Tetrahedron Vol. 37, No 24, pp. 4151 to 4157, 1981
Printed in Great Britain.

0040-4020/811244151-07802.00/0
& 1981 Pergamon Press Ltd.

CYCLOADDITION REACTIONS OF 2,3-DIDEHYDROTHIOPHENE
GENERATED BY FLOW VACUUM THERMOLYSIS OF
THIOPHENE=-2,3-DICARBOXYLIC ANHYDRIDE

MANFRED G. REINECKE, JAMES G. NEWSOM,
AND K. ANDERS ALMQVIST

Department of Chemistry
Texas Christian University
Fort Worth, Texas 76129

(Received in USA 18 August 1981)

Abstract - Flow vacuum thermolysis (FVT) of thiophene-2,3-di-
carboxylic anhydride (2) in the presence of 2,3-dimethylbuta-
diene (g) gives, in addition to 5,6-dimethylthianaphthene (3),
small gquantities of a dihydrodimethylthianaphthene (12) and
another dimethvlthianaphthene (1 which is probably also
formed by dehydrogenation of éﬁ?%ith chloranil. The partial
structures of these minor products are consistent with their
being formed by a ([2+2]-cycloaddition between § and an inter-
mediate aryne, 2,3-didehydrothiophene (1), followed by a re-
arrangement of the resulting adduct l] and dehydrogenation,
FVT of 2 in the presence of 2,5- (17b) or 3,4-dimethylthiophene

2

22, which can be rationalized as arising by a [4+2]-"and
two [2+2]-cycloadditions of the aryne 1 to the thiophenes 17
with subsequent desulfurization.

(57c§ also gave a mixture of the diméthylthianaphthenes (18

The lack of equilibration of

the products 18, 22, and 23 was demonstrated and their origin
as a function of the structure and reactivity of the aryne/&;

discussed.

Five-membered hetaryne intermedi-
ates have proved to be nore elusivel
than their six-membered analogues.2
Recently, however, the intermediacy of
2,3-didehydrothiophene &il during the
flow vacuum thermolysis (FVT) of the
anhydride 2 was claimed based on the
i;olation of thianaphthenesﬁ%fwhen

various dienes 4 were used as trapping

0

=g
0

agents.3 The rationale for this reac-
tion was a [4+2]-cycloaddition of the
aryne ] and the diene 4 to give the
unisolated Diels-Alder adduct 3 which
aromatizes to the thianaphthenes 3.
Although [4+2]-cycloaddition reac-
tions with conjugated dienes are so well
known that they have been considered
diagnostic for arynes,4 the alternate
[2+2] -cycloadditions have alsc been ob-
served with certain dienes and a varie-

ty of benzyne precursors. For this
reason the reactions of the 2,3-dide-

hydrothiophene (1) with several dienes
was reexamined to determine if any evi-

dence for {[2+2]-cycloaddition could be

obtained.
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RESULTS AND DISCUSSION

2,3-Dimethylbutadiene (Sv. This diene

was the first to give both [4+2]- (l)
and [2+2]- g&) cycloaddition products
. 5
with benzyne. With the hetaryne 1,
~

however, the major product was 5,6-

A
> 2+2
=
A L

dimethylthianaphthene 3, which presum-
ably arose by dehydrogenation of the
{4+2]-adduct %9.3 Traces of two minor
products could be collected by pre-
parative vpc, neither of which dis-
played olefinic protons in the nmr and
hence were not the [2+2]-cycloaddition
products %&. Although these compounds
could not be isolated in pure form,
their mass spectral and nmr character-
istics were consistent with one being
a dihydrodimethylthianaphthene i% and
the other a dimethylthianaphthene %&.
The alternative 5,6-dimethyl compound
%2 was considered unlikely for the
former product since the methyl group
resonances would have been expected3’9
to be more equivalent than observed.
This conclusion was verified by a
chloranil dehydrogenation of 12 to a
dimethylthianaphthene clearly dis-
tinguishable from g by its distinct
methyl resonances and possibly iden-
tical to 13. A comparison with a syn-
thetic sample3 of 4,5-dimethyl-

thianaphthene (l13a) was inconclusive
RS d

4+2

—
—
(Y
P
—
o
N\

wogllic o

because of the lack of pure material.

