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Tetracyclo[4.2.0.02-80%"]oct-3-ene (1) is estimated by a MINDO MO calculation to be moderately strain-
ed. Interaction between the ethylenic z orbital and the Walsh orbitals of the two cyclopropane rings is exten-

sive in the ground state structure of 1.

The third highest occupied MO is an out-of-phase combination of the

ethylenic 2pz AO’s on C, and C,, while the corresponding in-phase combination appears in the lower un-

occupied MO’s.

allowed reaction as revealed by a smooth change in bond indices along the reaction coordinates.

The interconversion between 1 and bicyclo[4.2.0]octa-2,4,7-triene (2) is a typical symmetry-

The iso-

merization of substituted cyclooctatetraenes via 1 and 2 (Eq. (2)) is predicted to be possible at elevated tem-

peratures.
due to skeletal constraint.

While compounds with the tetracyclo[4.2.0.0%:8057]-
oct-3-ene structure have never been prepared, the
parent hydrocarbon 1 has often been quoted as a pos-
sible intermediate in many thermal as well as photo-
chemical interconversions between other (CH), isomers.
One of the earliest suggestions was that 1 was the inter-
mediate in the singlet excited state reaction of barrelene
to give cyclooctatetraene (Eq. (1)).22 Recently Pa-
quette et al. found evidence that 1’ was an intermediate
in the thermal isomerization between 1,2- and 1,4-
disubstituted cyclooctatetraenes (Eq. (2)).®
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We have examined the electronic structure of 1
and the ground state potential energy hypersurfaces
surrounding the minimum corresponding to structure 1
by MINDO/2 methods.®) Specifically the reaction co-
ordinates for the intramolecular Diels-Alder reaction
of bicyclo[4.2.0]octa-2,4,7-triene (2) leading to 1 (see
Eq. (2)) have been determined. A degenerate valence
isomerization of 1 as represented by Eq. (3) has also
been examined.

The symmetry-allowed degenerate valence isomerization of 1 (Eq. (3)) is energetically less favorable

Method of Calculation

Details of the procedure are nearly the same as re-
ported in the preceding paper.)) Since no experimental
data concerning the structure of the molecules studied
here are available, the theoretical geometries of the
ground states were sought by minimizing the total
energies with respect to changes in all bond lengths
and angles. It was only assumed that 1 and 2 have
Cyy and Cg symmetry, respectively. Although a large
number of nuclear configurations have to be considered
in order to get information on the reaction paths, it
would require tremendous effort to take all conceivable
intermediate configurations into account. We have,
therefore, made some simplifying assumptions to
reduce the computational effort in finding the
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Fig. 1. Parameters used in calculating the reaction
paths and numbering of atoms and bonds used in
the text and in Table 1.

A: s is a smoothing parameter to describe a profile
of 1 (2) in passing from 1 (2) into 2 (1) in the
(retro) Diels-Alder reaction. All other geometrical
parameters except 0 are assumed to vary linearly
with s from their values at the end points s=0.0
(=1) and s=1.0 (=2), respectively.

B: ¢ describe the inclination of C,-C;-C,-C; plane
towards C,-Cg.
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transition state geometries. A few parameters were
chosen to describe the most relevant reaction coordi-
nates. These parameters are detailed in Fig. 1. The
eigenvalues and eigenfunctions were computed using

a set of numerical values of these parameters, and
the total energy was minimized by varying these
parameters empirically to arrive at the transition state
geometries.

An energy partitioning analysis was also made. The
total energy (E) of a molecule can be expressed as a
sum of one-center terms (E,) and two-center terms
(E,g). The former sum was subdivided into one due
to carbon atoms (Ef) and one due to hydrogen atoms
(EX). The two-center terms were divided into
resonance (FE)5), exchange (EJ), and electrostatic
(E3) terms. Terms E,; can also be divided into
neighboring (Es) and non-neighboring (E}}) terms.
The definition of each term and standard integrals
representations in MINDO/2 formalism were given
in the preceding paper.) A FORTRAN program was
written for a HITAC 8700/8800 system at the Computer
Centre of the University of Tokyo.

