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Ab Initio MCSCF Study on Electronically Excited Singlet States of Fulvalene Systems:
Energy Component Analysis of the Pseudo-JahnTeller Effect
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Geometry optimizations of the lowest (second) excited singlet states of the fulvalene systems were carried
out by using the ab initio MCSCF method with the 6-31G(d) basis set. The electronically excited molecules
are found to undergo a pseudo-Jafireller (JT) distortion fromD;, to C,,. On the basis of the results
obtained, an energy component analysis of the total energy has been carried out to elucidate the physical
picture of the pseudo-JT effect. Inspection of the energy components comprised in the total energy reveals
that the stability of a less symmetric structu€®,j is attributable commonly to the energy lowerings of the
internuclear repulsion term and the interelectronic repulsive and kinetic terms dueléxtrons. These
observations are consistent with an expansion of the carbon skeleton brought about by the pseudo-JT bond
distortion. It is further found that in triafulvalene and heptafulvalene the nuekdactron attractive and
interelectronic repulsive terms due Aoelectrons contribute to the pseudo-JT stabilization, respectively. In
pentafulvalene and 7;bis(bicyclo[4.1.0]hepta-1,3,5-trienylidene), on the other hand, both the nu@ksntron
attractive and interelectronic repulsive terms dug tlectrons contribute to the energetic stability of @
structure. Subsequently, heptafulvalene undergoes a pseudo-JT effect from th&Cplaoa nonplanats
structure. Interestingly, the stability of nonplai@istructure results from the energy lowering of the nuctear
electron attractive term. Moreover, the structural and electronic properties inherent in the less sy@unetric
andC; nuclear arrangements of the electronically excited molecules are discussed.

Introduction periphery® and that of the latter state a symmefbig, one with
] ] ) ~almost equal CC bond lengths.

It.'s at present a general notion Fhat an excited molecu.le. 'S"In this context, cyclic cross-conjugated molecules termed
not just a gr_ounq-state molecule W't.h a_lot of energy, but it is fulvalene systems, in which two odd-membered rings are joined
rather_ a quite dlf_ferent molecule_wnh 't?’ own physical and by a double bond, are of interest theoretically since the
chemical properties. In comparison W'th the grounpl-state absorption spectra of pentafulvalene and heptafulvalene exhibit
molecule, the excited molecule has in general a different relatively broad band in the longest wavelength regia.
equilibrium structure and, hence, has a different dipole moment, |, 1his paper, we thus examine the geometrical structures of
a different cfgemmal reactivity, different acid and base strengths, electronically excited singlet states in the fulvalene systems
and so ort. Such differences can be interpreted as being a (Figure 1) by using the ab initio MCSCF method with 6-31G(d)
reflection of the different electron distribution in the electroni- 55is se#2-26 The electronic states under consideration are the
cally excited state. In this sense, the chemical behavior of |o\est excited singlet state for triafulvalerd,(pentafulvalene
electronically excited molecules has been intriguing subjects (2) and heptafulvalenes) and the second excited singlet state
from both theoretical and experimental viewpoints. Spectro- for 7, 7-bis(bicyclo[4.1.0]hepta-1,3,5-trienylidene)) 728 On
scopic measurements of absorption and emission spectra providgnhe basis of the results obtained, we carry out an energy
valuable information concerning differences in geometrical component analysis of the total ene®y§ to understand the
structures between the ground and electronically excited statesphysical picture of the pseudo-Jahfieller (JT) effect3:-33in
of a molecule. In pentalene and heptalént, belonging to  the electronically excited singlet state of the fulvalene systems.
the so-called catacondensed nonalternant hydrocarbons, it has | is noted that heptafulvalene is known experimentally to
been observed that the electronic spectrum exhibits a longtgye a nonplanat;, structure in the ground state. That is, the
absorption tail throughout the visible region. In this respect, it X-ray structural analysis by Thomas and Coppéreveals that
has been suggested that such an anomaly should be an effe¢he molecule has an S-shape when viewed sideways. Quite
arising from large dlfference_s in g_eometrlcal structures between recently, Scott et & have examined theoretically the energeti-
the ground and lowest excited singlet stdte¥. Namely, the  caly favorable ground-state structures of the fulvalene systems
geometrical structure of the former state takes a sk by means of the ab initioc MO method. They have indicated
structure with alternate short and long bonds in the molecular that the underlying reason for heptafulvalene adopting a
nonplanarCy, conformation is the proximity of two pairs of
*To whom correspondence should be addressed. hydrogen atoms within the molecule which promotes a distortion
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Ho H between purer electrons and betweenando electrons. All

" s o /\c,o\%ﬁ H'\cz/cé\ ke calculations are carried out by means of the quantum chemistry
G P T \CB_C‘ °| code GAMES% tq which new subroutines for the energy
Cs/c‘ C'\clg o \07\C Ny component analysis are added.

v \ Vel T A . .

