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Abstract—A model based on simple Hilckel MO theory is applied to the ring-openings of several cyclobutene
derivatives and their benzo- and bis-methylene-analogs. The calculated changes in activation enthalpy upon
benzannelation and bismethylenation are found to be in qualitative accord with experimental results. Application of
the model to Dewar benzene and bicyclo{4.2.0Jocta-2,4,7-triene ring-opening is discussed.

The concept of thermodynamic driving force has long
been used to interpret rates of chemical reactions. Thus
it is an empirical observation that, within a series of
similar reactions, the most exothermic process will usu-
ally have the lowest activation enthalpy. However there
are notable exceptions to this rule, perhaps the most
important being reactions that are exothermic but
forbidden by the principle of orbital symmetry conser-
vation.' In such cases the lack of direct correlation
between electronic groundstates of the reactant and
product results in a special destabilization of the tran-
sition state. For example, the thermal conversion of
bicyclo[2.2.0]hex-2-ene to cyclohexa-1,3-diene occurs
with an activation enthalp r than that for the ring-
opening of cyclobutene,™ despite the fact that the
former reaction is more exothermic by about
27 kcal/mol.>*

In this conmection it is interesting to compare the
activation enthalpies for the rmg-openn;i ing of the pseu-
doindene 1 and bicyclo{2.1.0lpentene (2). )
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The thermodynamic driving force argument leads to
the conclusion that the aromatic stabilization lost by
ring-opening of 1 should result in a higher activation
enthalpy than for the corresponding transformation of 2.
In fact the converse is found experimentally.? In this
case it is not clear how to resolve the problem by orbital

symmetry arguments, since both reactions are formally
forbidden 4n electron disrotatory processes.

The purpose of the present work is to describe a
simple model that can be used to rationalize this result
and to predict the effect of benzannelation or bismethy-
lenation on the rates of other 4-membered ring-opening
reactions.

In the belief that the phenomenon may have a topolo-
gical basis,® we have employed a technique which relies
almost exclusively on orbital topology for its predic-
tions—simple Hiickel MO theory. The model transition
state employed for calculations on the disrotatory ring-
opening is the 7-isoconjugate*® hydrocarbon of Héckel
topology*® while for the conrotatory process the cor-
responding Mabius topology*® is used. This type of
model has recently been shown to be of use in the
analysis of substituent effects on the rates of pericyclic
reactions.’

Application of the technique to the specific problem of
determining the effect of benzannelation on cyclobutene
ring-openings is shown in Fig. 1.

For each reaction the difference in n-electron energy
(calculated by the HMO method) between the model
reactant and model transition state is recorded as AE,
(in absolute 8 units). Where the cyclobutene is monocy-
clic (not counting any benzene rings) we have presumed
that the reaction will follow a conrotatory pathway, in
accord with experimental results*-* and the rules of
conservation of orbital symmetry.' In addition one may
pote that this is the pathway with the more negative AE,,
as expected.**” For the bicyclic systems we assume that
geometrical constraints will force a disrotatory ring
opening. Such an assumption may not always be valid
when the saturated ring is five-membered or larger, but is
probably secure for the 3- and 4-membered rings consi-
dered in the present work.

The Mdbius cyclobutadiene and M&bius benzocyclo- -
butadiene used as models for the conrotation transition
states are identical with their more familiar Hickel
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Disrotatory openings:

®< —— Transition State ——»
Model: @ —_— 4E. = -2381

D —— Trangition State ~——» @

Model: | — |:| AE, = -2.000

r AAE. = —0.381 |p|]

Conrotatory openings:

[aae. - +o362 181 |

Fig. 1.

analogs except that the breaking bond (a o bond in the
mm)upvenamomnoemwanlofofpomemto
that used for the normal in-phase overtap.

Thcmostsuikingobmaﬁonisthtbenmnnehnonls
predicted to decrease the activation enthalpy for dis-
mtuyrmg-opemng(nepuve AAE.)buttomease
the activation enthalpy for conrotatory ring-opening
(poauveAAE.)Assbowanablel one finds that this
pteMon receives experimental support and s,

reflected even more strongly in the
blsmethylcnecyclobutam

For the parent monocyclic bismethylenecyclobutane
the Hisckel/Mdbius pmcedure shows a clear preference
(ower AE,) for the conrotatory ring-opening. By
contrast the correlation-diagram approach is unable to
mheapuachonowmgtotheorbmldwncyofthe

tetramethylencethane biradical.*® The predicted conrota-
nonnppearstotewveexpenmentalwpponmmewotk
of Gajewski.’

The ratio of AAH® to AAE, is found to be surprisingly
constant (Table 1) and within the range of values of
18] = 15-55 kcal/mol commonly used to correlate chem-
ical and physical phenomena.’® It is not clear whether
this approximately lincar relationship between AAH® and
AAE, is fortuitous or whether the model used in our

calculations is in fact sufficiently accurate to allow semi-
quantitative estimation of differences in activation
enthalpy. We are currently investigating this question.

