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Preparation and identification of the first {2.2.0]-
hexa-2,5-diene (“Dewar benzene”) (1) was announced
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in 1962.%? During the ensuing years there were un-
covered, both in our laboratory and elsewhere, a variety
of other valence bond 7somers of aromatic systems, many
of remarkable structure and surprising stability. In
this Account, we trace the main thread of our own
endeavor, as it is now woven into the fabrie of the work
of others.

In view of the variety of known benzenoid, naph-
thalenoid, and other polycyclic aromatic types as well
as heterocyclic, nonbenzenoid aromatic, and homo-
aromatic systems, the number of valence bond isomers
of aromatic structures is virtually limitless, including
mono-, bi-, and tricyelic versions of monocyclie (2 +
4n)-m-electron parents. At the present time members
of all three categories are known, although the most
numerous are the monocyclic cases. Nomenclature
systems have been suggested,®* and orbital symmetry
aspects of the observed or hypothetical interconversions
of aromatic and valence bond isomeric species have been
discussed.®*

During the early 1960’s we selected two aromatic
valence bond isomer cases for study; the bicyclo-
[2.2.0]hexa-2,5-diene (“Dewar benzene”) system and
the 9,10-dihydronaphthalene system (2), valence bond
isomeric with the cyclodecapentaene type (3). By
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1962, the preparation and characterization of 1,2,5-tri-
tert-butylbicyclo[2.2.0thexadiene (4) were complete,!
and in the following yvear the synthesis and structure
proof of parent “Dewar benzene’”® and parent ¢is-9,10-
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dihydronaphthalene® were reported. Concurrently
there was observed” the photochemical interconversion
of di-fert-butylbenzenes, behavior reflecting—as clearly
and elegantly demonstrated later®—the role of benzene
valence bond isomer phenomena at the excited-state
level.

In the following year (1964) results from other
laboratories began to appear, including the identification
of four new Dewar benzene cases. Applequist and
Searle described the “Dewar anthracene” 5, in which
conversion to the parent anthracene is prohibited by
reason of excessive angle strain in the latter structure.?
Criegee and Zanker reported the synthesis of a tetra-
methyl Dewar phthalic ester (6), a substance—like our
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earlier cases—of comparatively high stability.’® Arnett
and Bollinger obtained 1,2,3,56-tetra-tert-butyl(Dewar
benzene) (7) by photoinduced valence bond and posi-
tional isomerization of 1,2,4,5-tetra-tert-butylbenzene.!
Finally Viehe and coworkers described the trimeriza-
tion of tert-butylfluoroacetylene to the trifluoro-tri-
tert-butyl(Dewar benzene) 8.12
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Figure 1.

Two theoretical aspects of Dewar benzene chemistry
deserve comment: photochemical formation and ther-
mal stability. The stability of Dewar benzenes was, at
first sight, surprising, since two thermodynamic factors,
namely the internal strain of Dewar benzene and the
resonance stability of Kekulé benzene, would cooperate,
guaranteeing a considerable difference in the ground-
state energies of the two structures. Furthermore, the
two isomeric systems are geometrically similar, and thus
the skeletal reorganization needed for aromatization
of Dewar benzene is minimal. If no other factors were
at work, an energy profile featuring a largely downhill
path would be anticipated (Figure 1, dashed line).
Explanation of the stability of Dewar benzene can be
found by considering the electronic factors operative in
the thermal conversion of a cyclobutene to a 1,3-diene,
interpreted in terms of the highest occupied molecular
orbital of the diene system (9).4 In the case of Dewar
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benzene, this preferred, thermal mode of ring opening
(conrotary) (10) cannot operate, since an extra-
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ordinarily strained cis,cis,trans-cyclohexa-1,3,5-triene
would result.?* Because of this stereoelectronic barrier,
Dewar benzene is therefore thermally aromatized more
slowly (Figure 1, solid line) than might be expected on
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the basis of thermodynamic considerations alone, and
sufficiently so to permit isolation in many cases.

