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Abstract

Hartree-Fock (HF) and Multiconfiguration Hartree-Fock (MCHF) wave-
functions of cubene C8H6 have been calculated which'indicate that

the ground state lAl of the molecule is better described as a

"diradical than a CC double bonded structure. The 382 state is

found to lie ~ 0.94 eV abdve the ground state and the 1Bzvstate

~ 4.4 eV above the ground state. The dissociation enérgy for g8CH bond
c1éavage in the cubyl radical C8H7 to form C8H6(1A1) + H

is estimated to be 74 kéa]/mo] compared to 91 kcal/mol for CH bond
cleavage in cubane CgHg to form CgHy + H. 8CH bonds in the

cubyl radical are much Stronger than gCH bonds in acyclic alkyl

radicals.
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~of the radical. For example, recent studies

I. Introduction

One of the goals of experimental and theoretical investigations of

the structure of radical is to determine how the radical center affects

adjacent bbnds of the molecule, and how it influences the reactivity
1 of acyclic alkyl

radfca]s have shown that CH bonds 8 to the radical center and eclipsed
with the half filled p-orbital of the radical are longer than CH bonds
normally encountered in alkanes. In fact thermochemical studies
indicate that the dissociation energy of 8CH bonds is about 38
kca][mo], in contrast.to the ~ 98 kcal/mol required for cleavage bf a
CH bond in alkanes.

Recently, Schubert, et a].,? have calculated the structure of
cubane, cubene, and the cubyl radical. They USed.the closed-shell
Hartree-Fock (HF) forma]ism, and concluded that s8CH bonds ih the cubyl
radical-have the same length as the CH bonds in cubane. Théy estimated
the gCH bond dissociation energy to be more than 100 kcal/mol, clearly
much higher than for acyclic alkyl radica1s.‘

The purpose of this note is to reconsider the theoretical descrip-'
tion of the cubene molecule. Simple molecular orbital tonsiderations
indicate that electron correlation effects in cubene afe significant.
As shown below the energy lowering obtained with a two configuration
wavefunction amounts to ~ 35 kcal/mol, and thus cubene is better
described as a diradical than a CC double bonded strUcture.

While this finding does not alter the qualitative conclusions of

2

Schubert, et al.,” mainly that cleavage of a 8CH bond in the cubyl



radical requires much more energy than in acyclic alkyl radicals, it
is worth noting that many molecules containing CC multiple bonds

_exhibit strong diradical character. Such is the case for
8 9

ortho-benzyne,7 and for cyclopropyne™ and cyclobutyne.

-~

The theoretical considerations governing this study are given in

Section II, a discussion of the results is presented in Section III.

I1. Theoretical Considerations

-The structure of "cubene" which has sz symmetry is shown on
Fig. 1. The two adjacent carbon atoms Cl do not have hydrogen atoms
attached to them. A1l the carbon atoms can be described as being in
an ~ sp> hybridization state. While all four lobes of the
hybridized state of the C2 and C3 atoms are covalently bonded to
‘adjacent atoms (C or H), the two C1 atoms each have an unpaired
electron pointing in the diagonal direction.

Let us denote by PCl the half-filled orbital on the Cl
atoms. In C2v symmetry, the two PC orb1ta1s form the basis for

_ 1
two molecular orbitals of ay and b, symmetry

a; = pp '
1 C , .
! | )

1Y
If the two C1 atoms were far apart, the two orbitals 2 and b2

would be degenerate in energy. At finite separation, the degeneracy

is removed. The splitting of the a; and b, levels depends on the
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overlap of the two half fiHed'pC1 orbitals. Since the two pcl
orbitals are pointing away from each other, the overlap interaction is
small, and therefore the,al and b, levels stay close in energy.

The electronic states resulting from the various orbital occupa-
tions are schematically represented in‘Fig. 2. When one electron

occupies each'orbital, we have the 382 and 182 state. When

. two electrons are paired in the CH and the b2 orbitals we have two

configurations of 1Al-symmetry. The HF configuration of cubene is
the third case shown in Fig. 2, with accupancy ai. HoweQer; the
second configuration of 1A1 symmetry with occupancy bg is

expected to mix heavily with the HF configuration because of the near

degeneracy of the 2y and b2 orbitals. Indeed the present

calculated wavefunction indicatés'that the overlap of the two Pc
. v 1

orbitals in ~ 0.45, that the energy lowering due to configuration

mixing is ~ -0.58 a.u. {(or ~ 36 kcal/mol), -and that the coefficient of

the a% configuration is ~ 0.935 and the coefficient of the

bg configuration is -0.353. The_3B2 and 182 states can
be represented by a single configuration.

Ab initio Hartree-Fock (HF) calculations have been carried out on

the 382 and 182 state of carbene, and multiconfiguration

Hartree-Fock (MCHF) on the lﬁl state of cubene. The gradient

3 was used to optimize all geometrical parameters. The

calculations were done with the program HONDO4 and used the split

valence 4-31G basis set.5



II1. Results and Discussion

The energies and equilibrium geometrical parameters of the

lAl, 382, and 182 states of cubene are given in Table 1.

