configuration depicted
in (3). This is in agreement with the NMR data
for 3. In similar systems,® Jspex0) 3—4 Hz
and J; gendoy ~0 Hz. The configuration of the
SO group is unknown. Only one isomer was
obtained except in the reactions with 3-methyl-
thiophene, where the NMR spectrum of the
crude product indicated the presence of two
isomeric products (~10:1), of which only the
most abundant one was isolated in a pure
condition.

Naphthoquinone, thiophene, and peracid
gave anthraquinone, 7a (25 or 58 9, based
upon recovered naphthoquinone), but no 1-
hydroxyanthraquinone could be isolated. The
methyl substituted thiophenes gave anthra-
quinones, 7b—7¢, in a total yield of ca. 10—
20 %, and also some hydroxylated derivatives.
Considerable amounts of adducts with the
sulfoxide bridge retained were also formed
(NMR), but they decomposed slowly to in-
tractable material and were not isolated in a
pure state.

J,2=4.0 Hz; J,~J, ~Jd, ,~0 Hz
J,3=8.7 Hz; J,;~J, (~0 Hz
J,5=0.9 Hz

J,=4.8 Hz

J5¢=10.2 Hz
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EXPERIMENTAL

Juglone, 1, naphthoquinone, 2, and adduct 3.
A mixture of thiophene (0.84 g, 10 mmol),
benzoquinone (1.08 g, 10 mmol), and m-chloro-
perbenzoic acid (5.0 g, ca. 81 %, 25 mmol)
in methylene chloride (35 ml) was stirred for
2 days at 0 °C. The precipitated m-chloro-
benzoic acid was filtered off, the solution
washed with aqueous sodium bicarbonate,
dried over sodium sulfate, and evaporated in
vacuo. Ethanol (4 ml) was added and the solu-
tion was left standing in the freezer (— 15 °C)
overnight. I (320 mg) precipitated, contam-
inated with 2 (ca. 10 %). A second crop of
crystals (180 mg) could be obtained by partial
evag)ora.tion of the filtrate consisting of 1 (ca.
40 9), 2 (40 %), and benzoquinone (20 %,
NMR). The yields of juglone and naphtho-
quinone were 21 and 7 9%, respectively. The
identity of juglone was verified by comparison
with an authentic sample. The NMR spectrum
of the crude reaction product showed the pres-
ence of the adduct 3. Preparative TLC of a
sample of the crude product gave also a small
fraction which according to the IR spectrum
appeared to be m-chlorobenzoyl juglone. It
was not investigated further.

Preparation of the adducts, 3, 4b, and 4c.
Chloroform was used as solvent for the thio-
phene oxidation described above. The same
work-up method was followed. Acetonitrile
(1 ml) and then ether (12 ml) were added to
the crude product obtained after evaporation
of the chloroform. 3 (0.44 g, 21 9,) precipitated
as dark-brown crystals after standing over-
night in the freezer. 3 was guriﬁed by dissolv-
ing in acetonitrile (2 ml) and precipitation with
ether, m.p. 129 °C, brown ecrystals. (Found:
C 57.69; H 3.97. Cale. for C,;H,80,: C 57.69;
H 3.84). NMR (CDCl,;): 6 3.99 (2 H, distorted t),
4.31 (2 H, m), 6.20 (2 H, distorted t), 6.79
(2 H, s). Evaporation of the ether filtrate and
chromatography of the remainder on silica
gave 0.2 g of a mixture of I and 2 in the qui-
none fraction.

4b (24 %) m.p. 133—135 °C, and 4c (18 %)
m.p. 124—126 °C, were prepared from 2.
methylthiophene and 3-methylthiophene, re-
spectively, according to the same procedure.
(Found for 4b: C 59.35; H 4.55. Found for 4c:
C 58.78; H 4.60. Calc. for C,,;H,,S0,: C 59.45;
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H 4.50). NMR (CDCl,), 4b: 6 1.75 (3 H, s,)
3.5 (1 H, d), 4.1 (2 H, m), 6.16 (2 H, m), 6.73
(2 H, s). NMR (CDCl,), 4c: 6 1.74 (3 H, d,
J=1.6 Hz), 3.9 (2 H, m), 4.15 (2 H, m), 5.77
(1 H,d,t, J=1.6 and 4.3 Hz), 6.78 (2 H, s).