) ’ H Hs Results and Discussion

Triafulvalene Heptafulvalene Low-Lying Singlet States in the Full Symmetric Dy,
Structure. The molecular forms ofl—4 are assumed to be
y planar, and each geometrical structure of low-lying two singlet
L states for them is optimized with the MCSCF scheme under
: the constraint oD, symmetry.
It is predicted forl—3 that the lowest excited singlet state is
Hs Hy i ¥ of By symmetry and the second excited singlet state issgf B
N /C{ lz\ PR PN symmetry, the energy separations between the two state being
| \Cs c/ T T T&CE_C‘/T? °| only 0.09, 0.01, and 0.17 eV, respectively. Asdothe second

P / _Ce P /c( ™~ "~ excited singlet state is of 8 symmetry and the third excited

He C\‘" /° Mo 7 e T ’ singlet state is of By symmetry, the energy separation being
He He He M 0.05 eV. The finding that these energy separations are
Pentatuivalene 7.7Bis(bicyclo[4.1 Ohepta-1,3,5-trienyiidene) considerably small can be regarded as being an electronic

characteristic common to the present fulvalene systems. An
account of the appearance of such near degenerate excited states
is given as follows: In the simple HMO picture, a pair of the

of the rings away from planarity at the central fulvenic cc degenerate orbitals occurs in the lowest unoccupied MO
double bond®37 By considering this point, we also examine (LUMO) for 1 and3, while a similar degeneracy appears in the

whether heptafulvalene takes a nonplanar conformation in the Nighest occupied MO (HOMO) for2. Besides, such an
lowest excited singlet state, and, if such is the case, an accoun@ccidental doubly degeneracy takes place in the next LUMO

is given for the cause of nonplanarity by analysis of the energy for 4. According_ly, the two electronically excited states arising
components comprised in the total energy. from MO transitions from HOMO to LUMOSs, from HOMOs

to LUMO, and from HOMO to next LUMOs should become
Methods of Calculation doubly degenerate fot and 3, 2, and 4, respectively. It is
. . . . apparent that when electron correlation is included, this ac-
Since the traditional restricted HartreBock method is not cigental degeneracy should be lifted, but the associated energy
adequate for describing electronically excited states properly, separation is in general small, as is actually shown above. Since
we employ here the fully optimized reaction space (FORS) the two excited singlet states are almost degenerate in energy
multiconfiguration self-consistent field (MCSCF) method with  ith each other, it follows from symmetry arguments o3
6-31G(d) basis sé&~2® It should be mentioned that fdrand and4 that the lowest and second excited singlet states should
2 the MCSCF active space includes all inner valenagbitals suffer a pseudo-JT bond distortion from the conventiddal
and allz electrons. FoBand4, however, since the molecular  strycture to a less symmeti@, structure through an in-plane
systems are rather large, the active space includes only 10 clear deformation ofi (B2, x Bsg) symmetry, respectively.
_orb_|tals and eightr electrons. Namely, the_ reduc_ed active space Taking these predictions into account, the geometry optimiza-
is fixed such that the lower three occupigdrbitals and the tions of 1—4 are performed by using the MCSCF metod®
highest unoccupied orbital are excluded from the Torbitals, underC,, symmetry constraint, and the results are given below
and accordingly sixt electrons involved in the former orbitals regarding the structural and concomitant properties of the
ar(_err?xcluded from 14 electrons. dinth | electronically excited states.
. e energy components comprised in the total energy are gy, .,ra| and Electronic Characteristics. Table 1 presents
important essentially ford!scussmg the leading terms respon5|blethe fully optimized geometrical parameters for the symmetric
for the pseudo-JT effect in the present molecules, and accord-(DZh) and less symmetricCh,) nuclear configurations of the

ingly Wesgive here a brief review of the energy _partitioning fulvalene systems examined (Figure 1). Atomic populations
schemé® The total energy of a molecular system is expressed are obtained at both structures by means of Mulliken’s popula-

. | .
as the sum of the eIectronLcl‘, energyy and the internuclear analysis’® which are summarized in Table 2 together with
repulsion energyR). TheEe!term comprises the kineti&() o- and s-electron components. Table 3 shows the total and
and potential energies, the latter being further partitioned into partitioned energies at th®; and Cy, structures of the
the nuclear-electron attraction energyef) and the interelec- electronically excited singlet statés !

fronic repulsion energy). In the case of a planar conjugated For 1, Table 1 indicates that the lengths of CC bonds in the

molecule, theE® and its partitioned energies can be further .
= . . Do, structure are almost as smoothed out in the three-membered
partitioned intoo electron E;) and w-electron E;) energies. : .
Within this framework, the total energy can be expressed as fings as those in benzene. On the other handCihetructure
follows: ’ ay P has an extremely short CC bond of 1.321 A in one of the rings
| and a moderate double-bond fixation in the other ring. The
N T v ; T v ; stabilization energy due to the pseudo-JT effect, defined as the
Eow=E +E,+E,+E,+E +E +E, difference in total energy between the two structures, is
calculated to be 15.4 kcal/mol. Examination of the atomic
It is remarked that th&’, term should comprise two interaction  populations reveals that in th&, structure a migration of the
energies arising from between pureslectrons and between o andx electrons takes place from one side of the rings to the
and 7 electrons and thé&’, term the energies arising from other, the directions being opposite from each other. The