It is instructive to consider the effect of annelation
with polyacenes in place of a simple benzene ring. For
example, one can analyze the disrotatory ring-opening of
the naphtho-analogs of pseudoindene 1 very simply.
Since the Hockel w-electron energies of 3 and 4 are
identical, their predicted relative rates of ring-opening
will depend only on the w-clectron energies of the tran-
sition state models 8 and 6.

o‘
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Table 1.
b aaRY/
Besctics aag*  aant aaE
Stersochemgistry
X
] Conrotation 0,611 141 23,1
V-
N
I] Disrotation -0,738 -14.7 20,0
&

i
1]
]

@] Coorotation 0,362 ~ 88"
D @:I>< Disrotation -0,381 -17.8

~18

20.6

AE is the difference in Huckel ¥-slsctron energy (in sbesolute § units)

for the resctmt and model transition stste.

mu:r is the difference In

AE for the two molecules shown In each line,

bAAH* is the difference in observed activation enthalpy for the ring

opening reactions (units are kcel/mol).

and 7a-c,

Data from references 2a, 2b

SCalculated from the data in reference Tc with the assumptions that

ring-opening is rate determining and that AS* is equal to that for
the conversion of cyciobutane to butadiens,

A general method for determining the relative stabili-
ties of 4n membered rings of this type has already been
described."" In the particular example considered here a
lower energy is expected for §, leading to the prediction
of a more facile ring-opening for 4 than for 3 (despite the
fact that 4 probably leads to the less stable product).

Application of the model to the (presumed disrotatory)
nng-openms of benzannelated bicyclof4.2.0)octatrienes
results in a number of interesting predictions, sum-
marized in Table 2. It is is intriguing to find that the
activation enthalpy for the ring-opening of bicy-
clo[4.2.0Joctatriene is predicted to increase upon ben-
zannelation of the 6-membered ring but to decrease upon
benzannelation of the 4-membered ring. If the
semiquantitative correlation between AAE, and AAH*
outlined in Table 1 is genuine then the AAE, values
calculated for compounds 8-18 can be converted fo
AAH"’valuesandthence using the known activation
parameters for the ring-opening of the parent (7),” to
AH™ values. These are listed in Table 2. To our know-
ledsetheremnoquan&hhvedataontheramsofnng
opening of 8-10 in the literature, however the qualitative
observations that 16 can be. isolated as a stable
compound from the dimerization of benzocyclo-
butadiene'’ whereas 9 appears to suffer facile ring open-
ing at 4 “mcemmlymaccordmﬂ)ompredncnons,
although we emphasize that our calculations apply only
to the disrotatory mode.

Application of the theoretical model to the ring-open-
ing of Dewar benzene is an intriguing prospect in view of

the recent intense interest in the mechanism of this
reaction.'**™ In particular, there is compelling experi-
mental evidence for the involvement of electronic ex-
cited states, '** although their quantitative importance in
the overall transformation is not yet known.'* One

* can anticipate that our groundstate model would be unable

to predict the effects of benzannelation or bis-methylena-
tion on the activation enthalpy for ring-opening if, in fact,
the excited state pathway were significant. This is found to
be the case. Forexamplethecalczﬂauonspred:ctamgher
activation enthalpy for the ring-opening of 5,6-bis-methy-
1eneb1cyclo{22.0]hex-2—ene than for Dewar benzene,

whereas the converse is observed experimentally. 1¢
Remarkably, however, if we use an excited state model in
which the transition state for each reaction is presumed to
possess a pair of singly occupied molecular orbitals a good
qualitative correlation between AAE, and AAH® is
observed (Tabie 3).

Again one must recognize that the correlation between
AAE.(E.S.) and AAH* could be fortuitous, especially
since attempts to detect excited state anthracene from
the themolysxs of its Dewar valence isomer were un-
successful.'® Nevertheless, the failure of the ground-
state model to even qualitatively predict the results is
certainly suggestive of the incursion of some other
mechanism.

Looking ahead, we see no reason to believe that the
contrasting effects of benzannelation on the rates of
allowed and forbidden reactions should be restricted to
cyclobutene ring-openings. It is possible that the effects
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Table 2. Predicted effect of benzannelation on the uw-of the bicyclo[4.2.0)-octatriene fo cyclooctatetracne

coaversion
AAE * b
.4 @ predicted
7 9. 000] (18.1)

m 0,338 25

> ) - -

&Dlﬁeronce in AE_ for disrotatory opening of the indicsted compound
and the parent Hoyclofd. 2. Ooctatriene,
PEnthalpy of sctivation (koal/mol) predicted from AAH* ™ 20,4 AAE,

and from AH* for the parent compound, 1 (cnlouhtodlromﬂaedm
in reference 12),

Table 3.

aaE©G.5)"  AsREs)”  aantobe®

CE 0. 611 -0, 222 -6.8

11

N

(1 QI ew e o

m OO.” 0. 427 0.170 2.0

.AAE’ for electronic groundstates.

bAAE'ulngaamglymuedoonﬁgunﬁmbrtbotrmﬂﬂonm

®Data obtained from references 16, 171, 17hb,

dCalmmAdtromdmm reference 17a with the umpummm*
is equal to that for the ring-opening of Dewar benzene, 's
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discussed in this paper are just manifestations of a more
general phenomenon which applies to pericyclic reac-
tions as a whole.
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