Results and Discussion

The Optimized Structure, Energy and Bond Parameters.
Table 1 shows the equilibrium geometries, two-center
energies, Wiberg bond indices, W,g;? and bond
populations defined by taking into account the overlap,
P35, defined in Eq. (5).
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The numerical values of W, are close to the conven-
tional bond orders: 2 for double bonds and 1 for single
bonds. The calculated geometries are generally in
good agreement with those observed for many hydro-
carbons possessing three or four-membered rings, ex-
cept for slightly shorter C-C single bond lengths.

TaBLE 1.

Hiizu Iwamura and Hiroshi KiHAra

513

Energies and ionization potentials obtained by using
Koopmans’ theorem are listed in Table 2.

The absolute values of the heats of formation ob-
tained for 1 and 2 by MINDO/2 might be considerably
lower than the actual values, since this method is re-
puted to underestimate the strain energies of small
rings and compounds having a compact skeleton.4:®
The MINDO/1 method is thought to be more ac-
ceptable in calculating the heats of formation.®) Heats
of formation of 12.3 and 54.5 kcal/mol were obtained
for 1 and 2 by Franklin’s group-equivalent method.”
The strain energy of 1 was therefore estimated to be 65.6
kcal/mol (the heat of formation from the MINDO/1
method minus that from Franklin’s). The strain energy
value so obtained is around mid-value among those
estimated for all the possible (CH)g isomers.

Molecular Orbitals of 1. 1 may be regarded for-
mally as being constructed of two cyclopropane rings,
a cyclobutane ring and an ethylenic double bond. The
ability of cyclopropanes to conjugate with an adjacent
unsaturated center is well known. Structure 1 has
a most desirable configuration for the cyclopropyl
and vinyl moieties allowing them to interact adequately
(i.e. bisected conformation). It is obvious from Table
I that the C,~C,; (and C,~Cj) bond has double bond
character to some extent while the C,—Cy (and CgCy)
bond is slightly weakened as a result of the
cyclopropyl-vinyl-cyclopropyl conjugation. A close
inspection of the AQO coefficients of the molecular
orbitals reveals that the orbital interactions between
the Walsh type orbitals of cyclopropane e’ and
localized orbitals (7yc, 7icm, 0¢c) of the ethylenic
moiety and additional interactions between the orbitals
resulting from the interactions described above are
evident in the molecular orbital profile of 1. This
qualitative molecular orbital description can be ob-
tained by considering in-phase and out-of-phase com-
binations between those localized orbitals with the same
symmetry. Some higher occupied and lower unoc-
cupied molecular orbitals are illustrated in Fig. 2. It
is interesting to note that the third highest occupied

GROUND STATE GEOMETRIES, TWO-CENTER ENERGY TERMS, BOND POPULATION, AND WIBERG’S BOND

INDICES OF TETRACYCLO[4.2.0.02.80%7]Jocr-3-ENE 1 AND BicycLo[4.2.0]ocTA-3,5,7-TRIENE 2

C,-C, Cy-Cy Cy-C, C,-Cy C,-Cs C,-Cs
Bond length (A) 1.50 1.47 1.36 1.51 1.49 1.50
E%s (eV) —12.456 —15.001 —19.792 —10.794 —13.570 —12.456
1 |  EYN (eV) —12.988 —15.728 —929.421 —11.572 —14.161 —12.988
P2, 0.6414 0.7591 1.0275 0.5833 0.6813 0.6414
Wi 0.9115 1.0066 1.8441 0.9586 0.9504 0.9115
Bond length (A) 1.54 1.34 1.47 1.49 1.33 2.333
E}s (eV) —14.368 —20.362 —15.135 —13.328 —20.004 —0.219
2 |  E} (eV) —14.971 —22.720 —15.841 —13.956 —22.437 —0.060
P, 0.7269 1.0527 0.7650 0.6825 1.0423 0.0151
Wis 0.9752 1.8432 1.0279 0.9594 1.8949 0.0218

1: Cyclobutane-cyclopropane dihedral angle=119.4°.

2: Cyclohexadiene-cyclobutane dihedral angle=103.1°.