Figure 1. Molecular skeletons, numbering of atoms, and choice of
molecular axes.
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TABLE 1: Optimized Geometrical Parameters of the Electronically Excited Singlet States at the Symmetric and Less
Symmetric Nuclear Configurations of the Fulvalene Systems

molecule structure geometrical pardms

1 D2h (*Bay) C1-C2=1.3946, C2-C3=1.3898, C+C4 = 1.4235,
C2—H1=1.0640, C+C2—C3=60.1, C4C1-C2=150.1,
C1-C2—H1=149.5, C2-C1-C3=159.8
Ca, ('B) C1-C2=1.3595, C2C3=1.4724, C+C4= 1.4373,
C4—C5=1.4369, C5-C6 = 1.3209, C2-H1 = 1.0614,
C5-H3=1.0674, C+C2—C3=57.2, C4C1-C2= 147.2,
C2—C1—-C3=65.6, C-C4—C5=152.6, C4C5—C6 = 62.6,
C5-C3-C6=54.7, Ct--C2—H1 = 150.8, C4 C5-H3 = 148.8
2 D2h (*Bay) C1-C2=1.4182, C2-C3= 1.4158, C3-C4=1.4157,
C1-C6=1.4809, C2H1 = 1.0719, C3-H2 = 1.0719,
C1-C2—-C3=108.6, C6-C1-C2=126.4, C2-C3—C4=107.8,
C2—C1-C5=107.2, CE-C2—H1 = 126.0, C2-C3—H2 = 126.0
C.,(*B2) C1-C2=1.4383, C2C3=1.3700, C3-C4 = 1.4791,
C1-C6=1.4866, C6-C7 = 1.4002, C7+C8= 1.4664,
C8-C9=1.3574, C2H1=1.0720, C3-H2 = 1.0723,
C7—H5 = 1.0723, C8H6 = 1.0720, C+C2—C3= 108.2,
C6—C1—-C2=126.2, C2-C3—C4=107.9, C2-C1-C5=107.7,
C1-C6—-C7=126.6, C6-C7—C8=108.9, C~-C8-C9=107.7,
C7-C6—C10=106.8, Ct-C2—H1 = 125.5, C2-C3—H2 = 126.9,
C6—C7—H5=126.3, C-C8—H6 =125.0
3 Dah (*Bay) C1-C2=1.4100, C2-C3=1.3989,
C3—-C4=1.3978, C4C5=1.3780, C+C8= 1.4970, C2-H1 =1.0656,
C3—H2 =1.0764, C4H3 = 1.0760, C8C1—-C2=119.0,
C1-C2-C3=131.3, C2C3—-C4=131.0, C3-C4-C5=126.8,
C1-C2—H1=117.4, C3-C4—H3=116.0, C2C1-C7=121.7
Ca, ('B) C1-C2=1.3916, C2C3=1.4415, C3-C4 = 1.3581,
C4—C5=1.4512, C+C8=1.5396, C8-C9=1.4119,
C9-C10=1.3757, C16-C11=1.4469, C1+C12= 1.3354,
C2—H1=1.0665, C3-H2 = 1.0774, C4 H3 = 1.0758,
C9-H7 =1.0680, C16-H8 = 1.0754, C1+H9 = 1.0765,
C1-C2—-C3=131.0, C2C3-C4=131.5, C3-C4-C5=126.2,
C8-C1-C2=118.7,C2C1-C7=122.6, C:-C8—C9=119.4,
C8-C9-C10=132.4, C9-C10-C11=129.8,
C10-C11-C12=127.0, C9-C8—C14=121.3,
C1-C2—H1=118.0, C2-C3—H2 = 113.9, C3-C4—H3=117.3,
C8-C9-H7=116.4, C9-C10-H8 = 115.2, C16-C11-H9 = 115.3
Cs (FA") C1-C2=1.3927, C2C3=1.4334, C3-C4 = 1.3542,
C4—C5=1.4308, C+C8=1.5288, C8C9= 1.4371,
C9-C10=1.3696, C16-C11=1.4573, C1+C12= 1.3302,
C2—H1=1.0673, C3-H2 = 1.0775, C4H3 = 1.0760,
C9—H7 =1.0704, C16-H8 = 1.0759, C1+H9 = 1.0767,
C8-C1-C2=118.0, C:-C2—C3=130.0, C2-C3—-C4=131.4,
C3-C4—C5=126.7, C-C8-C9=119.6, C8-C9—C10= 130.7,
C9-C10-C11=129.3, C16-C11-C12=126.9,
C9-C8-C14=120.4, C-C2—H1=117.8, C2-C3—H2 = 113.0,
C3-C4-H3=116.9, C8C9—H7 = 116.2, C9-C10-H8 = 115.7,
C10-C11-H9 =115.3, C9-C8—C1-C2=178.2,
C8-C1-C2-H1=2.9, C--C2-C3-H2=178.8,
C2—C3-C4-H3=179.6, C3-C4—C5—H4 = 179.3,
C1-C8-C9-C10= 165.4, C8C9-C10-C11= 3.1,
C9-C10-C11-C12=16.6, C-C8—-C9—H7 =16.1,
C8—C9-C10-H8 = 179.3, C9-C10-C11—H9 = 165.2,
C10-C11-C12-H10=178.2
4 Dan (*Bay) C1-C8=1.4236, C+C2=1.3600, C2-C3= 1.3932,
C2—C7=1.4261, C3-C4=1.3870, C4 C5= 1.4474,
C3—H1=1.0736, C4H2 = 1.0747, C8-C1-C2= 148.4,
C1-C2—-C3=178.4, CE-C2-C7=58.4, C2-C3—-C4=113.8,
C3—-C4—C5=122.9, C2-C3—H1 = 124.0, C3-C4—H2 = 119.4,
C2-C1-C7=163.2
Ca, ('Bo) C1-C8=1.4365, C+C2=1.3442, C2-C3= 1.4156,
C2—C7=1.4686, C3-C4=1.3706, C4 C5=1.5112,
C3—H1=1.0747, C4H1=1.0744, C8C9= 1.3836,
C9-C10=1.3765, C9-C14= 1.3870, C16-C11= 1.4149,
C11-C12=1.3853, C16-H5 = 1.0727, C1+H6 = 1.0754,
C8-C1-C2=146.9, C:-C2—-C3=179.5, C:-C2-C7=56.9,
C2—-C3-C4=115.0, C3-C4-C5=122.6, C2-C1-C7=66.2,
C1-C8-C9=149.9, C8C9—C10=176.0, C8C9—C14=59.9,
C9-C8-C14=60.2, C9-C10-C11=112.7,
C10-C11-C12=123.0, C3-C4—H2 = 120.0, C2-C3—-H1 = 123.2,
C9-C10-H5=124.9, C16-C11-H6 = 118.7