Evaporation of the ether filtrate and chro-
matography on silica (CHCl, - light petroleum,
1:1) gave a crude quinone fraction, ca. 0.3 - 0.4 g.
2-Methylthiophene gave 5-methylnaphtho-
quinone, §b, (90 mg), m.p. 119—122 °C (lit.”
121-122 °C) and 5-methyl-8-hydroxynaphtho-
quinone, 5d, (40 mg), red-yellow needles, m.p.
160—163 °C, NMR (CDCl,), 6d: § 2.61 (3 H, s),
7.15 and 7.43 (2 H, AB-system, J,5=28.6 Hz).
3-Methylthiophene gave 6-methylnaphthoqui-
none, ¢, (170 mg), m.p. 86— 88 °C (lit.® 90—
91 °C) and 5-hydroxy-6-methylnaphthoqui-
none, fe (30 mg), m.p. 107—109°C; UV (EtOH),
be: Ayae 219, 252, 434, £ 4.20, 4.13, 3.62; NMR
(CDCl,), be: 6 2.36 (3 H, s), 6.94 (2 H, s), 7.54
(2 H, s); mol.weight 188 (MS).

The yields of the naphthoquinone derivatives
were raised somewhat when the reaction was
performed in chloroform, but the adducts were
more difficult to isolate.

Preparation of adduct 4a. m-Cl-Perbenzoic
acid (3.5 g, 80 9%,) were added to 2,5-dimethyl-
thioghene (2.3 g) and benzoquinone (2.15 g) in
methylene chloride (50 ml) at —10 °C. After
2 h at 0 °C a further portion of the peracid
(3.5 g) was added and the mixture was stirred
at 0 °C for 36 h. The precipitated m-Cl-benzoic
acid was filtered off and the chloroform solu-
tion extracted twice with sodium bicarbonate
solution, dried, and evaporated ¢n vacuo. Ad-
dition of ethanol (5 ml) and carbon tetrachlo-
ride (10 ml) gave Sa (1.3 g) on cooling. Evap-
oration of the filtrate and preparative TLC of
the remainder (SiO,, CHCl;) gave another 0.2 g
of 4a. The total yield was 33 9%. 4a was re-
crystallized from acetonitrile adding some ether
to the solution, m.p. 139 °C. (Found: C 61.03;
H 5.34. Cale. for C,,H,,0,8: C 61.00; H 5.12).
NMR (CDCly): é 1.67 (6 H, s), 3.58 (2 H, s),
6.04 (2 H, s), 6.67 (2 H, s). The fast-going TLC
fraction gave 100 mg of the naphthoquinone
ba, m.p. 121 -122 °C (lit.® 124 — 125 °C).

Preparation of 4f and 5f. A mixture of 2,5-
dichlorothiophene (1.5 g, 10 mmol), benzo-
quinone (1.1 g, 10 mmol), and m-chloroper-
benzoic acid (4.6 g, 80 %, 23 mmol) in meth-
ylene chloride (40 ml) was kept at room temp.
for 2 days and then refluxed for 6 h. After the
usual work-up, a mixture of 4f (40 %) and 5f
(60 9%) (0.2 g) precipitated from the ethanolic
solution (5 ml) in the freezer. §f dissolved in
carbon tetrachloride and was recrystallized
from ethanol, yellow needles, m.p. 168— 169 °C
(lit.»® 173 — 174 °C). 4f, which is sparely soluble
in carbon tetrachloride, was recrystallized from
acetonitrile, yellow cubes, dec. 135 °C. (Found:
C 43.88; H 2.45. Calc. for C,,H,0,SCl,: C 43.34;
H 2.17). NMR (CDCl,): 6 4.00 (2 H, s), 6.36
(2 H, 8), 6.84 (2 H, s).