The first photochemical event in the ultraviolet
irradiation of benzene is transformation to the first ex-
cited singlet, with By, symmetry. Among the many
reaction courses open to the 8; species, transformation
to valence bond isomeric systems are included, with
formation of Dewar benzenes, prismanes, and benz-
valenes being Woodward-Hoffmann permitted. Under
the conditions originally used in our laboratory, includ-
ing minimal irradiation time, conversion of 1,2,4-tri-
tert-butylbenzene to the Dewar benzene 4 seems to be
preferred kinetically to isomerization to the prismane
or benzvalene. The geometrical change in the carbon
skeleton involved in the formation of the Dewar benzene
is accompanied by loss or diminution of the sterie com-
pressions which destabilize the ground and excited
states of 1,2,4-tri-fert-butylbenzene. Under other cir-
cumstances, including equilibration, the starting aro-
matic can provide varying amounts of benzvalene or
prismane (vide infra).

In more recent times, a variety of additional Dewar
benzenes and related species have been created and
characterized. Among these are: hexamethyl(Dewar
benzene) (11), formed in good yield by AlCl;-catalyzed
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trimerization of butyne-2;'® hexafluoro(Dewar benzene)
(12)'¢ and hexakis(trifivoromethyl) (Dewar benzene)
(13), photoproducts of the corresponding benzenoids;
and 1,2,3,4-tetrachloro-5,6-dimethyl(Dewar benzene)
(14), formed by photolysis of the ozonide from the mixed
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cyclobutadiene dimer 15.2¢ Meanwhile, parent Dewar
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benzene was shown to derive from benzene itself, when
the latter was photolyzed in the liquid phase.” In
addition, Dewar naphthalenes 16 and 17'° were pre-
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pared by utilization of benzyne cycloaddition reactions
as principal synthetic devices.

Newer methods for the synthesis of Dewar benzene
systems have also emerged, including some dependent
on metal-promoted reactions. Pettit?® has utilized the
ceric ion induced conversion of cyclobutadieneiron tri-
carbonyl (18) to cyclobutadiene as the starting point in
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one approach, the transient hydrocarbon being allowed
to react in situ with an acetylene, to give Dewar benzene
product. Direct involvement of a metal in Dewar
benzene formation is illustrated by the trimerization of
tert-butylacetylene by bis(benzonitrile)palladium di-
chloride, a reaction which produces a palladium di-
chloride complex of 1,2,3-tri-tert-butyl(Dewar benzene)
(20)2* In a noteworthy extrapolation of the steric

+C==CH + (CH;CN),PdCl, —>
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strain approach, Haszeldine and coworkers have dis-
covered that hexakis(pentafluoroethyl)benzene (21) is

CF:CEy CF,CF.
F,CF,C CF.CF, F,CF,C ® CF,CF,
400°
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FiCF,C CF,CF; FCF,C - CF,CF,
CF,CF; 5 22 K
21

quantitatively converted in a thermal reaction, carried
out at 400° in a platinum flow system, to the Dewar
benzene 22.22

The field of photoinduced isomerization of polysub-
stituted benzenes has been treated incisively by Kaplan
and Wilzbach. After observing this photoreaction in
various simple systems,?® these investigators proved
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(18) R.N. McDonald and D. G. Frickey, ¢bid., 90, 5315 (1968).
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through the use of **C-labeled materials that ring
isomerization does in fact occur.8 Later studies showed
that all three valence bond isomer levels are involved in
the photointerconversions of representative benzenoid
cases.™

Turning to the bicyelic series, we note that, e.g., the
trimerization which yields Dewar benzene 12 also
generates concurrently the so-called ‘‘benzvalene’”’
system (23)'* Discussed by Huckel in 1937, the

F F

F
23 24

benzvalene structure was also considered in 1962 in
connection with the photoisomerization of 1,2,4-tri-
tert-butylbenzene,' from which the isomer 24 does in
fact derive.?* Benzvalene itself can be isolated after
ultraviolet irradiation of liquid benzene.7:2