aNumbering of atoms is shown in Figure 1. Bond lengths and bond and dihedral angles are in angstroms and degrees, respectively.
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TABLE 2: Atomic Populations of the Electronically Excited Singlet States at the Symmetric and Distorted Structures

symmetric structuren distorted structureC,,
molecule atom total o T total o 4 C2

1 C1 5.9411 5.0085 0.9326 5.8250 5.0228 0.8022
C4 6.0553 4.9867 1.0686
C2,C3 6.2536 5.2199 1.0337 6.3280 5.1785 1.1495
C5,C6 6.1742 5.2591 0.9150
H1, H2 0.7758 0.7758 0.7906 0.7906
H3, H4 0.7670 0.7670

2 C1 6.0134 5.0170 0.9964 5.9929 5.0935 0.8994
Cc6 6.0287 4.9467 1.0820
C2,C5 6.1928 5.1883 1.004 6.2053 5.1197 1.0856
C7,C10 6.1815 5.2561 0.9254
C3,C4 6.2073 5.2100 0.9973 6.2039 5.2266 0.9773
C8, C9 6.2070 5.1860 1.0210
H1, H4 0.7974 0.7974 0.8089 0.8089
H5, H8 0.7878 0.7878
H2, H3 0.7958 0.7958 0.7989 0.7989
H6, H7 0.7958 0.7958

3 C1 5.9518 4.9847 0.9672 5.8735 4.9713 0.9022 5.8594
Ccs8 6.0434 4.9465 1.0969 6.0133
Cc2,C7 6.2285 5.2142 1.0144 6.2882 5.2024 1.0858 6.2971
C9,C14 6.1666 5.2432 0.9234 6.1749
C3,C6 6.1848 5.1989 0.9859 6.1545 5.1895 0.9649 6.1432
C10, C13 6.2136 5.1861 1.0275 6.2032
C4,C5 6.1971 5.1809 1.0162 6.1940 5.1810 1.0130 6.2128
C11, C12 6.1796 5.1938 0.9858 6.1864
H1, H6 0.7992 0.7992 0.8120 0.8120 0.8108
H7,H12 0.7954 0.7954 0.7987
H2, H5 0.8088 0.8088 0.8153 0.8153 0.8106
H8, H11 0.8084 0.8084 0.8101
H3, H4 0.8057 0.8057 0.8111 0.8111 0.8102
H9, H10 0.8029 0.8029 0.8056

4 C1 5.9974 5.0275 0.9699 5.9054 5.0612 0.8442
Ccs8 6.0722 4.9826 1.0896
C2,C7 6.0025 5.0461 0.9564 6.1022 5.0224 1.0798
C9,C14 5.9290 5.0624 0.8666
C3,C6 6.1967 5.1568 1.0399 6.1510 5.1514 0.9996
C10, C13 6.2320 5.1693 1.0627
C4,C5 6.2146 5.1959 1.0187 6.2176 5.1827 1.0349
C11, C12 6.1989 5.2094 0.9895
H1, H4 0.7868 0.7868 0.7976 0.7976
H5, H8 0.7786 0.7786
H2, H3 0.8007 0.8007 0.8126 0.8126
H5, H8 0.7786 0.7786

aValues of total atomic population.

amount of electron migration is larger for the latter (0.10 C,, structure, however, one of the rings has a butadiene-like
electrons) than for the former (0.04 electrons), with the result skeleton with a bond-length alternation and the other ring a
that a negative pole of the charge.06 e) is situated on the  relatively short CC bond of 1.357 A. The stabilization energy
ring with the moderate double-bond fixation. This indicates which favors the distorte@;, nuclear configuration is calculated

that the pseudo-JT effect brings about a contraction ofithe to be 11.0 kcal/mol. The atomic populations in Table 2 indicate

electron cloud on the ring. The charge distributions endx that in theC,, structure a charge polarization takes place in
electrons can also be discussed from a slightly different andx electrons and a negative pole of the charg8.03 e) is
viewpoint: Taking the respective atomic populations inEhg situated on the ring with the butadiene-like skeleton. Taking