~4

As described in the previous section the factors which contribute to

«

the near degeneracy of the.a1 and b2 orbitals are contained in the
1Al(MCHF) wavefunction. The results for this wavefunction are
found in the corresponding labelled column. For comparfson the double
bonded structure obtained in ref. 2 is given in the column labelled
1A, (HF). |
First, we note that the 3BZ(HF) energy is 1dwer than the

1Al(HF) energy. Taking into account the near degeneracy effect of
the 2y andb2 orbitals, results in the 1A1 state being the
lowest state. The 1Al(MCHF') energy is 21.6 kcal/mol or 0.94 eV
Jower than the 382(HF) energy, and 100.7 kcal/mol or 4.36 eV lower
than the 1'!32(HF)<-:‘nerg’y.

Seéond, we note that for the lAl state the Cl—Cl bond

length is 0.051 A longer in the MCHF model than in the HF model. The
lengthening of the C1'C1 bond was expected sinée éonfighration
mixing introduces the bg configuration which reflects the b2 :
orbital's node between the two C1 carbon atoms. In the 1Al(HF)
state the two C, carbon atoms move toward the center of the molecule 3
to make the in phase overlap of the radical orbital as 1arge as
possible. The configuration mixing of the 1Al(MCHF)'help relieve |
the strain and therefore the molecule is not as "flat". The 1.418 A

_C1C1 bond length of the 1Al(MCHF) state is still remarkably
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shorter than any other CC bond of the diradical and of the cubyl

“radical (~ 1.56 R). The CH bond have about the same length as in the

cuby radi¢a1. A11 the CC bond lengths in the 3BZ(HF) structure

of cubene are similar to the ones of the cubyl radical (~ 1.56-1.58

R). The 3BZ(HF) state structure looks very close to the perfect

cube of cubane, while in the le(HF) state the C;C; bond |

length is extremely long 1.845 A. In fact the two carbon atoms appear
not bonded. They could be described as carbene-like entities. An
argument sjmi1ar to the one developed in'the~pr9v10us sectioh'suggest
that near-degeneracy effects in the €1¢q bond of.182 state are |
important, and should be accounted for by'miiing fhe clcl(az)

and clcl(o ) conf1gurat1ons. Then one would expect the

~excitation energy of this state to be smaller than the 100 kca]/mo]

‘reported here.

Using the calculated energies,6 we find that the entha]py of

reaction for

2, 1y 4 w2 _—
17 (A —— Cahis(1a,) + H(ZS) (1

is 74 kcal/mol. The entha]py of reaction for

2 g2
Cgh Al)——>C (38 ) H%s) (2)

is similarly determined to be 97 kca1/mo1. From the bond energy of 91

kcal/mol given in ref. 2 for the reaction

1, 25\ 4 w2
CoHg( Ap) ——= CoHo(“A;) + H(®S) ‘ (3)



6

it appears that sCH bonds in the cubyl radical are not as strong as CH

bonds in cubane. Nevertheless, the qualitative conclusions presented

2

by Schubert, et al.,” still hold: 1i.e., the energy required for gCH

~%

bond. cleavage in the cubyl radical is clearly much higher than in

o

acyclic alkyl radicals.

Conclusion

We have shown that configuration mixing plays an important role in
the description of the ground electronic state of cubene. The near
degeneracy of the a; and b, orbitals constructed from the radical
center's half filled orbitals lowers the energy of the 1A1 state

by ~ 31 kcal/mol, to below the energy of the 3B

2 state. Thus
cubene is better described as a diradical than a double bonded
structure. Similar theoretical considerations are expected to be

valid for many molecules.
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Table 1. Optimized structural parametersvof various electronic state
of cubene (Cyy symmetry)

1 3 1

State ; Al B2 BZ
MCHF T AF W HF o
Energy (au) -305.666723  -305.616603  -305.632313  -305.506333 ¢
Bond lengths (ﬂ)
¢4-C4 1.418 1.367 - 1.583 1.845
C,-C, 1.579 1.575 1.585 © 1.553
C4=C4 1.558 1.555  1.574 1.558
¢,-C, 1.568 1.570 1.565  1.574
C,~Cy 1.585 1.590 1.575 1.575
Co-H, 1.073 1.073 1.073 1.073
Cy-Hq 1.072 1.073 1.074 1.073
Bond angles (deg.) '
¢,-C;-Cy 92.9 93.8 90.0 - 84.7
C4-C5-C, 87.1 86.2 . 90.0 195.3
C,-C,~C3 89.6 89.6 89.8 88.9
C,~C3-C3 90.4 90.4 90.2 89.9
C,~C1-Co 95.6 97.3 91.2 90.9
€1-Cp~C3 85.0 83.4 89.2 88.9
C,-C3-C, 94.2 95.7 90.4 ~90.8 |
C;-Cy=H, 127.8 128.6 126.1 122.2 )
C)=Cp-Hy 128.3 129.0 124.7 -~ 123.6 v
C4-Cp-H, 125.3 125.5 125.7 127.0
C,~C4-Hs 123.7 123.2 125.1 124.5
C4-C3-Hs 124.9 124.8 125.1 126.3

a. See Fig. 1 for labels.



Figure Captions

. ' Fﬁg,.1~*Structure‘of*Cubene—with“CZV Symmetry

Fig. 2 The Electronic States of Cubene
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