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Thermal isomerization of cyclooctatetraene to semibullvalene 6 has been studied theoretically by the MINDO

methods.

The reaction is predicted to be exothermic by comparison of the calculated heats of formation and to

be allowed as a concerted cyclization by constructing a complete MO correlatiom diagram. These findings
together with the knowledge of thermal interconversion of cyclooctatetraene and bicyclo[4.2.0]octa-2,4,7-triene
5 suggest a tentative mechanism for thermal dimerization of cyclooctatetraene in which dimers 2, 3, and 4 are
formed by coupling of the two isomers 5 and 6 of cyclooctatetraene.

It has been shown by Reppe et al.,? Jones,® and
Schroder?) that cyclooctatetraene forms several dimers
on heating under various reaction conditions. A
mixture of isomers 1, mp 53°C, and 2, mp 76°C, for
example, is obtained by heating neat cyclooctatetraene
at 100° in a sealed tube. Refluxing in o-dichloroben-
zene and N,N-diethylaniline as the diluents results
in formation of dimers 3, mp 41.5°C, and 4, mp 18.5°C,
respectively. In spite of their fascinating structures
and utility as the excellent intermediates for synthetic
works highlighted by preparation of bullvalene,® little
study has been done on the mechansim of formation
of these dimers 1~4.

We notice by simple inspection of the molecular
framework of these dimers that structural units of
bicyclo[4.2.0]-octa-2,4,7-triene 5 and semibullvalene 6
are incorporated in 2, 3 and 4 as shown in Chart 1,
and are led to propose a hypothesis that these dimers
could be formed by coupling of 5 and 6 which in turn
might be produced by thermal valence isomerization
of cyclooctatetraene. While thermal interconversion
of cyclooctatetraene and 5 has been unambiguously
established,®) the thermal conversion of the former to
6 has been the subject of considerable controversy.
Thus 6 can be formed by the acetone sensitized pho-
tolysis of cyclooctatetraene.”? In the case of 1,3,5,7-
tetramethylcyclooctatetraene, it is a pyrolytic condi-
tion of heating at 250°C for 15 hr rather than irra-
diation under various conditions which gives the
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Chart 1.

Molecular framework of dimers 1~4 of cyclo-
octatetraene.
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corresponding semibullvalene.”? Criegee and Askani
reported efficient conversion at elevated temperature
of octamethylcyclooctatetraene to the semibullvalene.®

With all the findings mentioned above which are
suggestive of a possible thermal transformation of cy-
clooctatetraene to 6, experimental efforts to detect the
latter in the gaseous and condensed phase pyrolysates
of the former have proved to be totally unsuccessful.
The products are usually styrene and dihydropentalene
as well as benzene and acetylene.®'® Formal ap-
plication of the orbital symmetry rule is also contro-
versial; the same 1,3 ;2,6 concerted multicycliza-
tion of cyclooctatetraene has been predicted as an al-
lowed process in the ground state by a group of au-
thors!) while others reasoned the allowedness in the
excited state.!?

With no operational test available, we began theoret-
ical approach to the problem and present here the
analyses of the electronic structure of the molecular
reorganization reaction represented by the equation;
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Methods of Theoretical Calculation

The theoretical methods employed here are to con-
struct a quantitative molecular orbitals correlation dia-
gram between cyclooctatetraene and semibullvalene 6,
and to see if the occupied MO levels are correlated
between the two species. Since the experimental data
concerning the geometry of 6 are not available, the
theoretical geometry has to be sought by minimizing the
molecular energy with respect to all the bond lengths
and angles in the molecule. Out of several versions
of the semi-empirical SCF MO theories, the MINDO/2
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method® proposed by Dewar ef al. is considered' to
reproduce the best geometry; the geometry which
gave the minimum value of total energy by the MIN-
DO/2 method was taken as the equilibrium geometry
of the actual molecule. For the sake of consistency
of comparison, the optimized geometry of cyclooctatet-
raene was also employed in the present study.

Correlation between the MO’s of the species in either
side of Eq. (1) is not straightforward because cyclo-
octatetraene and 6 lack any common symmetry element.
It is, however, rendered possible to find the MO cor-
relation by imposing in the reaction coordinate close
to the end product the intermediate which corresponds
to the transition state structure for the degenerate
Cope rearrangement of 6.) The C, symmetry opera-
tion is kept for the first half of the reaction, and the
C, symmetry element holds throughout the last half
of the reaction coordinate (see Chart 2). Since the
activation energy for the Cope rearrangement is known
to be exceptionally low,!*) the above specification of
the reaction as passing through this intermediate does
not necessarily mean the restriction of the course of
the reaction to a stepwise reaction; the intermediate
and 6 are energetically too close to be separated on
the entire potential energy surface interrelating the
(CH)g isomers.
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Chart 2. Symmetry elements along the reaction coordinates.