Although the fert-butylfluoroacetylene trimerization
was originally believed to produce a prismane (“Laden-
burg benzene”),'? the produet was shown later to be
actually a tetramer.” However, the irradiation of
1,2,4-tri-tert-butylbenzene does give rise to not only the
mono and bicyclic isomers, but also the first recorded
tricyclic example, the prismane 25.2¢ Criegee and
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coworkers later synthesized a close relative of 25,2
while two groups effected the photoconversion of hexa-
methyl(Dewar benzene) to the simpler prismane 26,2230
Photolysis of hexakis(trifluoromethyl)benzene produces
not only the Dewar isomer 13 (as described above), but
also the benzvalene 27 in major amount. A minor
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F,C CF, E'
F,C CF, CF,

27 28

component of the photolysis product is the prismane 28,
which is separately generated by irradiation of Dewar
benzene 13.1%® The parent tricyclic benzene isomer
case remains unknown.

Having in hand parent Dewar benzene, we carried out
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during the mid 1960’s varied studies of its chemical
behavior.’ Most reactions were those anticipated for
reactive 7 bonds in a small-ring framework, involving
ready, uncomplicated formation of addition products
(29) resulting from attack by various reagent types.
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On treatment with molecular bromine, Dewar benzene
is converted to a mixture of cis and trans bicyelic di-
bromides 30 and 31, in addition to smaller amounts of

/Br Br
\Br \'Br
30 3
HO OH
T
HO oH
32 33
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34 35

two tetrabromides. Similarly, peracid effects trans-
formation to monoepoxide 32, while osmium tetroxide
oxidation gives rise to the tetrol 33. A coordination
compound (34) of unrearranged hydrocarbon is formed
on reaction of Dewar benzene with bis(benzonitrile)-
palladium dichloride. On the other hand, ring expan-
sion occurs during addition of dichlorocarbene, giving
the bicycloheptadiene 35. In fact, in Dewar benzene
reactions, aromatization was found the exception!
Again, such behavior can be rationalized by application
of the Woodward-Hoffmann rules in their simplest
form:%32 the conrotary, thermal conversion of cyclo-
butene would afford, in these cases, impossibly strained
« bonds within the cyclic framework.

Interest in the 9,10-dihydronaphthalene system was
based on its relationship to cyclodecapentaene and the
possibility of converting the former to the latter, at the
time an unknown (4n -+ 2)-m-electron structure.
Following the preparation of ¢is-9,10-dihydronaph-
thalene (2), the first monocyclic valence bond isomer of
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(81) E. E, van Tamelen and D. Carty, J. Amer. Chem. Soc., 89,
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cyclodecapentaene, attention was turned to the trans
isomer, a potential precursor of a cyclodecapentaene by
the more attractive photochemical route. Although
permitted by the orbital symmetry rules,* the cis
isomer was not transformed thermally to a ecyclo-
decapentaene, thus signifying that the latter parent is a
relatively unstable (4n -+ 2)-g-electron case. In
keeping with this expectation, the trans isomer 36 was
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convertible by irradiation, in accordance with the
Woodward-Hoffmann rules, to a new, highly unstable
product, shown to be parent cyclodecapentaene (3).3!
In the meantime, important new (CH)y hydrocar-
bons were obtained in other laboratories, including
bullvalene (37),** bicyclo[4.2.2]decatetraene (38),%
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tricycles 39 and 40,% ‘“basketene’” (41),% and triqui-
nacene (42).3 More recently, bicyclo[6.2.0]decatet-
raene (43)%° and the tetracycle 444 have been isolated
and identified. The theoretical and observed interrela-
tionship of these valence bond isomers is a fascinating
subject, and, as pointed out elsewhere,®! ¢is-9,10-di-
hydronaphthalene has emerged as a low-energy refer-
ence species to which many isomers tend to convert,
whether permitted or not by the Woodward-Hoffmann
rules. Also, mention must be made in this whole
connection of the accomplishments of Vogel, especially
the synthesis and study of the first 1,6-bridged cyclo-
decapentaenes (45), aromatic valence bond isomers
of the 9,10-dihydronaphthalene type 46.4
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Recognition of authentic valence bond isomers of
benzene brought to mind the question of whether com-
parable isomers of aromatic heterocycles might be
gotten in hand. Our own interest in this matter
centered again on the preparation and isolation of stable
valence bond isomers of traditional, simple aromatic
systems bearing one heteroatom in the = framework.
By means of experiments directly modeled after the
photoformation of tri-tert-butyl(Dewar benzene) from
tri-tert-butylbenzene,! the stable tert-butyleyclopropenyl
tert-butyl ketone 48 was shown to form on photolysis
of di-tert-butylfuran 47 and to revert to the latter on in-
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47

