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Energy Component Analysis of the Pseudo-JahnTeller Effect in the Ground State of the
Triafulvalene Anion, Pentafulvalene Cation, and Heptafulvalene Anion Radicals

energy has been made to understand the physical picture of the
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To understand the nature of the pseudo-Jareller (JT) effect, an energy component analysis of the total
energy was carried out in the ground state of the titled ion radicals by using the MCSCF method with 6-31
(d) basis set. Examination of the energy components comprising in the total energy reveals that in the radi
the stability of a less symmetrical nuclear configuratiGg ) is attributable commonly to the energy lowering
of the internuclear repulsion term and the kinetic and interelectronic repulsion terms dueléotrons.
These observations are consistent with an expansion of the molecular skeleton brought about by the pse
JT distortion. In the triafulvalene anion radical, it is further found that the nuelglactron attractive and
interelectronic repulsive terms due Aoelectrons also contribute to the stability of t8g, structure. In the
pentafulvalene cation and heptafulvalene anion radicals, on the other hand, the interelectronic repulsive
nuclear-electron attractive terms dueoelectrons contribute to the stability of tk, structure, respectively.
These differences are accounted for in terms of a charge polarization attributed to the migratedaatfons.
Moreover, characteristic electronic properties inherent in the radicals are discussed with much attentior
the charge and unpaired spin-density distributions in the dist@igdtructure.

Introduction Hs Hi
Ha Hy / \

It is well-known that a pseudo-JakiTeller (JT) effect* is s 62/ ”G\CS/C\ /CZ\C:,/ e
the stabilization which occurs when a certain asymmetric \c‘—c‘/ ' Ce——CF |
distortion mixes two electronic states which are nearly degener- ¢ \03 P / G
ate in the symmetric nuclear configuration of the ground state H{ \Hz Hr C\‘° 75 "o
or of an electronically excited state in nonlinear molecules. In He Hy
the case where a certain molecule undergoes the pseudo-JT Trafulval
effect, it is in general expected that the molecule should exhibit renivaiens Pentafulvalene
unusual physicochemical properties. From these viewpoints,
the chemistry of nonbenzenoid aromatic hydrocarbons has been
of theoretical as well as synthetic interest. As a result, a number Hg H,
of intriguing features attributable to the pseudo-JT effect have b VAR /cﬁ
so far been observed for such nonalternant conjugated molecules Hg\c{ . /C TN e
from spectroscopic measurements especially of NMR, absorp- | Cg—C, | \
tion, and ESR spectfal® we” U, \07\ Py T__n

In recent years, an energy component analysis of the total /" Mg H/G c§

pseudo-JT effect in bicyclic nonalternant hydrocarbons termed

pentalenoid and heptalenoid syst@as well as in some

Heptafulvalene

fundamental cyclic polyen&sby using the ab initio MO method Figure 1. Molecular skeletons, numbering of atoms, and choice of

with 6-31G(d) basis s&€26 In connection with such neutral molecular axes.

species, it is of primary importance to carry out the energy method with 6-31G(d) basis s&t.** The electronic state under
component analysis of the total energy in the charged speciesCOHSIdel’atlon is the ground state of the triafulvalene anion

that should undergo the pseudo-JT distortion. This is becauseradical (1), the pentafulvalene cation radicaR){ and the
the pseudo-JT effect in the conjugated hydrocarbons examinedheptafulvalene anion radicaB)( It will be shown that the

is found to be profoundly related with the charge distribution present energy component analysis facilitates the understanding

in 7 electrons. In the present paper, we thus deal with the ion of the nature of pseudo-JT effect observed in the radital

radicals of fulvalene systems (Figure 1) using the MCSCF It is remarked here that the parent triafulvalene molecule is

still an unknown compound, but its dibenzo derivatifesnd

*To whom correspondence should be addressed. the parent pentafulvalene and heptafulvalene moletubezre
® Abstract published irAdvance ACS Abstractfecember 15, 1997.  prepared together with the ion radicaf€82° Among other
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things, of special note is the ESR spectrum of the radscal
observed by Sevilla and othéfswhich indicates that the
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pentafulvalene. Hence, it is readily expected that addition of
an electron to or removal of an electron from the relevant neutral

unpaired spin density is not delocalized throughout the molecule, molecule to produce the anion or cation radical should lead to
but it is localized essentially on a single seven-membered ring. the degenerate ground state in the corresponding ion radical.
A similar anomaly in spin-density distribution has also been Needless to say, when electron repulsion is included, this
observed in the trianion radical of heptafulvalene by Bauld accidental degeneracy is lifted, but in the resultant electronic

et all?