Estimation of heats of formation of cyclooctatetraene
and 6 is considered to be illuminative as a measure of
the exothermicity of the forward reaction of Eq. (1).
The MINDO/2 approximation is reputed to underesti-
mate heats of formation of the cyclopropane ring by
about 10 kcal/mol.® In this respect, it is worthwhile
to recourse to the original version (MINDO/1) of
the approximation which, although artificially pa-
rametrized, gives best results of the theoretical heats
of formation with the use of the standard bond lengths;
even a seriously strained cyclobutene deviates only
by 3.4 kcal/mol from the experimental value.l®
Therefore more reliable estimation of heats of formation
of cyclooctatetraene and 6 was made by the MINDO/1
calculations in which the optimal lengths reached by
the MINDO/2 approximations were replaced by the
standard bond lengths of Baird and Dewar.'® Heats
of formation are by definition given by total bonding
energies minus heats of formation of the free atoms
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in the molecule in the standard state. The total
bonding energies are in turn calculated by subtract-
ing the sum of isolated atom energies from the total
valence shell energies.

Partitioning of the total valence shell energy (E) of
a molecule into the terms due to one-center (E,) and
two-center (E,5) was performed at the level of MINDO
approximations analogously to the method elaborated
by Gordon in the CNDO/2.19)

E=31E, + 2> Exg 2)
A A<B
The one-center terms can be expressed in terms of
standard integrals as
1
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Full expression for the bi-centric terms (E,;) are
Eyg = Ejp® + Ezp* + Epg® 4)
where:
EE = 22"]AZBP,,,,B,,,, (5)
: :
Ef = —E‘EAEBPMZYAB (6)
© v

Efy = (PyPy—PsZp—PpZ,)ya+ ZaZpR53 (7)

and ER, EXs, and EXs represent the resonance, ex-
change and electrostatic energies, respectively.

Results and Discussion

In Fig. 1 is summarized the MO correlation dia-
gram obtained by application of symmetry operation
and the noncrossing rule to the final MO’s. We
notice that the occupied MO levels are satisfactorily
correlated between the starting cyclooctatetraene and
product 6. ’

The second clear-cut criterion obtained in the present
study which supports the thermal route of Eq. (1) is,
as shown in Table 1, that the heats of formation of
cyclooctatetraene is higher than that of 6 by 13.4 kcal/
mol; the forward reaction is predicted to be exothermic.

Turning now to the consideration of the driving
force of the exothermic reaction, we note that the MO
numbers 1, 8 and 20 of cyclooctatetraene are mostly
responsible for lowering the electronic energy as the
reaction proceeds. Nature of these levels is not ob-
vious at a glance over the eigen vectors of the all-
valence-electron SCF MO method, since separation
of the ¢ and = character of a given MO is not clear.
In this respect, it is instructive to go back to the cor-
relation diagram constructed on the m-orbital ap-
proximation. Starting from cyclooctatetraene in which
the occupied levels are made of four ethylene groups
weakly overlapped through ¢-bonds, we end up,
as illustrated in Fig. 2, with two ¢- and two z-orbitals
of 6 with the aid of the bonding levels of two interacting
allylic orbitals of the intermediate. In reality all



December, 1972] On the Mechanism of Thermal Dimerization of Cyclooctatetraene 3601

+5

-20

CRRREERY

-25

-30

-35 \\ A N

O e ey e [

Fig. 1. Correlation diagram of the MINDO MO?’s for the isomerization of cyclooctatetraene to semibullvalene. (In
some pairs of degenerate MO’s of cyclooctatetraene, slight deviation from D,q symmetry was imposed in the Figs.
1 and 2 to show the fate of the MO’s during the course of the reaction.)

TABLE 1. HEATS OF FORMATION AND DISSECTED VALUES OF TOTAL VALENCE SHELL ENERGIES

Total valence shell energies

Heats of formation

(kcal/mol) S Ey (eV) 313 Esp (eV)
A A<B
MINDO/2 MINDO/1 Resonance Exchange Electrostatic
Cyclooctatetraene 56.7 66.4 —921.9 —153.4 —75.0 —0.13 .
Intermediate®’ 45.4 53.6 —922.3 —155.1 —73.3 —0.15
6 27.1 53.0 —-922.9 —154.0 —173.9 —0.21

a) Transition state structure of the Cope rearrangement of 6.
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Fig. 2. Approximate correlation diagram of the 7 MO’s of
cyclooctatetraene for its isomerization to semibullvalene.

these levels split further on coupling with a combination
of o-orbitals of the same symmetry. As a result, none
of the MO’s in Fig. 1 can be exactly equivalent to
any one MO in Fig. 2. Closer inspection of the MO
coefficents reveals, however, that the 8th and 20th MO’s
of cyclooctatetraene in Fig. 1 are most reasonably
approximated by the A4, orbital in Fig. 2.!” The
behavior of the two MQ’s of cyclooctatetraene during

Chart 3. Two modes of thermally allowed closure.