48

dependent irradiation.** Working with simpler furans,
Srinivasan was able to isolate nonisomeric photo-
products (e.g., cyclopropenes), the formation of which
was taken to indicate valence bond isomerization of the
type 47 — 48.44 Thus, with furans, there is observed
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a new kind of “valence bond isomerization,” one in-
volving ring contraction of a type not observed thus far
for aromatic hydrocarbons, and apparently involving
a mechanism featuring formation and reclosure of an
acyelic diradical.

Although involving more unusual heterocyclic com-
ponents, the work of Uliman and coworkers resulted in
the obtention of the first observed valence bond isomer
of an aromatic heterocycle:® the indenone oxide 42 was
shown to be interconvertible with the pyrylium oxide
50. Similarly, the isoxazole 51 is transformed to azirine

= 48

CeH, CeH;
0 I 0T
CSH5 / CsH5
0 0~
49 50

52 under photolytic conditions.*

(43) E. E.van Tamelen and T. H. Whitesides, J. Amer. Chem. Soc.,
00 3894 (1968).

(44) R.Srinivasan, ¢bid., 89, 1758 (1967); 89, 4812 (1967).

(45) E.F.Ullmann and J. E. Milks, 7bid., 84, 1315 (1962).
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CeH;

Finally, various photolytic conversions of a given
substituted heterocycle to an isomer in the same hetero-
cyclic category leave little doubt that valence bond
isomerizations of aromatic systems are involved, pro-
cesses superficially comparable to the ultraviolet-
induced isomerization of polysubstituted benzenes. In
this context, the work of Wynberg is prominent,¥
dealing prinecipally with interconversion of thiophenes,
e.g., 53 — 54. Noteworthy investigations in this area
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55 56

have also been published by Schmid and coworkers,
who reported inter alia the conversion 55 — 56.% Else-
where a detailed interpretation of the behavior of ex-
cited five-membered aromatic heterocycles is pre-
sented.*?

Within the last year, evidence has been supplied to
indicate that pyridine on photolysis generates the
Dewar type isomer 57.% Also, there have been re-
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ported various valence bond isomers of the ten-m-elec-
tron systems, oxacyclononatetraene (oxonin) (58)% and
azacyclononatetraene (azonine) (59).52 Irradiation of
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(47) H. Wynberg and H. van Driel, ¢bid., 87, 3998 (1965).
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Lett., 2999 (1964).
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93,6129 (1971).
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cyclooctatetraene oxide, a long-known valence bond
isomer of 58, provided 58, which in turn acts as a pre-
cursor of the additional cases 60 and 61. Along similar

Oren b s

60 61

lines, the valence bond isomers of 59 (R = COOC,H;),
namely 62 and 63, have been synthesized and shown to

©>N ~—COOCH; [(DN—-—COOCQHs
—
62 63

afford the azonine on irradiation.