Regardless of the exact structures
of 12 and 13, however, their formation

~v Pand
can be rationalized by a [2+2]-cyclo-
addition of 2,3-didehydrothiophene Al)
and 2,3-dimethylbutadiene Sé) to the
vinylcyclobutenes i& which then under-
go a rearrangement to }& analogous to
the benzene series (14-+15). Aromati-
ANA AN
zation of ia to the dimethylthianaph-
thene k;.follows, but apparently not as
easily as for 10-9 since this latter
A AV

dihydro compound is not found. Once
again this is analogous to observations
in the benzene series on the relative

ease of dehydrogenation of 15 and 16 to
la o d P ad

10
naphthalene.
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Dimethylthiophenes. In order to ob-

tain more definitive evidence on the
mode of cycloaddition to 2,3-dide~
hydrothiophene (1), the most efficient
"diene" trap discovered in the initial
study,3 thiophene éilié' was examined
in further detail. The reactions of
thiophene &%ZE) with the hetaryneak,to
give thianaphthene (}EE),3 or with ben-
zynes to give naphthalenes.11 have been
assumed to proceed by [4+2]-cycloaddi-
tion reactions via 19 followed by ex-
trusion of sulfur. 1In the absence of
a label, however, a pathway involving
the recently described [2+2]~cycloaddi-
tion-cycloreversion sequence via 20 or
%&swith subsequent desulfurization,12
cannot be excluded since the resulting
products ggg‘and'EQQ would be identi-
cal to %§g, thianaphthene. Consequent-
ly the FVT of the anhydride 2 in the
presence of the "labeled”2,5- (17b) and
3,4~dimethylthiophenes (ilsl was under-
taken. The results shown in Table I
permit several conclusions.

Table I

Product Ratios from the FVT of Anhydride
4.in the Presence of Dimethylthiophenes

Products from L?Qa l7gb
186 30 0
A8c = 9 0 40
%&2 = 23¢ S0 15
22¢ = 73 20 45
dTotal yield = 17%; Protal yield = 20%

4153

First of all, the only thianaph~
thenes formed are those predicted from
[4+2] ~cycloaddition gizg*;gg and ;257
18¢c) and the two possible modes of
{2+¢2] -~cycloaddition (17b+32b + 23b and

17¢+22¢ + 239) -

tiates the intermediacy of 2,3-dide-

This further substan-

hydrothiophene }_in these reactions
and also indicates that no wholesale re-
arrangement of methyl groups on the
thianaphthene ring is occuring.13
Secondly, the product ratios
clearly indicate a preference of {2+42]~-
compared to [4+2]-cycloaddition by a
ratio of 70:30 for 17b and 60:40 for
azg. The slightly greater proportion
of [4+2]-product from 17¢ is consistent
with reduced steric bulk at the 2- and
5-positions. That the observed ratios
are not the result of product equili-

bration was demonstrated by the con-

stancy of other compositions of mix-
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tures of 18b, 22b, and 23b under FVT

14

conditions. It is conceivable, but

unprecedented,15 that some of the [4+2]-
productslkg might arise by diversion

to the adduct 19 of biradical inter-
mediates such as 24 or g; from a step-

16
wise [2+42]) -cycloaddition pathway.

Another, this time precedented,l7
possibility for thé formation of 19
would be the isomerization of the ini-
tial adducts ig and 27 of a concerted
[2s + 2a]—cycloaddition18 of il and’i.
Since there is no evidence supporting
or denying these possibilities, how-
ever, the only conclusion to be drawn
is that the observed product ratios
(Table I) represent a minimum of re-
action proceeding by a [2+2]-cyclo-
addition pathway. Finally, it appears
that for both %ZR and klg the [(2+2]-
cycloaddition mode which leads to ggﬁ
is favored over the one which gives %2
by factors of 2.5:1 and 3:1, respec-
tively. Once again, the stability of
the products under the FVT conditions
demonstrates the validity of these
ratios as measures of reactivity, not
product stability.

One rationale for the unique
characteristics of these cycloaddition
reactions is based on the structure of
the intermediate aryne, 2,3-didehydro-
thiophene S&). The high proportion of
{2+2]- vs. (4+2]-cycloaddition may re-
flect an increased tendency ofnkfto
participate in stepwise diradical16 or
dipolar19 [2+42]-cycloaddition reactions
because of an increased diradical (la)

or dipolar (}B, lc) character. This
A

2at2s
RI ! .R' RI
I 0— [
AR
27 25

might come about because of the pro-

bably greater separation of the aryne
orbitals and/or their interaction with
the sulfur atom.l Alternatively, the

antisymmetric combination (}E) of the

aryne orbitals might be of lower energy

1d

le
A~ P A
than the symmetric one (}s), similar
20
to l,8-didehydronaphthalenelzg, so
that the [2+2]-cycloaddition reaction
would now be the lower energy, concer-
2 . .
ted process. 1 Both the diradical and
symmetry explanations have been pro-
posed to explain the sterospecificity
of cycloaddition of 23 to simple al-
22
kenes

and its preference for 1,2-

over l,4-addition to conjugated
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dienes.23 Although molecular orbital