structure as the reference values, those in Ghg structure the atomic charges at thi&y structure as the reference values,
exhibit a charge alternation with regard to theandx electrons a charge alternation can be observed in@gstructure along
along the long molecular axig)((Figure 1). This situationis  the long molecular axis with regard to theands electrons. In
very similar to those observed in the ion radicals of fulvalene this case too, the phase of the two charge alternations is opposite
systemg'! but it is markedly different from those observed in in sign with each other. As a result, this aspect is shown to be
pentalene and heptaleffe.In the latter molecules, a charge well-reflected in the small magnitude of dipole moment, which
alternation appears along the carbon periphery at the symmetricis actually calculated to be 0.55 D.
Dan structure, while it is relaxed largely by migration of the In the Dy, structure of3, there exists little double-bond
electrons at the less symmeti@y structure. Owing to the  fixation in both the seven-membered rings. In @ structure,
unsymmetrical charge distribution in tki, structure, the lowest  on the other hand, a marked double-bond fixation occurs in the
excited singlet state df is predicted to have a dipole moment two rings. Closer examination indicates that one of the rings
of 2.85 D, reflecting a rather large charge polarizationzin has a butadiene-like moiety and the other a hexatriene-like one
electrons. with an extremely short CC bond of 1.335 A. The striking
As for 2, the lengths of CC bonds in thB,, structure are aspect of the results is that the cross-bond should assume a
considerably equalized in both the five-membered rings. In the length of CC single bonds in ordinary saturated hydrocarbons,
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TABLE 3: Total and Partitioned Energies and Their
Energy Differences between the Symmetric and Distorted
Structures at the Electronically Excited Singlet States of the

Fulvalene System3

Toyota and Koseki

molecule component  symmetric distorted differénce  Figure 2. Side view of the nonplandgs structure for the lowest excited
1° Don Co singlet state of heptafulvalene.
Etotal —229.214 725 —229.239 226—0.024 501
Eﬁ 175.019490  174.458 163-0.561 327 being far apart by 0.023 A in comparison with those in g
E\,‘; _gg%gg; igg _géf;?égé%ggigj%é 5(2)(75 structure. Note that the distance is still shorter than the sum of
E, 216.904 918  216.406 136-0.498 782 their van der Waals radii. In view of nonbonded repulsive
ET, 6.691 186 6.776 453+0.085 267 interactions, it is most probable th&ishould further undergo a
EV, —76.197 317 —76.346 538 —0.149 221 pseudo-JT distortion from the plan&,, to a nonplanarCg
. E% 33-5D37 913 33(-:540 353+0.002 440 structure. This expectation is confirmed as follows: The
Eum _383.3311 456 _383.3% 026—0.017 570 geometry optimization starting vv_|th a nonplanar conform_atlon
EN 440441819 439903 649-0.538 170 is actually converged into a stationary point correspondmg to
ET, 372.324620  372.295 406-0.029 214 the nonplanarCs structure’* The optimized geometrical
EVy —1605.443 193—-1604.406 443+1.036 750 parameters are also listed in Table 1. Figure 2 shows the side
E 490.231019  489.755551-0.475 468 view of the nonplanaCs structure obtained using the atomic
E\T/ﬂ 1%2-2295 ggg 16%%2‘;63‘55"8-8‘2% ‘7‘91’2 coordinates. The structural analysis reveals that, relative to the
EJ; 76.775 956 76.745 639-0.030 267 planarC,, str_uctur(_e, the doubl_e and_ smgle_ bonds in the seven-
3 Don Co, membered ring with a hexatriene-like moiety are respectively
Erotal —537.018 726 —537.051 918 —0.033 192 shortened and lengthened, the bond lengths almost correspond-
EN 760.444552  756.864 470-3.580 082 ing to those in ordinary polyolefinic hydrocarbons. In ac-
E&, 522.522972  522.239 348-0.238 624 cordance with the strong double-bond fixation, the present
EJ” _Zggg'gg ;’gg_z"’ggézggfgf;gggg ggé seven-membered ring is deformed into a shallow half-chair
ET(; 14.071 189 14.376 252+0.305 063 conformgtlon (Flgurg 2).. On th_e other.h.and, the other ring
EV, —273.810 209 —273.746 472 +0.063 737 possessing a butadiene-like moiety exhibits a rather moderate
E% 127.139625  126.906 11+-0.233 514 double-bond fixation in its carbon periphery, almost taking a
Ca Cs planar conformation. It is seen that the degree of folding in
El;;la' _ggg-ggi Z%g _532802358;11912'22? 52"213 the former ring is small in comparison with that observed for
ET 536615600  536.619 583-0 003 983 the ground gtate of the heptafulvalene moleéﬂl]gThlg may
EV —2764.033 017—2766.810 660 —4.033 017 be reflected in such a small amount of the stabilization energy
E 933.501 030  934.859 522+1.358 492 due to the nonplanarity, which is calculated to be 2.5 kcal/mol.
4¢ Don Coy In the nonplanakCs structure, the nonbonded atomic distance
Eﬁtai _23‘7‘-323 gig _52355531723;2-8‘2‘% 3% between H1 and H7 is increased to 1.7975Aut the distance
= 510543 346 519 350 173.0.193 173 !s_short_er than the sum (_)f their van der Waals radii. However,
EV, —2374.060 699—2370.218 850-+3.841 849 it is noticeable that the distance is comparable to those between
= 750.569 772  748.889 134-1.680 638 nonbonded hydrogen atoms observed with tegrabutylcy-
E", 14.556 792 14.781 458+0.224 666 clobutadiene by Irngartinger and Nixddff.Upon the structural
EV. —265.756 257 —265.844 434—-0.088 177 changes frontC,, to Cs, the changes of atomic populations are
E 122.742 208 122.624 172-0.118 036

relatively small. It thus follows that the dipole moment is

2 Energies are in hartreesThe minus sign means that the energy calculated to be 0.81 D in thg;s structure, the magnitude being
term is lower in energy for the distorted structure than for the symmetric glmost the same as that in tfs, structure.