Methods of Calculation
Since the ground state of the radicats3 is an open-shell

states the energy separation of interest is in general small, as is
actually shown above. It is mentioned that for the present

radicals the second excited doublet state with 8/mmetry

lies relatively high above the ground state in energy. Since the

structure, we employ here full-optimized reaction space (FORS) ground state is nearly degenerate with the lowest excited doublet

multiconfiguration self-consistent field (MCSCF) method with
6-31G(d) basis s@&2% It should be noted that for the radicals
1 and2 the MCSCF active space includes all inner valence
orbitals and allz electrons. For the anion radica| however,
the MCSCF active space includes only nimelectrons in 10

state, it is suggested from symmetry arguments that the in-plane
nuclear deformation ofy (B1g x Ay) symmetry should cause

a strong vibronic interaction between them. As a result, the
ground-state nuclear arrangement of the radital3is expected

to undergo a pseudo-JT bond distortion fr@m, to C,,. This

activerr orbitals. That is, the reduced active space is fixed such means that no convention8l, nuclear configuration of the

that the lower three occupied orbitals and the highest
unoccupiedr orbital are excluded from the 14 orbitals and
hence sixz electrons occupying in the former orbitals are
excluded from 15z electrons involved in the anion radical.

radicals represents a minimum but a saddle point of the ground-
state potential energy surface. In what follows, we will give
the structural and concomitant properties of g and Cy,
structures that have been obtained by the MCSCF geometry

The energy components comprising in the total energy are optimizations with 6-31G(d) basis set.

important essentially for discussing the leading terms responsible  Structural Characteristics and Electronic Properties.
for the pseudo-JT stabilization in the present charged species Table 1 presents the fully optimized geometrical parameters for

and accordingly we give here a brief review of the energy
partitioning schemé? The total energy of a molecular system
is expressed as the sum of the electronic eneE§Yy and the
internuclear repulsion energgY). TheE® term comprises the
kinetic (E") and potential energies, the latter being further
partitioned into the nuclearelectron attraction energ§Y) and

the interelectronic repulsion enerdy’). In the case of a planar
conjugated molecule, tHe®' and its partitioned energies can be
further partitioned intoo-electron E;) and m-electron E;)
energies. Within this framework, the total energy can be
expressed as follows:

N T V -J T V J
wa—E +tE, +E +E,+E_ +E +E,
It is remarked that th&’, term should comprise two interaction
energies arising from between pureelectrons and between
and x electrons and th&’, term the energies arising from
between purer electrons and betweenando electrons. All

the symmetric[D,) and less symmetridX,) nuclear configura-
tions of the radicald—3. Atomic populations are obtained at
the D2 and Cy, structures by means of Mulliken’s population
analysis®® which are summarized in Table 2 together with
ands-electron components. In Table 3 are shown the total and
partitioned energies at tH&y, andC,, structures of the radicals
examined .

As to the radicall with Do, symmetry, Table 1 shows that
there exists a marked double-bond fixation in both the three-
membered rings. In th€;,, structure, on the other hand, an
extremely short CC bond of 1.317 A appears in one of the rings,
while the lengths of the CC bonds are nearly equalized in the
other ring. The stabilization energy due to the pseudo-JT effect,
defined as the difference in total energy between the two
structures, is calculated to be 14.0 kcal/mol. Examination of
the atomic populations reveals that despite a negatively chargec
species, all the hydrogen atoms are charged positively in both
the structures. In theC,, structure, a migration of the

these calculations are carried out by means of the quantumy-electrons is observed from one side of the rings to the other,

chemistry code GAMESS to which new subroutines for the
energy component analysis are added.

Results and Discussion

Low-Lying Doublet States in the SymmetricD2, Structure.
Molecular geometries for the radicdls-3 are assumed to be
planar®? The low-lying doublet states of the radicals have been
examined using the optimizeab, geometrical structures in the
ground state. It is predicted for the radicdlsand 3 that the
ground state is of B symmetry and the lowest excited doublet
state is of A symmetry, the energy separations between the
two states being 0.12 and 0.43 eV, respectively. As for the
radical 2, the ground state is of Asymmetry and the lowest
excited doublet state is of{gsymmetry, the associated energy

whereas the-electrons are transferred to the direction opposite
to thesr-electron migration. The amount of electron migration
is larger for the former than for the latter, with the result that
the large negative charge Q.70 e) is localized in the ring with
the nearly equalized CC bonds in length. This aspect may be
equivalent to saying that the pseudo-JT effect brings about a
contraction of ther-electron cloud. The charge distributions
in o0 and 7 electrons can also be discussed from a slightly
different viewpoint: Taking the atomic populations in e,
structure as reference values, a charge alterrtican be
observed with regard to the andr electrons along the long
molecular axisZ) in the Cy, structure (Figure 1). This situation
differs markedly from those observed in pentalene and heptal-
ene?! In the molecules, a charge alternation appears along the