TABLE 2. DISSECTED TOTAL ENERGIES, HEATS OF FORMATION AND IONIZATION POTENTIALS OF 1 AND 2

SVE, (eV) SISTEyp (eV) AH; (kcal/mol) I, (eV) AH, (MINDO/1)
1 —904.341 —247.446 35.99 7.97 77.9
2 —905.876 8.58 76.8

—245.605

43.02
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Fig. 2. Higher occupied and lower unoccupied molec-
ular orbitals of 1. The atomic orbital sizes present
only approximately the magnitude of the relevant
coefficients; their direction is similarly idealized.

molecular orbital is an out-of-phase combination of
the ethylenic 2pz AO’s on C,; and C,, while the cor-
responding in-phase combination appears among the
lower unoccupied molecular orbitals.

Potential Energy Surfaces and Reaction Paths for 1 and
2. By calculating a large number of nuclear con-
figurations, the energies of their electronic ground
states along the reaction paths was obtained as a func-
tion of § and s. A two dimensional presentation of
the energy (in units of the heat of formation) as a
function of 6 and s is shown in Fig. 3. The most
probable reaction path for the interconversion of 1
and 2 is indicated by the dotted line. A clearer
picture of this cross section of the potential energy
surface is given in Fig. 4 together with the change of
bond indices. A smooth change of the bond indices
for the bonds, which are formed or broken as the re-
action proceeds along the reaction coordinates, is char-
acteristic of symmetry-allowed reactions. Symmetry-
forbidden reactions show, in contrast, abrupt changes
in bond index.) This can be easily understood in

o 20 30 8
Fig. 3. The potential energy surface for the inter-
conversion of 1 and 2,
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Fig. 4. The energy and the bond indices during the
reaction of 1 and 2.

terms of the well-known orbital correlation diagram.®
In the case of allowed reactions, no alternation of
occupied and unoccupied orbitals occurs anywhere
along the reaction paths. In other words, all the oc-
cupied orbitals of the reactant can be transformed into
the occupied orbitals of the product with continous
changes in their shapes. The smooth change of bond
indices results from the continuous change of the
corresponding AO coefficients of the occupied molecular
orbitals. An abrupt change of bond index indicates
that alternation of occupied and unoccupied levels takes
place somewhere in the reaction path.?)

Figure 5 shows the calculated geometry and (in
parentheses) Wiberg’s bond indices for the transition
state of the reaction, 2 to 1. Note that the bond indices
are about 1.6 for bonds C,-C; (and C;-C;) and
C—C, 1.17 for C3-C,, and 0.2 for C,-Cy (and Cs-C,).
As shown in Table 3, the two-center energy terms E,p
for the transition state geometry are more in pararell
with those of 2. The dihedral angles 83° and 200°
of the transition state structure correspond to 57° and
213°in 1 and 104° and 180° in 2. Thus the configura-
tion of the transition state is electronically similar to
2, while it is similar to 1 in terms of skeletal displace-

Fig. 5. The calculated geometry and the Wiberg’s
bond indices (in parentheses) for the transition state
of the reaction of 2 to 1.
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TaBLE 3. NEIGHBORING TWO-CENTER ENERGIES (€V) FOR THE TRANSITION STATE t

CI_C2 Cg’Ca 03—04

C,~Cy C-Cq C,-Cy

—14.133 —20.969 —17.231

—13.453 —20.181 —2.464

TABLE 4. ONE-CENTER AND TWO-CENTER TERMS IN THE ACTIVATION ENERGIES (e¢V) FOR THE REACTION OF 1 anD 2

1 AE, ., t AE, ., 2

E} —84.1694 0.1038 —84.0656 0.2804 —84.3460
ES —820.1734 —1.9006 —822.0740 —0.5424 —821.5316
E, —904.3411 —1.7976 —906.1387 —0.2627 —905.8760
E, —259.5897 4.4817 —255.1080 1.0959 —256.2039

Ny 12.1428 —1.4348 10.7080 0.1093 10.5987
E,s —247.4469 3.0469 —244.4000 1.2052 —9245.6052
E —1151.788 1.249 —1150.539 0.943 —1151.481

TaABLE 5. DIFFERENCE IN ELECTRON POPULATIONS ON
THE CARBON ATOMS AND DISSEGTION OF ONE-GENTER
CONTRIBUTION TO THE ACTIVATION ENERGY (eV)
FOR REARRANGEMENT oF 1 AND 2