one.¢ The totalD2, ground-state energies far-4 are —229.356 839, As to the Day structure of4, a double-bond fixation is
—383.394 738;-537.125 382, ane-534.667 770 hartree, respectively. observed with the three-membered rings, i.e., in the regions of
C1-C2 and C8-C9. In theC,, structure, C+C2 is shortened
i.e., about 1.54 A: Relative to tHau, structure, the lengthening  to 1.344 A, while C8-C9 is lengthened to 1.384 A. Besides,
amounts to 0.04 A in theC,, structure. Presumably, the C4—C5 is lengthened to 1.511 A. The remaining CC bonds
significant lengthening should be largely responsible for reliev- also exhibit a moderate bond-length alternation. The cross-
ing the steric repulsion between the two pairs of the neighboring bond in theC,, structure assumes a length of 1.437 A. Relative
hydrogen atoms across the cross-bond within the planarto theDy, structure, the lengthening amounts only to 0.01 A in
conformation. This is because the nonbonded atomic distancethe C,, structure, and the change in bond length is almost the

between H1 and H7 is 1.694 A in the optimizBg, structure,
which is markedly shorter than the sum of their van der Waals pseudo-JT distortion is calculated to be 25.9 kcal/mol. A

radii, 2.0-2.40 A4243 The stabilization energy due to the

pseudo-JT distortion is calculated to be 20.8 kcal/mol.
comparison of the atomic populations betweenBagandC,,
structures indicates that in the latter a charge alternation appear®lectrons. Concomitantly, a contraction of thelectron cloud
along the long molecular axis with regard to theand &
electrons. A small negative pole of the charged(02 e) is
situated on the ring with the butadiene-like moiety. This tude of dipole moment, which amounts actually to as much as

indicates a contraction of the-electron cloud on the ring, and

the dipole moment is calculated to be 0.75 D.

In the optimizedC,, structure of3, the nonbonded atomic

same as that seen th The stabilization energy due to the

comparison of the atomic populations betweenBagandC,

A structures indicates that in the latter a charge alternation appears

along the long molecular axis with regard to theand x

takes place appreciably on the ring with the two short and long
CC bonds. This aspect should be well-reflected in the magni-

2.42 D in the present MCSCF method.
In connection with the above charge distributions, it is of
interest to refer to the properties of electronically excited singlet