17) The highest occupied orbital 4, in Fig. 2, for example,
appears to split into the MO?’s 20, 13, and 8 in Fig. 1 by mixing
with a combination of ¢ orbitals in the ethylenic double bonds which
has A symmetry for C, operation.
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the course of the reaction indicates that 1,3 ;2,6 in-
teraction of the m-orbitals of cyclooctatetraene is of
bonding in nature. The reaction may figuratively
be regarded as an intramolecular Diels-Alder (2.
4.) reaction between the C-1, C—2 ene unit and the
diene C-3~C-6. Instead of suprafacial overlap bet-
ween the front lobes of C-2 and C-3, and C-1 and C-6
which leads to 5, the opposite lobes of the p-orbitals
on C-1 and C-2 are involved to form the new ¢-bonds
of 6 with the bottom lobe of C-3 and the top p-lobe
of C-6, respectively (Chart 3).

Another aspect of the origin of the driving force for
the reaction of Eq. (1) can be found in Table 1. In
terms of resonance energy, the transition state structure
of the Cope rearrangement of 6 is most favored
(—155.16 €V) by the aromaticity of the Hiickel type
array of the 6z electrons. Cyclooctatetraene (—153.40
eV) is presumably destabilized to some extent by its
anti-aromaticity due to cyclic array of 8n electrons.
It is also interesting to note that contribution of the
non-bonded interaction to the bi-centric resonance
energy in cyclooctatetraene is —0.0074, —0.0038, and
-+0.3485 eV for the atomic pair of C;~Cg Cy~GCy,
and C;~C,, respectively; a nagative value for E,;
implies bonding between atoms A and B while a po-
sitive value implies an anti-bonding interaction. It
is also apparent in Table 1 that the one center terms
are largely responsible for the total energy difference
between cyclooctatetraene and 6. The main contri-
bution comes from the terms for C,, C,(Cg), and Cs-
(C,) of 6, and the effect appears to be associated with
an increase in electron density and consequently one-
center core binding energy of these carbon atoms.
Of special importance is the high p, electron density
at C, of 6 which characterizes the electronic structure
of this molecule (the y axis is taken parallel to the C;—
C, bond. The numbering system is given for 6 in
Chart 3 only to clarify the original positions of atoms
in the precursor, and does not conform to the ITUPAC
rules).

It is now conclusive on the theoretical bases that
the reaction of Eq. (1) is an allowed process as a con-
certed cyclization in the ground state. Prediction to
the contrary in Ref. 12 is found to be due to wrong
drawing of the orbitals in which ring closure should
lead to unrealistic semibullvalene with the cyclo-
propane ring fused trans (Chart 4).

Chart 4. Double cyclization of cyclooctatetraene according
to the drawings in Ref. 12.

So far is rationalization of the thermally allowed
conversion of cyclooctatetraene to semibullvalene. We
are now halfway to give full theoretical account for
the hypothesis that dimers 2~4 could be formed by
way of coupling between 5 and 6. In Chart 5 are
shown one of the conceivable modes in which the coupl-
ing takes place. By application of the mnemonics of
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Chart 5. Mechanism I of the dimer formation of cyclooc-
tatetraene from 5 and 6.

Zimmerman for determining the allowedness or for-
biddenness of symmetry controlled reactions, 7 is
described as containing a cyclic array of ten atomic
orbitals in which there are zero or even numbers of
sign inversion resulting from plus-minus overlaps.?>18)
The type of the system is classified as Hiickel and the
process is predicted to be symmetry allowed in a ground
state reaction. In the terminology of Woodward and
Hoffmann, the process can be described as [-2,+
224+ e2,+02,4+2,] processes. In 8 and 9 there are
14 AO’s overlapping next to each other to form a
cyclic array of orbitals. Irrespective of the choices of
the sign of the basis set AO’s, the total number of sign
inversion resulting from plus-minus overlaps is zero
or even. The Hiickel system is again predicted to be
allowed. Thus the modes of closure given in Chart
5 are proposed as a tentative mechanism for thermal
dimerization of cyclooctatetraene.

In view of the multi-center interaction between 5

18) H. E. Zimmerman, J. Amer. Chem. Soc., 88, 1564 (1966);
bid., 88, 1566 (1966); Science, 153, 837 (1966); Accounts Chem.
Res., 4, 272 (1971).
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and 6 in the transition states 7~9 the proposed
mechanism should require a large negative entropy
of activation. Although no quantitative study has yet
been carried out, the fact that the dimers are formed
only in condensed phases and that in neat or modera-
tely concentrated solution is in accord with the
expectation.2~% When the entropy requirement of
mechanism I is seriously taken as a disadvantage, an
alternative mechanism of the intermediacy of 10
followed by intramolecular closure to give 1~4 may
be considered as another candidate (Chart 6). The
first step is a typical Diels-Alder reaction— the [.4,
+:2,] cycloaddition. The routes to 3 and 4 include
internal closure of the cyclooctatriene moiety to the
dihydrosemibullvalene. The theoretical argument de-
veloped in the first half of the present paper can
similarly be applied to predict the allowedness of this
part of the reactions.” Thus mechanisms I and II
differ only in the chronology of the ring closure and
can not be differentiated from the standpoint of orbital
symmetry control of electrocyclic reactions.
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Chart 6. Mechanism II of the dimer formation of cyclo-
octatetraene.!®)

19) Dimers 1 and 2 formed at relatively low temperatures are
not precursors of 3 and 4. Prolonged heating of 2 has been shown
to give a tetramer instead of an isomeric dimer.?