separation being 0.15 eV. lItis often observed that such a smallcarbon periphery in the symmetri2,, structure, while in the

energy gap is a crucial factor for the occurrence of the pseudo-

JT effect in the ground staf8. A qualitative account can be

less symmetricC,, structure it is relaxed largely by migration
of the & electrons. Of special interest is the distribution of

given of the appearance of near-degeneracy in the ground stateinpaired spin densities, because the two rings are no more

as follows: In the simple HMO picture, an accidental doubly
degeneracy takes place in the lowest unoccupied MO (LUMO)
in triafulvalene and heptafulvalene, while a similar orbital

degeneracy occurs in the highest occupied MO (HOMO) in

equivalent in theC,, structure. By means of the usual restricted
open-shell HartreeFock (ROHF) method with 6-31G(d) basis
set??the unpaired spin densities on carbon atoms are calculatec
at theD,n andCy, structures in cooperation with the geometry
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TABLE 1: Optimized Geometrical Parameters at the Symmetric and Less Symmetric Nuclear Configurations of the lon
Radicals

molecule structure geometrical parameters

1 Dan (*Byg C1-C2=1.4477,C2-C3=1.3682, C+-C4=1.3280, C2-H1 = 1.0679, C4C1-C2=151.8, C}-C2-C3=61.8,
C1-C2—-H1=149.0,C2-C1-C3=56.4

C (?A;) C1-C2=1.4302, C2-C3=1.4175, C+C4=1.3285, C4C5=1.4808, C5-C6=1.3172, C2-H1 = 1.0655, C5-H3=
1.0718, C+C2-C3=60.2, C--C2—H1 = 147.7, C2-C1-C3=59.4, Ck--C4—C5= 153.3, C4-C5-C6=63.6,
C4—-C5-H3=150.2, C5-C3—-C6=52.8

2 Dzn (Ay) C1-C2=1.4532,C2-C3=1.3846, C3-C4=1.4396 C1+-C6 = 1.3630, C2-H1 = 1.0703, C3-H2 = 1.0713,
C6-C1-C2=126.9, Cx--C2-C3=108.2, C2-C3—C4=108.7, Cx--C2—H1 = 125.7, C2-C3—H2 = 125.9,
C2-C1-C5=106.2

C (?A2) C1-C2=1.4745, C2-C3=1.3503, C3-C4=1.4949, C+-C6= 1.3740, C6-C7 = 1.4408, C+C8= 1.4150,
C8-C9=1.3923, C2H1=1.0703, C3-H2 = 1.0714, C#H5 = 1.0711, C8H6 = 1.0715, C6-C1-C2=126.9,
C1-C2-C3=108.2, C2-C3—C4=108.7, CE-C2—H1=125.7, C2C3—H2 = 125.9, C2-C1-C5=106.2

3 Dz, (?Byg C1-C2=1.4632,C2-C3=1.3751, C3-C4=1.4302, C4C5=1.3574, C+C8=1.3881, C2-H1 =1.0668, C3-H2 =
1.0804, C4H3=1.0794, C8-C1-C2=120.5, Cx-C2-C3=132.0, C2-C3—C4=131.9, C3-C4-C5=126.7,
C1-C2-H1=116.2, C2-C3—H2=114.0, C3-C4-H3 =115.7, C2-C1-C7=118.9

Co (P(A;) Cl1-C2=1.4428,C2-C3=1.4054, C3-C4=1.3797, C4C5=1.4229, C+C8= 1.4165, C8C9= 1.4677,
C9-C10=1.3569, C16-C11=1.4720, C1+C12=1.3246, C2-H1 = 1.0685, C3-H2 = 1.0818, C4-H3 = 1.0791,
C9-H7=1.0700, C16-H8 = 1.0793, C1+H9 = 1.0800, C8-C1-C2=120.8, C+-C2—-C3=132.0, C2-C3—-C4 =
133.4,C3-C4-C5=125.4,C+C2-H1=116.7, C2-C3—H2=112.5, C3-C4-H3 = 117.0, C2-C1-C7=118.3,
C1-C8-C9=120.9, C8-C9-C10=133.4, C9-C10-C11=130.3, C16-C11-C12=127.2, C8-C9—H7 = 115.3,
C9-C10-H8=115.7, C16-C11-H9 = 115.0, C9-C8-C14=118.2

@ Numbering of atoms is shown in Figure 1. Bond lengths and bond angles are in angstroms and degrees.