distance between H1 and H7 is 1.717 A, the hydrogen atomsstates qualitatively in view of occupation numbers of natural
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orbitals?” Analysis of natural orbitals in theC,, structure s-electron cloud occurs on the ring with the nearly equal CC
reveals that these excited states exhibit two natural orbitals withbonds in length. In such a case, it is often observed that the
values close to 1:1, 1.000 and 0.9892, 1.012 and 1.0113, nuclear-electron attractive teri&¥, is lowered in energy. This
0.993 and 0.991; and, 0.996 and 0.994. Interestingly, the suggests that the energy change&6f andE’; should depend
associated two orbitals i@ show a complete localization on  on a competition between the two opposing factors mentioned
the different five-membered rings. That is, the orbital of above. That the terr&V, is indeed lowered and the terid,
occupation number 1.012 is localized only on C1 and-C3 is raised in energy can thus be attributable to the fact that the
regions, while the one of occupation number 1.011 is only on contribution from the contraction of the-electron cloud is
C7—C8 and C9-C10 regions. Accordingly, it can be said that larger than that from the expansion of molecular skeleton. The
the lowest excited singlet state should possess a biradicalenergy changes of the kinetic terms duestand s electrons
character rather than an ionic one. A quite similar localization are small, the absolute values being almost equal. As a
is also observed with the relevant two orbitals of the remaining consequence, it can be concluded for the lowest excited singlet
molecules, suggesting that they should exhibit biradical char- state of triafulvalene that the stability of tk, structure should
acters in the excited singlet state of interest. arise from the energy lowerings of the ter&$ E’, EV,, and
Now that the energetically favorable molecular shapes of the E'», and the other terms change in energy in the opposite
electronically excited singlet states have become clear, andirection to the stability. The leading energy terms to the
explanation is given about how a characteristic long absorption stability come from the former three terms, in order of
tail appears in the longest wavelength absorption band for importance.
pentafulvalene and heptafulvale®¥&! Since the geometrical Pentafubalene @). Upon the pseudo-JT distortion frobp,
structure of the lowest excited singlet state differs markedly to C,,, it is found that the molecular skeleton is expanded in a
from that of the ground state in molecular shape, it is thus totally symmetric fashion. The associated changes in bond
evident that the equilibrium points are far apart for the potential length are given as follows: the cross-bore).006 A; C1
energy curves with each other. This suggests that the absorptiorC2, +0.001 A; C2-C3, +0.002 A; C3-C4, +0.003 A; C2-
spectrum should exhibit long vibrational progressions along the H2, +0.00Q A; and C3-H3, +0.00Q A. At the same time,
nontotally symmetric nuclear displacement that is active to the the bond-length changes due to thgtuclear deformation are
pseudo-JT distortion, together with the totally symmetric nuclear given as follows: C+C2,+0.019 A; C2-C3,—0.048 A; C3-
displacement. In pentafulvalene, for example, the electronic C4, +0.061 A; C2-H2, —0.00G A; and C3-H3, +0.00Q A.
transition energies from the,, ground state to the verticéB,, As a result, an expansion of the carbon skeleton should be
excited state, the energy minimutB,, excited state, and the  reflected in a decrease in the internuclear and interelectronic
energy minimum!B; excited state are calculated to be 3.57, repulsion energies. Table 3 shows clearly that all the repulsive
2.54, and 2.06 eV, respectively. Hence, it can be said that theterms EN, E,, and E%, are actually lowered in energy. In
molecule should exhibit a relatively long absorption spectrum contrast, the nucleatelectron attractive terms should be raised
for the transition to the lowest excited singlet state. in energy because of the expansion of molecular skeleton. As
On the basis of these results, we now discuss the leadingis shown in Table 3, this is actually true for the attractive term
factors responsible for the stability of less symmetric nuclear EV,, but another ternk; is slightly lowered in energy. The
configuration. latter situation will be attributable to the fact that a contraction
Energy Component Analysis of the Total Energy in the of the -electron cloud co_ntril?u_tes to the energy lowering of
Excited Singlet States. Triafulvalene (). An analysis with ~ the termEV... In more detail, this is because the largelectron
regard to the CC and CH bonds in length betweenDeand der}smes resulting from a contraction of theelectron cloud
Cy, structures reveals that, in addition to the, muclear reside on the atoms forming €&9 and, hence, enhance the
deformation of interest, the totally symmetric nuclear deforma- nucle_aH_aIectron attractive interactions to some extent. As to
tion is operative. The associated changes in bond length arethe kinetic terms due to andx electrons, the energy changes
given as follows, where the sigrsand— denote respectively ~ are small, the absolute values being almost equal. As a
a lengthening and a shortening of the bonds relative t®the consequence, it can be said for the lowest excited singlet state
structure: the cross-bond:0.014 A: C1C2,+0.004 A: C2- of pentafulvalene that the preference for @ structure should
C3,-0.007 A; and C+H1,+0.00Q A. Atthe same time, the ~ Originate from the energy lowerings of the teri$ E, E7,
bond-length changes due to the, muclear deformation are EY,, andE",. The other energy terms contribute to the direction
given as follows: C+C2,—0.039 A; C2-C3,+0.076 A; and opposite from the stability of distorted structure.
C1-H1, —0.003 A. Here the remaining bonds are shortened Heptafubalene @). Relative to the Dy, structure, the
or lengthened by the lengths above in absolute values so thatmolecular skeleton of theC,, structure is expanded sym-
each set of their displacement vectors should satisfy the metrically, and the associated changes in bond length are given
symmetry of b, nuclear deformation. It is mentioned that the as follows: the cross-bone;0.043 A; C1-C2,—-0.008 A; C2-
displacement vector of cross-bond is zero by symmetry in the C3, +0.010 A; C3-C4, +0.005 A; C4-C5, +0.015 A; C2-
by, nuclear deformation. It should be remarked that when the H2, +0.002 A; C3-H3, +0.00Q A; and C4-H4, +0.00G A.
excited triafulvalene molecule settles at t@g, equilibrium At the same time, the bond-length changes due to fheuzlear
structure, an expansion of the molecular skeleton takes placedeformation are given as follows: €2, —0.010 A; C2-
in a totally symmetric fashion. Hence, it is expected that the C3,+0.033 A; C3-C4, —0.044 A; C4-C5,+0.015 A; C2-
repulsive terms should be lowered in energy. As is listed in H2, —0.001 A; C3-H3, +0.001 A; and C4H4, —0.000, A.
Table 3, this is actually true for the two repulsive tergtsand In conformity with a symmetric expansion of the carbon
E%. But, another ternk, is raised in energy, and an account skeleton, Table 3 shows clearly that all the repulsive teehs
of the energy raising will be given below. In marked contrast, E%, and E’, are actually lowered in energy. Further, the
the expansion of molecular skeleton should generally lead to symmetric expansion of molecular skeleton leads to the energy
the energy raising of the nucleaglectron attractive terms. As  changes that the nucleaglectron attractive terms are raised in
noted in the preceding section, however, a contraction of the energy. Slightly amazing, this is true for the two attractive terms
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EV, and EY,. It should be noted here that the te®Y, is
lowered in energy il and 2, but it is raised in energy i.

Toyota and Koseki

but it is raised in energy 8. As in the former molecules,
since in4 the contraction ofr-electron cloud takes place on

The energy change in the latter seems not to be consistent withthe carbon atoms forming two CC bonds, the nuctedectron

the contraction of the-electron cloud, and this distinction may
be explained as follows. In the former, the contraction of the
m-electron cloud takes place on the carbon atoms forming a
CC bond, but in the latter it occurs on the carbon ones forming
no CC bond. For this reason, the nuclealectron attractive

attractive interactions are enhanced to lower the energy of the
attractive termeY,; slightly in the distortedC,, structure. It
should be remarked that the energy changes of the kinetic terms
due too and s electrons are rather large, the former being
lowered and the latter raised in energy. As a result, it can be

interactions in heptafulvalene are not so strongly enhanced asconcluded for the second excited singlet state dtlis(bicyclo-

to lower the energy of the attractive tef&Y,, in the distorted
structure. It is remarked that the energy changes of the kinetic
terms due t@ andsr electrons are rather large, the former being
lowered and the latter raised in energy. Consequently, it can
be concluded for the lowest excited singlet state of heptaful-
valene that the energetic stability of tk&, structure results
from the energy lowerings of the tern&®, E%;, E%;, andET,.

The large contributions come from the former two terms, in
order of importance.