1 2
—
Aqa AE} Aga AE?
G, (C) ~—0.077 0.5844 0.010 —0.0194
G, (Gy) 0.071 -—-1.0399 —0.020 0.0099
G, (Cy) 0.001 0.0567 0.021 —0.1449
Cs (Cy) 0.013 —0.5515 0.009 —-0.1168

ments. This is in accord with Hammond’s postulate!!)
and is also reasonable when the geometrical constraints
imposed on the molecule in attaining the transition
state are considered. It is noted that partial bonds
Cy-Cg (and Cy—C,) are considerably weaker than those
occurring in more facile reactions, e.g., the Cope rear-
rangements of bridged homotropilidenes.!® In the lat-
ter, the partial bonds in the transition states have a
W, value of 0.4. The smaller W,; value corresponds
to the fact that the resonance energy of the aromatic
transition state is not large in the present case.

In order to fully characterize the electronic struc-
ture of the transition state, theé total contribution to
the activation energy of the one-center term (AE,)
and of the two-center terms (4E,;) are given in Table
4. Those were obtained by taking differences between
the corresponding values for the ground state and
transition state.

The stabilizing contribution to the activation energy
comes from changes (4E,) in the one-center terms on
passing from the reactants to the transition state.
Further inspection reveals that the contribution of
hydrogen atoms is very small and that the AE, values
are governed by changes in the one-center terms for
carbons. The first and third columns of Table 5 show
the change (4q,) in the electron population of atom A
in passing from the reactant to the transition state.
A positive dq, implies an increase in electron density
and also in negative charge. It is seen that the varia-
tion of AE, values correlates with those of A4g,.1%
Note that the terms leading to smaller activation energy
are those for the carbon atoms in the “aromatic ring”

of the transition state, e.g., atoms 2,3,4,5,7 and 8. In
other words, the six carbons involved become effectively
more electrogative in going from the reactants to the
transition state and the transition state is correspond-
ingly stabilized by a drift of negative charge to those
six carbons from the rest of the molecule. On the
contrary, the net change in the two-center neighboring
terms AEY; is relatively large with positive sign. Thus
the relief of steric strain is not contributing much to
the driving force of the reaction.

The activation energy for the valence isomerization
of 1 to 2 is estimated at 29 kcal/mol by taking the dif-
ference in the energies of 1 and the transition state.
Thus the isomerization of substituted cyclooctatetraene
via 1 and 2 (see Eq. (2)) is predicted theoretically to be
possible at elevated temperatures. It is also concluded
that 1 is reasonably stable kinetically as well as ther-
modynamically (see Section A). The height of the
potential energy barrier is large enough to give 1 a
reasonable life-time at room temperature once prepared
by an authentic route.

The reaction of 2 to 1 is favored in terms of orbital
interaction owing to the proper geometry in the transi-
tion state. It would lead to activation energy of
the same order as a typical Diels-Alder reaction of
butadienes with ethylenes.1%

A Degenerate Valence Isomerization of 1 (Eq. (3)).
The reaction represented by Eq. (3) is a symmetry-
allowed process. A precedent for the analogous [.2s+
«2s++25] reactions may be found in the bimolecular
reaction of quadricyclene with TCNE:1%

2 " A

However, the ethylenic px orbitals are not suitably dis-
posed for overlap with those of the cyclopropane ring
in 1. Inclination of the etheno bridge by 20° is attained
only at the expense of 18 kcal/mol strain. The cay
culated energy values rise nearly in direct proportion-
to the increase in the values of ¢ and e. This is il
lustrated in Fig. 6. The ethylenic pn orbitals cannot
interact sufficiently with those of the cyclopropane
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Fig. 6. The energy and the bond indices for the de-
generate valence isomerization of 1.

rings even when a large increase in energy due to
strain is imposed. Therefore this formally symmetry-
allowed valence isomerization will not take actually
place even under severe conditions. Instead, the
reaction coordinate represented by the elongation of
the bond between C; and Cg (Cg and C,), ¢, leads to
an unexpected product, barrelene, across a high
energy barrier demanded by symmetry considerations.16)
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