TABLE 2: Atomic Populations at the Symmetric and Distorted Structures of the lon Radicals

symmetric structurel{zn) distorted structureQ,)
molecule atom total g T total o 7

1 C1 6.0250 4.8690 1.1560 5.9570 4.9795 0.9775
c4 6.0826 4.7675 1.3150
C2,C3 6.3506 5.1786 1.1720 6.4519 5.0784 1.3735
C5,C6 6.2470 5.2668 0.9802
H1,H2 0.8869 0.8869 0.9183 0.9183
H3,H4 0.8630 0.8630

2 C1 6.0180 5.1204 0.8976 5.9620 5.2135 0.7485
C6 6.0781 5.0387 1.0395
C2,C5 6.1277 5.2151 0.9126 6.1694 5.1165 1.0529
C7,C10 6.0772 5.3084 0.7689
C3,C46 6.1729 5.2843 0.8886 6.1802 5.2792 0.9010
C8,C9 6.1668 5.2836 0.8832
H1,H4 0.7253 0.7253 0.7538 0.7538
H5,H8 0.6999 0.6999
H2,H3 0.7151 0.7151 0.7322 0.7322
H6,H7 0.7004 0.7004

3 C1 6.0093 4.9762 1.0331 5.8677 5.0105 0.8572
Cc8 6.1797 4.8613 1.3184
C2,C7 6.2216 5.1647 1.0569 6.3198 5.1169 1.2029
C9,C14 6.1373 5.2086 0.9287
C3,C6 6.2098 5.1392 1.0706 6.1603 5.1587 1.0016
C10,C13 6.2526 5.1136 1.1390
C4,C5 6.2196 5.1137 1.1059 6.2224 5.1063 1.1161
C11,C12 6.1821 5.1582 1.0239
H1,H6 0.8425 0.8425 0.8629 0.8629
H7,H12 0.8405 0.8405
H2,H5 0.8765 0.8765 0.8785 0.8785
H8,H11 0.8755 0.8755
H3,H4 0.8754 0.8754 0.8802 0.8802
H9,H10 0.8642 0.8642

optimizations®> Reference to Table 4 shows clearly that in the to be 8.7 kcal/mol. Inspection of the atomic populations reveals
Dan structure the unpaired spin density is delocalized in both that all the hydrogen atoms are charged positively in both the
the rings, but in theC,, structure it is localized essentially in  structures: The magnitude of the positive charges is much
the ring with the larger negative charge. larger in the radical than in the radical. It may be said that
As for the radical2, a comparison of the optimized geo- in spite of being ther-radical system, an electron is removed
metrical parameters between tbg, andC,, structures reveals = mostly from the hydrogen atoms when the cation radice
that in the latter a bond-length alternation is enhanced in one produced from the parent pentafulvalene molecule. It is noted
of the rings, but it is relaxed largely in the other ring. The that the larger positive charge-0.63 e) is located on the ring
stabilization energy due to the pseudo-JT distortion is calculatedwith the marked double-bond fixation. Taking the atomic
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TABLE 3: Total and Partitioned Energies and Their
Energy Differences between the Symmetric and Distorted
Structures of the lon Radical$

molecule component symmetriD4,) distorted C,,) differencé SOMO LUMO

1 Erotal —229.196579 —229.218813 —0.022234 Figure 2. Representation of the el SOMO (hg) and LUMO (&)
EN 174.416448 173.994285-0.422163 for the radicall at theD2, structure. White and black circles indicate
E', 221.582262 221.529025-0.053237 respectively the plus and minus signs of atomic-orbital coefficients,
EYs —803.824916 —802.954929 +0.869987 and the values on the atoms C1 and C4 are zero by symmetry.
E, 219.361107  218.970944-0.390163
E", 7.566687 7.629458+0.062771 . . .
EV, —87.918348 —87.981237 —0.062889 neighboring hydrogen atoms across the cross B&hdhis is
B 39.620180 39.593641-0.026539 because in this radical the nonbonded atomic distance betweer

2 Eqotal —383.116981 —383.130817 —0.013836 H1 and H7 is 1.704 A in th®2, structure while in the radicals
E$ 443.384074 442.818262-0.565812 1 and2 the associated atomic distances are 4.975 and 2.467 A,
E\;’ _l?ég'zggiggg _16%37%%1%%282%% respectively. The stabilization energy which favors the distorted
=N 488.267850  487.775381-0.492469 C,, structure is calculated to be 10.0 kcal/mol. A comparison
E;n 9.507483 9.548264+0.040781 of the atomic populations between tbe, and C,, structures
E'x —152.551438 —152.535989 +0.015449 jhdjcates that in the latter a charge alternation appears along
E 68.786680 68.742137-0.044543 N

3 E 537 058106 —537 074079 —0.015973 the long molecular axis with regard to theandx electrons. A

total - . - . —u. . . . .