5,8-Diphenylnaphthoquinone 5g was obtained
in a yield of 8 9, using the preceding method
(reflux 2 h) and preparative TLC of the crude
reaction mixture from the work-up, m.p. 142 —
143 °C (lit.1! 141-— 142 °C).

Anthraguinone Ta. Naphthoquinone (1.58 g,
10 mmol), thiophene (0.85 g, 10 mmol), and
m-chloroperbenzoic acid (5.5 g, 80 9%, 28 mmol)
in methylene chloride were stirred for 2 days
at 0 °C. After the usual work-up, methanol
(20 ml) was added to the remainder of the
evaporated chloroform extract and from the
cooled solution 0.6 g 7a, m.p. 284 °C, precipi-
tated, identical with an authentic specimen.
Naphthoquinone (0.7 g) was isolated by pre-
parative TLC from the evaporated filtrate.

1-Methyl anthragquinone 7b. A stirred mixture
of naphthoquinone (1.58 g, 10 mmol), 1-meth-
ylthiophene (1.0 g, 10 mmol), and m-chloroper-
benzoic acid (4.6 g, 80 9%, 23 mmol) in meth-
ylene chloride (50 ml) at 0 °C, 2 days, gave
after usual work-up a crude product (the NMR
spectrum showed the presence of considerable
amounts of the adduct which was not isolated
in a pure condition), which was chromato-
graphed on silica (CHCl, — light petroleum, 2:1).
The quinone fraction (0.39 g) contained 7b
(ca. 70 %), naphthoquinone (ca. 30 %), and
traces of a hydroxylated anthraquinone. 7b
was recrystallized from ethanol, m.p. 170—
172 °C (lit.12 171—173 °C).

2-Methylanthraquinone Tc was obtained in a
similar manner from 3-methylthiophene. The
chromatographed quinone fraction (0.52 g from
3-methylthiophene (1.0 g), mnaphthoquinone
(1.6 g) and perbenzoic acid (4 g)), contained ca.
65 9% 7c¢, 35 % naphthoquinone, and traces of
a hydroxylated anthraquinone. Recrystalliza-
tion from ethanol gave pure 7c, m.p. 177—179
°C (lit.2® 178 — 179 °C).

2,6-Dimethylthiophene sulfone * was prepared
by oxidation of 2,5-dimethyl thiophene (5 g)
with m-chloroperbenzoic acid (26 g ~ 70 9, ca.
2.3 eqv.) in methylene chloride (100 ml) at
0 °C for 48 h. The suspension was filtered and
the filtrate washed with aqueous sodium bi-
carbonate. The solvent was evaporated. The
product which solidified in the refrigerator
could be recrystallized from methanol giving
2.2 g of pure sulfone. NMR (CDCl;): 6 2.10
(6 H,d, J=0.8 Hz), 6.31 (2 H, q, J=0.8 Hz).

The Diels-Alder adduct 6. 2,5-Dimethylthio-
phene sulfone (1.1 g) and benzoquinone (1.0 g)
were refluxed overnight in chloroform (20 ml).
The solvent was evaporated and cyclohexane —
carbon tetrachloride (2:1, 10 ml) was added
and the black precipitate filtered off. Evap-
oration and recrystallization from ethanol
(5 ml) gave the adduct 6 as yellow crystals,
m.p. 59—60 °C, 0.8 g. NMR (CDCl,): ¢ 1.82
(6 H,s), 3.52 (2H,s), 5.82 (2H,s), 6.72 (2 H, s).
Evaporation of the solvent gave a yellow oil
of impure adduct, contaminated by some ben-
zoquinone and traces of 5,8-dimethylnaphtho-
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quinone. The highest peaks in the MS cor-
respond to M—80, and M—H,SO, (equal to
naphthoquinone).
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