24 . R
calculations  predict that 2,3-didehy-
drothiophene (&J has a singlet ground
state, a low-lying triplet is avail-
able which might become more signifi-

. oo . 25
cant if geometry optimization and/or
26
configuration interaction were in-
cluded. Unfortunately these more so-
phisticated calculations are not yet
available, and an experimental probe
of the concertedness of the [2+42])-
cycloaddition reaction requires the
development of alternate methods of
generation of the aryne Akso that the
initial adducts and their stereo-
14,19
chemistry can be investigated.
16
If, by analogy to berzyne, a
stepwise biradical mechanism of ([2+2]-
cycloaddition is assumed, and if the
attack of the aryne‘$~on the thiophene
iz parallels the preferential attack
28
of aryl and heteroaryl radicals on
the 2-position of thiophenes, then the
observed preponderance of 22 over 23
v ~»n
indicates that of the two possible bi-
radical intermediates, 24 and A5, the
Pl
former is the major one. This pre-
ference would be consistent with a
polarized aryne k{ reacting at its more
electrophilic 3-position with the nu-
cleophilic thiophenes %Z' A'dipolar
. 29
version

of the above analysis is

equally tenable and would suggest a

60 6-
= 2.

[and

major contribution of ;Q to the struc-
ture of 2,3-didehydrothiophene (}J.
Stabilization of negative charge adja-
cent to a thiophene sulfur atom as in
%B or %g'is well-known, but the
only available molecular orbital cal-
culations24 seem to prefer the alter-

nate formulation 19. Once again more

sophisticated calculations 226 are
called for.

The possibility must not be over-
looked that the observed ratios of
cycloaddition products iﬁ, 33 and 23
may be totally or partially due to the
reaction conditions. For example, at
the high temperatures of these FVT ex-
periments3 the enthalpic advantage
afforded a concerted [4+2} compared to
a stepwise [2+2]—cycloaddition21 may
no longer be significant compared to
the probably higher entropic con-
straints imposed on the former by its
highly oriented transition state.31
Consequently the proportion of [2+2]-
derived products 33 and galmay increase
with increasing temperature. Unfortu-
nately the range of temperatures in
which the FVT of the anhydride 2, could
be studied was limited by the stability
of the products. Nor are any pertinent
temperature studies available for other
arynes. Although reaction conditions,
therefore, cannot be excluded as being
significant, the fact that under these
same conditions 2,3-dimethylbutadiene
(,'6.') and,‘]'.vgive a much lower proportion
of [2+2)-derived products (;g or ig)

than is obtained from benzyne5 does

seem to indicate that either the nature



4156 M. G. REINECKE et al.

of the aryne or of the diene is a more FVT Reactions. The apparatus, procedure
i and general workup procedure hive been
important factor. described in detail elsewhere.
. . . FVT of 2,3-Thiophenedicarboxylic Anhy-
This last possibility implies dride (2) in the Presence of 2,3-
. Dimethylbutadiéne (g] . Preparatiye GC
that thiophenes prefer to react with of the worked up reaction mixture® from
600 mg (3.9 mmol) of the anhydride 2
arynes or other dienophiles by [2+2]- separated three peaks with retention
times of 15, 17 and 17.5 m. The second
rather than [4+2]-cycloaddition. and major peak (80 mg, 13%) was identi-
fied as 5,6-dimethylthianaphthene (9)
Although this is true for polar by comparison3 of its mp, IR, NMR, and
) 12,32 MS with those_of an independently pre-
thiophenes and dienophiles, ' a pared sample. The first peak (10 mg,
33 1.5%) had a slight shoulder due to an
recently completed study = reveals impurity but appeared to be a dihydro-
) dimethylthianaphthene (12): NMR 1.90
that for benzyne and a variety of {s,3H), 1.98 (s,3H), 2.2-2.8 {(m,4H),
7.3 (s,2H); MS 166(5), 165(10),
substituted thiophenes the [4+2]- 164(68), 149(100), 134(15), 115(20),
97 (100), 58(22), 45(39), 43(90), 41(30),
cycloaddition is substantially pre- 39(95). The last peak (5 mg, 0.8%)
also gave evidence of the presence of
ferred. It therefore appears that impurities in the GC, but its spectral
properties pointed to a dimethyl-
the best explanation for the cyclo- thianaphthene Li’ NMR 2.48 (s, 3H),
. 2.58 (s,3H); MS 164(6), 163(11),
addition reactions described in this 162(100), 161(58), 147(60), 134(60),
128(21), 115(100), 81(42), 69(50), 65(15),
paper is one based primarily on the 51(49), 45(35), 39(45).