EN 757927947 755 7634322 164515 larger negative cha_lrge is located on the ring Wlth_ the nearly
ET, 521.500201 521.357273-0.142928 equal CC bonds in length, showing a contraction of the
E:’(, —2489.177668 —2485.009944 +4.167724 sr-electron cloud on the ring. Concomitantly, it is also observed
By 821.871456  811.035600-1.835856 that the unpaired spin density is localized essentially on the ring
E™, 15.218714 15.361492+0.142778 . . o
EV. 292114376 —292.330740 —0.216364 with the larger negative charge within the ROHF MO method
E 136.715627 136.748809+0.033182 used here. It should be emphasized that the spin-density

2 Energies are in hartreesThe minus sign means that the energy distribution thus_ obtained is indeed in good agreer_nent with the
term is lower in energy for the distorted structure than for the symmetric available experimental facfsas well as the theoretical results
one. obtained within the semiempiricat-electron approximatioff:

An explanation about how such a localization in the unpaired
spin density (Table 4) should occur in one of the rings at the
C,, structure can be given qualitatively from a perturbational
MO approach as follows: At the unperturb&}, nuclear

TABLE 4: Unpaired Spin Densities on Carbon Atoms of the
lon Radicals at the Symmetric and Distorted Structures

symmetric Dan) distorted Cz,)

molecule atom Spin density Spin density arrangement, the lowest excited doublet state, which is nearly

1 gzll 0.0016 006%%%3 degenerate with the ground state, is represented virtually by one-
Cc2,C3 0.2492 0.4977 electron excitation: The excitation corresponds to orbital jump
C5,C6 0.0001 from the singly occupied MO (SOMO) to the LUMO for the

2 Cc1 0.0024 0.0000 radicals1 and3 and from the highest doubly occupied MO to
C6 0.0045 the SOMO for the radicaR. Thus, the vibronic interaction
g%gio 0.1795 (?59706082 between the ground and lowest excited doublet states through
c3.ca 0.0693 0.0003 the b, nuclear deformatio®; can be reduced to the interaction
C8,C9 0.1204 between the SOMO (B and the LUMO (@) for the former

3 Cc1 0.0019 0.0053 and between the highest doubly occupied MQ) @nd the
Cc8 0.0001 SOMO (hyg) for the latter through the one-electron operaiaf
gggz 4 0.1163 635061723 9Q;, where V represents the operator of nucleafectron
C3.C6 0.0297 0.0453 potential energy. After the nuclear deformati@nthe perturbed
C10,C13 0.0009 SOMO of interest is expressed as a linear combination of the
81110312 0.1031 8-01(5)30224 unperturbed SOMO and LUMO for the former and of the

unperturbed SOMO and HOMO for the latter. In Figure 2 we
represent a distribution of the atomic orbital coefficients in
the unperturbed SOMO and LUMO within the HMO ap-
proximation, taking the radicdl as an example. Their values

shows that the pseudo-JT distortion gives rise to a localization &€ Just the same in absolute values for the two orbitals.
of the unpaired spin density on the ring with the larger positive Accordingly, the mixing in of the LUMO into the SOMO leads
charge. to the result that the perturbed SOMO is almost confined only

For the radicaB, the optimizedD2, structure shows that there {0 the carbon atoms belonging to one of the rings. This means
exists a moderate double-bond fixation in the seven-memberedthat in the other ring the atomic-orbital coefficients of the carbon
rings. On the other hand, the optimiz€g, structure indicates ~ atoms becomes negligibly small, indicating a localization of the
that a marked double-bond fixation occurs in one of the rings, perturbed SOMO. With regard to the distribution of the atomic-

while the lengths of the CC bonds are considerably equalized orbital coefficients in the two orbitals of interest, a quite similar
in the other ring. Noticeable is the fact that the central cross Situation can also be observed for the radicand3. Asa
bond assumes a length of ca. 1.42 A, which is the most consequence, it follows that the localization in unpaired spin
lengthened among the radicals examined. Relative tdthe  density takes place in the, structure of the radicaf¥.

structure, a lengthening of the CC bond amounts to ca. 0.03 A.  On the basis of these results, we now discuss the leading
It may be inferred that this lengthening is largely responsible factors responsible for the stability of less symmetric nuclear
for the steric repulsion arising from the two pairs of the configuration in the radicald—3.

