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Abstract - The concept of continuity and discontinuity of the cycltic conjugation
provides us a reliable way of predicting the cycloadditivity of five-membered

heterocyclic compounds as 4m-source in the cycloaddition.

The ever-increasing interest in the chemistry of cycloaddition has led to a continuing search
for new and reactive diene components that can be applied to carbon skeleton constructions. Use of
cyclopentadienones as potential 4n source achieved great success in the field of strained cagemole-
cules which are used for a model of selar energy storing 5ystem5.1 In this sence, many attempts have
been made to use conveniently available five-membered heterocyclic compounds as the four carbon (4C)
source. However, many workers have recorded a lack of success in the attempted reactions of the com-
pound with dienophiles. In general, these reactions are expected to be difficult. Few examples are
known of reactions with this class of compounds. Exceptions perhaps are the cycleaddition of elec-
tron-deficient dienophiles and furans.2

Taking thought for this siteation, it seems to be necessary to make a comprehensive compila-
tion of the scattered reports to establish a principle for prediction of reactivity of the five
membered heterocyclic compounds. We wish to present here a report on employment of the concept of
the cyclic conjugation3 in designing powerfull 4C-synthon using thiophene derivatives in comparison
with the previous works.4

For the prediction of cycloadditivity of diene and dienophile, frontier molecular orbital (FMO)
theury5 is very useful and provides us a simple but a reliable way of predicting the reactivity of
reactants in the cycloaddition by inspection of their FMO Tevels and coefficients. If only frontier
orbital separation was considered,6 unsubstituted thiophene {1a) (HOMG -11.9 eV), which has HOMO level
ca. 1 eV higher than butadiene (HOMD -13.0eV¥}, would be expected to behave 1ike a conjugated alkene
with LUMO-controlled dienophiles. However, in general, these reactions could rotbe observed (Figure ).

In expectation of enhancement of the reactivity toward electron-rich species such as seven-
membered ring unsaturated compounds, we have undertaken the synthesis of thiophene derivativeswith
a low LUMO energy level by introducing the electron-attracting substituents. On the contrary to the
expectation, 2,3,4,5-tetrakis{methoxycarbonyl}thiophene {Ib) also did not show any reactivity to-

ward good donor dienophiles such as alkyl vinyl ether or N-vinylcarbazole. On the other hand, elec-
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Flgure 1. Frontier orbital energy levels calculated by the CNDO/Z2 MC method.

tron-rich disubstituted thiophenes with amino group were reported to act as diene toward electron-
deficient dienophiles under severe conditions to give the desulfurized adctucts.7 Thus, the cyclo-
addition behavior of thiophene derivatives has been outstandingly puzzling for synthetic chemists.

Recently, Inagaki and Hirabayash13 reported that the degree of cyclic electron delocalization
depends on mode of donor-acceptor arrangements of component systems as well as orbital phase conti-
nuity requirements and a novel notion of continuity-discontinuity of cyclic conjugation is able to
be employed in predicting electron properties of unknown molecules without nuisance theoretical
calculations,

In thiophene (Ia), electron-donating sulfur lone pair electrons and electron-accepting C=C

bonds are donor (D} and acceptors (A's}), respectively. The cyclic conjugation is continuous and
Y
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the orbital phase continuity requirementsB are satisfied responsible for aromatic electron system,
In 2,3,4,5-tetrakis{methoxycarbonyl }thiophene (Ib}, electron delocalization is expected to be

more extensive, in which replacement of hydrogens by powerful acceptors makes effective donor-
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9 possible. By contrast, in 2,5-diaminothiophene (Ic), donor-acceptor inter-

acceptor interaction
action does not occur effectively to result in the destabilization of the cyclic three-system
interaction. The localization of the electron destroys the aromatic character of thiophene to allow
it to act as donor-diene, According to the CNDO/2 MO calculation on 2,5-diaminothiophene (Ic), con-
siderable energy raising is observed; the calculations indicate 2.6 and 0.94 eV raising of the HOMO
and LUMO for Ic respectively as compared to unsubstituted thiophene (Ia). This fact suggests that
2,5-diaminothiophene {1lc) s expected to react merely with electron-deficient dienophiles but to
show 1ittle reactivity toward electren-rich dienophiles.