Dehydrogenation of the Dihydrodimethyl-

reactivity and structure of the aryne, thianaphthene (!%5. To a 10ml Elask
fitted with a reflux condenser and pro-

2,3-didehydrothiophene (1). tected from moisture with a calcium
~ chloride drying tube was added 10mg of
EXPERIMENTAL SECTION impure dihydrodimethylthianaphthene L2
and 13.5mg (.06mmol) of chloranil in 4ml
Infrared spectra (IR) were re- of benzene. The mixture was refluxed
corded on Beckman IR-10 or 33 in- for 2 hr and then triturated with 1ml
struments as thin films between NaCl of 10% sodium hydroxide followed by
plates or as 1% dispersions in a KBr 10ml of water. This solution was ex-
disk. The instruments were calibrated tracted with 2 X 15 ml portions of
with a polystyrene film and the ab- ligroin. The combined organic fractions
sorbtions are given in cm.” Mass were dried over magnesium sulfatec and
spectra (MS) were obtained on a the solvent removed by rotary evapo-
Finnigan 1015 S/L instrument at 70eV ration leaving approximately 4mg of a
and are reported as m/e (relative gummy dimethylthianaphthene, possibly
intensity). All peaks greater than 13: NMR 2.46 (s,3H), 2.53 (s,3H), 6.8-
and some less than 10% of the base 7.4 (m,4H); MS 164(6), 165(13), 164(100).
peak are reported. NMR spectra were Insufficient quantity and quality of
obtained on a Varian A-60A instrument this sample precluded a firm assignment.
in deuteriochloroform and are expres- FVT of 2,3-Thiophenedicarboxylic
pressed in § relative to internal Anhydride (2)in the Presence of 2,5-
tetramethylsilane. The apparent Dimethylthiophene (l7B). Preparative
first-order coupling constants ("J") GC of the worked up reaction mixture
are in Hz. Gas chromatographic from 60mg (3.9mmol) of the anhydride 2
analyses were performed on an Aero- gave four peaks with retention times
graph Autoprep A-700 instrument with of 14, 15, 17, and 19m. The first was
an 18ft x 0.25 in. column of 25% identified as 4,7-dimethylthianaphthene
PPE on Chromosorb W at 185-19¢°. (18b), 32mg (5.1%): NMR 2.50 (s,3H),
Melting points were obtained on a 2,52 (s,3H), 7.03 (s,2H), 7.41 (s,2H);
Thomas-Hoover apparatus and are un- MS 164(6), 163(13), 162{(100), 161(70),
corrected. 149(6), 148(12), 147(100), 128(18),
Materials. Thiophene-2,3-dicarboxylic 115(20), 103(10), 120(12), 91(10),
anhydride (2) was pregared from the 89(10), 86(63), 84(82), 51{44), 49(93),
corresponding diacid3? as previously 47(61), and 32(15) (picrate mp 133-34°;
described. 2,3-Dimethylbutadiene lit. 133-135.5°C). The second peak
() was obtained from Matheson and was identified as 6,7-dimethylthianaph-
2,5-dimethylthiophene (l7b) was syn- thene (23R), 2lmg (3.4%): NMR 2.42
thesisgd from 2,5-hexanedione and (s,34), 2.54 (s,3H), 7.28 (s,2H), 7.18
PySg. The preparation of 3.4—‘ and 7.58 (AB quartet, 2H, J=8.5); MS
dimethylthiophene (17¢) was carried identical to J8b, with only slight
out in 56% yield from n-butyllithium, variations in relative_intensities
dimethylsulfate_and 3-bromo-4- {picrate 122-24° 1it.38 122-123.5°C).
methylthiophene3® accordigg to the The third peak (53mg 8.5%) was identi-

procedure of Janda et al. fied as 4,5-dimethylthianaphthene
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{e2b), by comparison of its NMR and
picrate mp (110.5-111.5°) with an
authentic sample. The fourth peak
is an artifact formed during the FVT
of 2,5-dimethylthiophene (17b) alone.
FVT of 2,3-Thiophenedicarboxylic
Anhydride (2} in the Presence of 3,4-
Dimethylthicophene (ljg). Workup of
the FVT reaction from 103mg (0.67mmol}
of the anhydride g gave 22mg of a
product which on GC analysis gave
three peaks identified as the di-
methylthianaphthenes 22¢. 18¢ and 43¢
by comparison of retention time with
those of the samples prepared as
above (2g¢ = 23b: 18g =9 23¢ = 22R)
in a ratio of 45:40:15, respectively.
Product Stability Studies. Both
40:40:20 and 30:20:50 mixtures of

the dimethylthianaphthenes }gg, g;g,
and 22b, respectively, were un-
changed in composition on passage
through the FVT apparatus under the
usual conditions (500°C). At 650°,
however, the latter mixture changed
to a 20:44:36 composition due either
to isomerization or selective de-
composition to non-GC-detectable
products.
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