charges at th®y, structure as the reference values, a charge
alternation can be observed in t@g, structure along the long
molecular axis with regard to the andx electrons. Table 4
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Energy Component Analysis of the Total Energy in the energy lowering of the terrkV,. This is probably due to the
Ground State. (a) The Radicall. An analysis with regardto  fact that in theC,, structure the large-electron densities reside
the CC and CH bonds in length between tbg, and C,, on the atoms forming no CC bond and, accordingly, no strong
structures (Table 1) reveals that in addition to therclear attractive interactions should occur betweensttedectrons and
deformation of interest, the totally symmetric nuclear deforma- nuclei. This feature may be pointed out as being a sharp
tion is operative to some extent. That is, the molecular skeleton distinction between the radicalsand2. As to the kinetic terms
changes its form such that EC4 is lengthened by 0.001 A, due too andx electrons, the energy changes are small, the
C1—-C2 s lengthened by 0.008 A, €3 is shortened by 0.001  absolute values being almost equal. As a consequence, it car
A, and C2-H1 is lengthened by 0.001 A. At the same time, be said for the radica that the preference for th&;, structure
the hy, nuclear deformation is operative such that-@2 is should originate from the energy lowering of the ter&s E,,
lengthened by 0.026 A, GXC3 is shortened by 0.051 A, and  E’,, andE",. The other energy terms contribute to the direction
C2—H1 is lengthened by 0.003 A. Here, the remaining bonds opposite to the stability of distorted structure.
are shortened or lengthened by the lengths above in absolute (c) The RadicaB. Relative to theD, structure, most parts
values so that each set of their displacement vectors shouldof the molecular skeleton in th@,, structure are expanded in
satisfy the symmetry of 4y nuclear deformation. Of course, a a totally symmetric fashion, and the associated changes in bond
displacement vector of the cross bond is zero by symmetry in length are given as follows: GiC8 (+0.028 A), C1-C2
the by nuclear deformation. It is noteworthy that when the (—0.008 A), C2-C3 (+0.006 A), C3-C4 (—0.004 A), C4-
radical 1 settles at theC,, equilibrium structure the two  C5 (+0.016 A), C2-H1 (+0.002 A), C3-H2 (+0.00¢ A), and
stretching modes ofgand h, symmetry take part. Since the C4—H3 (+0.00¢ A). At the same time, the bond-length
CC and CH bonds are lengthened in a totally symmetric fashion, changes due to theib nuclear deformation are given as
the repulsive term&N, EY,, andE’, should be lowered in energy. ~ follows: C1-C2 (-0.012 A), C2-C3 (+0.024 A), C3-C4
As is listed in Table 3, this is actually true for the three terms. (—0.046 A), C4-C5 (+0.049 A), C2-H1 (-0.001 A), C3-

In marked contrast, the expansion of molecular skeleton shouldH2 (+0.001 A), and C4H3 (—0.00Q A). Since the carbon
generally lead to the energy raising of the nucteslectron skeleton is stretched in a totally symmetric fashion, the repulsive
attractive terms. This is because a lengthening of the CC andinteractions are expected to be reduced inGhestructure. Table
CH bonds brings about an expansion of twelectron and 3 shows that the two repulsive terr& and E’; are actually
7-electron clouds. As mentioned in the preceding section, lowered in energy, but another repulsive tel; is raised in
however, a contraction of the-electron cloud takes place on  €nergy. On the contrary, the expansion of molecular skeleton
the ring with the nearly equal CC bonds in length. In such a should lead to an energy raising of the nucteelectron
case, it is often observed that the nuclealectron attractive attractive terms. This is true for the attractive tel,, but
termEY., is lowered in energ§®2L This suggests that the energy anothe_r a_ttractive terrg"; is ind_eed lowered in energy. This
change of interest should depend on a competition between theP€havior in energy may be ascribed to the fact that a contraction
contributions arising from the two opposing factors. That the Of the z-electron cloud takes place on the atoms forming the
termEY,, is indeed lowered in energy can thus be attributable C4—C5 bond. Concomitantly, the energy raising of repulsive
to the fact that the contribution from the contraction of te€rmE’: can be attributable to the contribution arising from
z-electron cloud is larger than that from the expansion of the contraction Qh-electron cloud, instead_of the one arising
molecular skeleton. The energy changes of the kinetic terms from the expansion of carbon skeleton. It is remarked that the
due too andz electrons are small, the absolute values being €N€rgy changes of the kinetic terms duestand electrons
almost equal. As a consequence, it can be concluded for the2'® rather large, the former being lowered and the latter being
radical 1 that the stability ofCy, structure should arise from  raised in energy. Asaresult, it can be concluded for the radical
the energy lowerings of the terni&!, E%, EV.,, ET,, andE, 3 that the energetic stgblllty of th@,, structure should result
and the other terms change in energy in the opposite directionfTom the energy lowering of the ternt!, E%, ETo, andEY,.
to the stability. The leading energy terms to the stability come 1h€ large contributions come from the former two terms, in
from the former three terms, in order of importance. order of importance.