Thus, a clear-cut difference between 2,3,4,5-tetrakis(methoxycarbonyl)thiophene (Ib) and 2,5-
diaminothiophene (Ic) in the cycloaddition behaviors most elegantly can be accounted for by the
concept of the cyclic conjugation. Thus, we can draw the conclusion that thiophene-1,t-dioxides {II}
serve our purpose. Indeed, thiophene-1,1-dioxides {Ii} are predicted to be localized m-electron
system: the cyclic conjugation is continuous as im cyclopentadienones {III), but the orbital phase
continuity requirements are not satisfied suggesting that thiophene-1,1-dioxides {II) no longer
show arcmatic character. As shown in Figure 1, in the 1ight of the very low LUM0, thiophene-1,1-di-
oxides {I11) should be more readily trapped by electron-rich dienophiles than other 4m-components,
e.g., tetracyclone and 2,5-d1'rnethy1-3,4-diphen_y1cyc1opentad1‘enone.4c

There are several efforts to attempt to use thiophene-1,1-dioxides (11) as 4w-component in the
cycloaddition reaction, in which subsequent inter- or intramolecular cycloaddition may be expected
between another dienophile or the remaining m-electron system and the diene from the primary adduct
by extrusion of sulfur dioxide. However, such efforts have ended in failure except a few example

lo Quring the course of these studies,

because of difficulty of obtaining the corresponding sutfone.
a synthetic method of several halogenated thiophene-1,1-dioxides by direct oxidation of the corres-
ponding thiophenes with m-chloroperbenzoic acid has appeared.”

The CNDO/2 MO calculation (Figure 1) indicates a 1.7 eV lowering of the LUMO for 2,3,4,5-
tetrachlorothiophene-1,1-dioxide {I1Ia) as compared to that for 2,5-dimethylthiophene-1,1-dioxide
(IIb) which have previously been used as a diene source in the cycloaddition reaction.]2 Interest-
ingly, the calculated energy of the HOMO orbital of IIb {(-11.9 e¥) is nearly identical to that of
2,5-dimethyl thiophene (-11.8 e¥). Substitution at the 2,5-position by alkyl groups may cancel a
large lowering effect of sulfone group on the FMO energy resulting in Tow reactivity toward elsc-
tron-rich alkenes, In fact, Ilb reacts with electron-deficient dienophiles, e.g., maleic anhydride,
to give double Diels-Alder adduct and shows reactivity only toward potential electron-rich dieno-
phite, e.q., 6-dimethylaminofulvene to give azulene derivative.12

For the quantitative assessment of the additivity of Ila, the kinetic study was carried out.

The substituent effects of styrene on the cycloaddition reaction rates were examined by plotting
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rich styrenes react much faster with Ila than the electron-deficient ones. This fact may be attrib-

Tog k/kH against o As can be seen in Figure 2, Tinear correlation was obtained. The electron-

uted to the change of the frontier energy level on introduction of the substituent on styrene,
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Figure 2. Plot of log k/kH agolnstGi; for cycloaddition of
Ila with p-substituted styrenes.

wherein the interaction of the diene LUMO with the dienophile HOMO is greatest. The behaviorof Ila
with various styrenes is explained in terms of an "inverse" type reaction in Sustman's classifica-

tion of Diels-Alder reaction which is devided into three types, depending on the relative disposi-
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Scheme I. Pericyclic Reactions of Ila
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tion of diene and dienophile frontier orbitais. The activation parameters (Ea = 12.4 kcal/mol and
AS+ = -34 eu) for the reaction of 1la with styrene are almost same as those of usual Diels-Alder
reactions.14 Based on these thegretical expectation and experimental data, we have undertaken to
investigate the cycloadditivity and periselectivity of Ila toward a series of medium-membered ving
unsaturated compounds, which has not been ever studied systematically. The results are summarized
in Scheme I..|5

In conclusion, 2,3,4,5-tetrachlorothiophene-1,1-dioxide (11a) shows high reactivity and selec-
tivity toward seven-membered ring unsaturated compounds such as cycloheptatriene, fulvene, azepine,
and cyclooctatetraene in their pericyclic reactions. The source of the high reactivity and specifi-
city of IIa in the cycloadditions will be not only due to the narrow frontier orbital separation
but also due to the effectiveness of secondary orbital interaction assisted by a coplanarity effect.4a

Thus, thiophene-1,1-dioxides are promising reagents for the pericyclic reaction as well as
cyc1opentadienones,e.g.,2,5-bis(methoxycarbony1)-3,4—dipheny1cyc]opentadienone(IIIa)4b. The more
reactive derivatives are expected to be synthesized.

Besides this work, we successfully accounted for a hitherto unexplained experimental observa-

16

tion of cycloadditien behavior of 6-dimethylaminofulvene with several dienes, - which will be des-

cribed in a forthcoming paper.
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