In searching for valence bond isomers of distinctly
different aromatic entities, we focused attention on
charged carbon types, including the well-known tro-
pylium ion (64), cyclopentadienyl anion (65), cyclo-

octatetraenyl dianion (66), and cyclononatetraenyl
anion (67). Only in the tropylium ion case did valence
bond isomerization occur: photolysis of the aromatic
in an aqueous system provided the bicyclic alcohol 69,

H H
64 2> LR
H H
68 OH
69

generated by solvolysis of the immediate irradiation
product, “Dewar tropylium ion” (68).5* With the
other aromatics mentioned, different photochemical
phenomena occurred, including: (1) reductive coupling
(70 — 71)%¢ and (2) conversion to excited state species

0-00

(72) possessing an order of basicity significantly higher

[©) ©)

K}, > ground-state anion K\, > ground-state anion

than that characteristic of the ground-state counter-
part.® By photolytic means it was possible to generate

(53) E. E. van Tamelen, T. M. Cole, R. Greeley, and H. Schu-
macher, J. Amer. Chem. Soc., 90, 1372 (1968).

(54) E. E. van Tamelen, J. I. Brauman, and L. E. Ellis, ¢bid., 89,
5073 (1967).

(55) J.1.Brauman, J. Schwartz, and E. E. van Tamelen, tbid., 90,
5328 (1968).
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the hydrocarbon 73 corresponding to the valence bond

o

73

isomer of cyclopentadienide. However, as clearly
demonstrated, the hydrocarbon arises by direct irradia-
tion of cyclopentadiene, not the corresponding anion.’

In a different connection, the behavior of excited
phenyllithium was studied. Although this molecular
type did not detectably isomerize to “Dewar phenyl
anion” and thereby provide a convenient source of
Dewar benzene, a new reaction did come to light:
photocoupling with loss of lithium metal to the radical
anion of biphenyl (74).5

(O [J

74

The photochemistry of tropolone and tropone deriva-
tives® has also been pursued continuously starting with
the isomerization of vy-tropolone methyl ether (75) to
bicyclic ketone 76. In 1965, the parent bicyclohepta-

of -

o CHa OCH3

dienone (78) was reported, arising either from 77 under
Oppenauer oxidation conditions or from 79 by the

OH 0

A

7 79

action of alumina. All of these substances—valence
bond isomers of the (4n -+ 2)-w-electron aromatic type,
tropone—are remarkably stable, temperatures in the
vicinity of 350° being used for conversion to the mono-
cyclic parent. As in previous cases discussed herein,
their stability is explicable by inhibition of the nor-
mally stereoelectronically preferred conversion to trans,-
¢1s-1,3-diene (80).

0
0 H -
H H

H

80

(56) J.I. Brauman, L. E. Ellis, and E. E. van Tamelen, 7bid., 88,
846 (1966).

(57) E. E. van Tamelen, J. I. Brauman, and L. E. Ellis, ibid., 87,
4964 (1965).

(58) For a summary of earlier work, see ref 3a.
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In more recent times, additional valence bond
isomerizations in the tropone-tropolone series have
come to light. While 2,5 bonding occurs in the photo-
isomerization of simple a-tropolones (81 — 82),
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H,CO H,CO O
hy
—
81 82
0 0
H,CO H:CO
Ay
—_—
C.H;
CeH; 84
83

5-phenyltropolone methyl ether (81) permits 4,7-bond-
ing in the ring-closure operation, leading to cyeclo-
pentenone 82. Other 5- and 6-substituted (phenyl and
chloro) tropolones and the corresponding ether gave
rise on irradiation to mixtures of bicyclic products re-
sulting from concurrent 2,5- and 4,7-bonding pro-
cesses.”® In the benzotropolone series, whereas tetra-
O-methylpurpurogallin (85) suffers photochemical ring
contraction, giving methyl 6,7,8-trimethoxynaphthoate

(69) T. Mukai and T, Miyashi, Teirahedron, 23, 1613 (1967); T.
Mukai and T. Shishido, J. Org. Chem., 32, 2744 (1967).
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(86),% the demethoxy analog 87 provides instead photo-
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product 88.5 In a distinctly different vein, the homo-
tropone 89 has been observed to give, on photolysis,
the tricyclic ketone 90,52 probably the first observed
valence bond isomer of & homoaromatic system.

(60) E. J. Forbes and R. A. Ripley, J. Chem., Soc., 2770 (1959);
O. L. Chapman and T. J. Murphy, J. Amer. Chem. Soc., 89, 3476
(1967).
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