(b) The Radical. It is found that the present pseudo-JT
distortion fromD2;, to Cy, is accompanied by a totally symmetric
expansion of the molecular skeleton. The associated changes Characteristic electronic features inherent in the present
in bond length are given as follows, where the sighand — radicals are that as a result of the pseudo-JT effect, a charge
denote respectively a lengthening and a shortening of the bondsalternation in electrons appears at thi, nuclear configuration
relative to theDy, structure: C+C6 (+0.011 A), C+C2 and, concomitantly, a localization of the unpaired spin density
(+0.009 A), C2-C3 (-0.002 A), C3-C4 (+0.003 A), C2- takes place essentially on one of the rings. It is further revealed
H1 (+0.00Q A), and C3-H2 (+0.00¢ A). Atthe same time,  that when the present radicals undergo the pseudo-JT distortion
the bond-length changes due to thghuclear deformation are  an expansion of the carbon skeleton takes place in a totally
given as follows: C+C2 (+0.016 A), C2-C3 (-0.032 A), symmetric fashion, in addition to thgonuclear deformation.
C3-C4 (+0.052 A), C2-H1 (-0.00Q A), and C3-H2 Hence, it is revealed that a reduction of the internuclear repulsion
(—0.00Q A). Itis thus expected that an expansion of the carbon energy and the interelectronic repulsion energy duecto
skeleton should be reflected in a decrease in the internuclearelectrons contributes commonly to the stability of t@e,
and interelectronic repulsion energies. Actually, Table 3 shows structure. Concurrently, in the radicalsand 3 the nuclear
clearly that all the repulsive ternt®', E,, andE’, are lowered electron attraction energy of electrons plays a role in the
in energy. In contrast, the nucleaelectron attractive terms  stability of theC,, structure. This is ascribed to the behavior
should be raised in energy because of the expansion of moleculathat thes-electron cloud is contracted to the atoms forming a
skeleton. As is shown in Table 3, this is actually true for the CC bond by polarization of atomic charges. It is also notable
termsEY, and E,,. In the present case, however, it seems that that the energy change in the kinetic teEh, is almost the
a contraction of ther-electron cloud does not contribute to the same in absolute value as that in the tdfy. It can thus be
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confirmed that an expansion of the carbon skeleton and a charge  (4) Pearson, R. GSymmetry Rules for Chemical Reactipkigiley:

o . : ot New York, 1976.
polarization play dominant roles in the stability of a less (5) Legoff, E.J. Am. Chem. S0d.962 84, 3975.

symmetric structure. It is thus apparent that the energy  (g) ploch, R.; Marty, R. A.; de Mayo, Rl. Am. Chem. S0d971, 93,

component analysis is informative to elucidate what happens 3071.

inside the molecule when it is subject to the pseudo-JT (? :a;”efv ’é-?usfe A%I'uczeml%%:r?‘l' 93I9-t Ed. Englo73 12

distortion. In conclusion, the present pseudo-JT stabilization 575( ) Hafner, K. ; Ses, H. U.Angew. Chem., Int. Ed. Engl

can be said to arise mostly from the combined effects due to a  (9) Dauben, H. J.; Bertelli, D. . Am. Chem. Sod 961, 83, 4657.

structural change and a redistribution of the electron densityA (10) Vcor?EL E.I; fogégsgogg%z-igvf;gzen,l ; Mullen, K; Oth, J. F. M.

HPR H ngew. em., Int. . ENn 3 .

through eleCt.rOStaFIC mt_eractlon_s. . (11) Linder, H. J.; Kitschuke, BAngew. Chem., Int. Ed. Engl976

In connection with this work, it would be pertinent to refer 15 106,

to the results for the methane and borane radical cations by (12) Stegemann, J; Linder, H. Jetrahedron Lett1977, 29, 2515.
37,38 ; irato ; (13) Gleiter, R.; Bischof, PIn Topics in Nonbenzenoid Aromatic

Boyd et aF In both the gatlons, the first-order JT effect is Chemistry Hirokawa Publishing Co.: Tokyo, 1977 Vol. 2. p 1.

found to lead to a contraction of the molecular framework. It ™1 4)"Stowasser, B.; Hafner, Kingew. Chem., Int. Ed. Engl986 25

seems that no essential difference should exist between the first466. _ ‘ _ _ ‘

order JT and pseudo-JT effects at least in the sense that the (15) (a) Doerll(n?, W. v. ETEemetlﬁal Organic %hemlstrﬁcademc §

former deals with the geometric instability of degenerate I\P/IreazlyN(évr:i;mAbtgigé%%% (1255:'° er, A Rutsch, W.; Neuenschwander,

electronic states and the latter merely with that of nearly  (16) Sevilla, M. D.; F|ajer: S. H.: Vincov, G.; Dauben, H. J. JrAm.

degenerate electronic states. From this point of view, it is Chem. Soc1969 91, 4139. _

worthy to note that the results for the methane and borane radical, _{17) Bauld, N. L.; Chang, C. S.; Eilert, J. Hetrahedron Lett1973