As shown in the preceding section, heptafulvalene undergoes

the pseudo-JT distortion froi@,, to Cs in the lowest excited
singlet state. The energy components for the nonpl&har
structure are also listed in Table 3. A comparison of the
respective energy components between the two structures reveal
that the nuclearelectron attractive terr¥ contributes defi-
nitely to the energetic stability of the nonplanar structtr.
But the other energy terms contribute more or less to the
direction opposite from the stability. Namely, the internuclear
and interelectronic repulsive terms are increased greatly in
energy and the kinetic energy changes to a small extent. An
explanation may be given of how the two repulsive interactions
are enhanced to such extents.
nonbonded atomic distances for the folding moiety are shortened
relative to those for the planar seven-membered moiety in the
Cy, structure, and hence the internuclear interactions are
increased. At the same time, since the electrons involved in
the CC and CH bonds become spatially close together due to
the folding, the interelectronic repulsive interactions should be
increased as well. As a result, the two repulsive teEMsand
E’ are largely raised in energy. Concomitantly, the distances
between the nuclei and electrons are shortened for the abov
reason, and the nucleaelectron attractive terrt¥ should be
largely lowered in energy. In conclusion, it can be said that in
the lowest excited singlet state of heptafulvalene the nonplanar
C; structure owes its energetic stability to the energy lowering
of the nuclear-electron attractive territ¥.4849
7,7-Bis(bicyclo[4.1.0]hepta-1,3,5-trienylidened)( Taking
the bond distances at thi®y, structure as the reference values,
it is found that the molecular skeleton of tik®, structure is

8s subject to the pseudo-JT distortion.

[4.1.0]hepta-1,3,5-trienylidene) that the energetic stability of the
Cy, structure results from the energy lowerings of the terms
EN, EY, ET,, E%, andEY,. The large contributions come from
the former three terms, in order of importance.

Conclusions

From the above considerations, it has become apparent that
the electronically excited singlet states of the fulvalene systems
examined undergo the pseudo-JT bond distortion fEymto
Co.. In each molecule, the stabilization energy which favors
the distortedC,, structure is found to be quite large, in
comparison with those observed theoretically in the lowest
excited singlet state of cyclobutadiene and the lowest excited
?riplet state of benzen®. A characteristic feature inherent in
the present fulvalene systems is that a charge alternatian in
electrons as well as in electrons appears at the less symmetric
C,, nuclear configuration. This is equivalent to saying that a
charge polarization takes place and, hence, a contraction of the
mr-electron cloud occurs in one of the odd-membered rings on
excitation. In accordance with the unsymmetrical charge
distribution, the singlet excited states under consideration

In the nonplanar structure, mosh,ssess dipole moments, which are calculated to be in the range

of 0.6-2.9 D for the molecules examined. Accordingly, it
follows that the relevant absorption bands should be sensitive
to changes in the polarity of solvents used. This is to be
expected when the ground and excited states have very different
electron distributions.

In this connection, the present study indicates that the energy
component analysis is informative for elucidating what happens
inside the excited singlet state of the fulvalene systems when it
In the electronically
excited states, it is shown that, in addition to thg huclear
deformation, an expansion of the carbon skeleton takes place
in a totally symmetric fashion. Hence, it is revealed that a
reduction of the internuclear repulsion energy and the inter-
electronic repulsion energy due to theelectron contributes
commonly to the stability of th€,, structure. Despite this, it
is observed that in triafulvalene and pentafulvalene the nuclear
electron attraction energy of electrons plays a role in the

expanded symmetrically, and the associated changes in bondstability of theC,, structure. This is ascribed to the behavior

length are given as follows: the cross-bore).013 A; C+
C2,+0.004 A; C2-C3,+0.003 A; C2-C7,+0.002; C3-C4,
+0.006 A; C4-C5,+40.001 A; C3-H1, +0.00Q A; and C4-

H2, +0.00¢ A. At the same time, the bond-length changes
due to the k, nuclear deformation are given as follows: €1
C2,—0.020 A; C2-C3,+0.020 A; C2-C7,+0.041; C3-C4,
—0.022 A; C4-C5,+0.063 A; C3-H1, +0.001 A; and C4

H1, —0.001 A. In accordance with a symmetric expansion of
the carbon skeleton, Table 3 shows clearly that all the repulsive
termsEN, E,, andE’; are actually lowered in energy. Further,
the symmetric expansion of molecular skeleton should lead to
the energy changes that the nuctealectron attractive terms
are raised in energy. This is true for the attractive té&y,

but another attractive teri’, is lowered in energy. As noted
above, the attractive terf"; is lowered in energy il and2,

that thesr-electron cloud is contracted to the atoms forming a
CC bond by polarization of atomic charges. It is also notable
that the energy change in the kinetic tekh, is almost the
same in absolute value as that in the té&ff. It may thus be
concluded that an expansion of the carbon skeleton and a charge
polarization play dominant roles in the stability of a less
symmetric structure. In other words, the pseudo-JT stabilization
from D2p, to Cy, in the present fulvalene systems can be said to
result mostly from the combined effects due to a structural
change and a redistribution of theelectron density through
electrostatic interactions. Moreover, it is shown tBdtirther
suffers an out-of-plane pseudo-JT distortion fr@y, to C..
Apparently, the cause of nonplanarity seems to be due to the
effect for relieving the repulsion interactions between the
nonbonded hydrogen atoms. But, the analysis reveals clearly
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that the stability of nonplana®s structure arises from the energy
lowering of the nuclearelectron attractive terr##:4° This

aspect is accounted for in terms of the proximity between the

nuclei and electron clouds, owing to the folding of the seven-
membered ring with the hexatriene-like moiety. The present

energetic behavior is just the same as that observed in cyclooc
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