_cations differ markedly from those for the present ion radicals "~ (1g) jackman, L. M.; Sondheimer, F.; Amiel, Y.; Ben-Efraim, D. A.:

in structural changes of the molecular framework. Gerona, Y.; Wolovsky, R.; Bothner-By, A. A. Am. Chem. Sod962 87,

Further, it should be mentioned for the radiGthat the 430179 sondheimer. E.: Wolovskv. R.- Amiel. 3. Am. Cherm. So96
nonbonded atomic distance between H1 and H7 is 1.740Aeven87(32)53_On eimer, F.; Wolovsky, R.; Amiel, 3. Am. Chem. So4965
in the distortedC,, structure. Clearly, the atomic distance is (20) Toyota, A.; Koseki, SJ. Phys. Chem1996 100, 2100.
still shorter than the sum of their van der Waals radii, ca=—2.0 gg §°ﬁ‘e"é’ SM T/\(/)ycl)ataid& P}fgy? %hem%gzl(gf?lé- T Gord

39-41 chmidt, M. W.; Baldrige, K. K.; Boats, J. A.; ert, S. T.; Gordon,
2.4 A For the ggound state of the parent hepf[afulvalene M. 'S Jensen, J. H. Koseki S.: Matsunaga, N.. Nguyen. K. A Su, S.:
the relevant atomic distance is 1.724 A at the conventibagl 14, 1347.
nuclear arrangement and, as a result, the ground-state nuclear_(23) Ditchfield, E.; Hehre, W. J.; Pople, J. A. Chem. Physl971 54,
arrangement undergoes a pseudo-JT distortion from the planar ™54y Henre, w. J.; Ditchfield, R.; Pople, J. & Chem. Phys1972, 56,
D, to the nonplanalCy, structure. With reference to their 2257. _
results, there is every reason to believe that the rag8ishbuld Ch(25) F'f#e(i%ré%e;gl, *Zl a%hrggitézﬂ-e\év_-;gombek, M. M.; Elbert, S. T.

i ; . em. Phys , 41-49, 51-64, .
further undergo a pseudo-JT qllstortlon from the plabgrto a (26) Thed exponent was 0.8 for carbon atoms.
nonplanarCs structure. In this context, we are now much (27) Neidlein, R.; Poignee’, V.; Kramer, W.; Gluck, &ngew. Chem.,
interested in the subject of nonplanarity especially in conjugated Int. Ed. Engl 1986 25, 731.
molecules2and the results will be reported in detail in the near ~ (28) Agranat, 1.0rg. Mass Spectromil973 7, 907. _
. . (29) Davies, A. G.; Giles, J. R. M.; Lusztyk, J. Chem. Soc., Perkin

future together with the result for the radicl Trans. 21981 747.

Finally, we must note that it is much desirable to use more  (30) Ichikawa, H.; Ebisawa, YJ. Am. Chem. Sod.985 107, 1161.
flexible basis set than 6-31G(d) basis set for properly represent-mo(lzi)ulg‘) TsrfsﬁqggWSYeéggseﬁ;% f;UgSr’ygt”aﬁggr”legl%agggptlagg'(‘)’a'e”e
ing eleCtron,'C StrUCtures of the present ion radicals. In. this study, (b) Fora recent inter’esti’ng theoretical study on the molecule, see also: Scott,
however, since the differences of total energy and its compo- A P.; Agranat, |.; Biedermann, P. U.; Riggs, N. V.; Radom,JLOrg.
nents between the symmetric and less symmetric structures aréhem 1997 62, 2026. _
mainly considered, we conjecture that the likely correlation ,_(32) Nakajima, T.; Toyota, A.;'S. FujiBull. Chem. Soc. Jpri972

. 45, 1022, and references therein.
effects on the energy terms at the different structures should be "(33) Mulliken, R. S.J. Chem. Physl955 23, 1833, 1841, 2338, 2343.
virtually canceled when estimating the relevant energy differ-  (34) Toyota, A.; Saito, M.; Nakajima, Trtheor. Chim. Actal98Q 56,
ences’ 3843 We thus hope that the essence of the present basis231, and references cited therein.
Usi d in al h if flexibl (35) The ROHF method is employed here, because no program for
conclusions would remain almost the same even it more fleXible c,icylating spin densities in the framework of the MCSCF method is

basis sets larger than 6-31G(d) basis set are used in the MCSCFmplemented in the GAMESZ.
calculations for the ion radicals—3. (36) In ref 34, a localization of the unpaired spin density in the radicals
2 and3 has been accounted for in terms of the broken-symmetry charge

density wave arising from the doublet instability of the RHF solution. For
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