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The geometrical and electronic structures of norbornene and its 7 ions and 7 radical have been investi-

gated using approximate SCF-MO theory. The results from these investigations were used to discuss whether the

structures of the ions and radical are classical or nonclassical.

It was found that under electron delocalization

criterion the structure of the 7 anion is classical whereas the structures of the 7 radical and 7 cation are equally

nonclassical.
intermediate between the 7 anion and the 7 cation.
criterion for nonclassical structures.

he molecular orbital calculations of Winstein,!
Roberts,? and their coworkers have been of funda-
mental importance to the development of current
theories of the bonding in nonclassical ions. These
calculations, for examiple, demonstrated the importance
of the 1-4 interaction to the stabilization of nonclassical
ions which contain the homoallyl group. Important
results have also been obtained by Hoffmann? and Klop-
man* which have contributed significantly to this field.
Although the above studies have yielded valuable
qualitative descriptions of the bonding in these systems,
they are severely limited at the semiquantitative level
by the fact that the geometries of nearly all nonclassical
intermediates are completely unknown. In view of the
sensitivity of molecular orbital calculations to changes
in molecular geometry, this lack of experimental data
tends to detract from the credibility of even the qualita-
tive results ‘from these calculations. Klopman* has
attempted to remedy this situation by repeating his
calculations for two or three intuitively chosen struc-
tures. Although this represents an improvement over
calculations based on a single structure, the only satis-
factory solution to this problem is to use molecular
orbital theory to calculate the necessary structural data
for the molecule under investigation. Once the geom-
etry has been established, the results from the molecular
orbital calculation can be used to discuss the bonding
in the ion. Experiences with semiempirical molecular
orbital methods suggest that they are capable of yielding
very satisfactory geometrical data, but unfortunately
the large number of internal degrees of freedom (3N —
6), for molecules of chemical interest, renders this ap-
proach too time consuming. Clearly, some approxima-
tion must be devised which will limit the number of
geometrical parameters which need to be calculated.
In this paper we report such a scheme for molecules of
the norbornene series.
A second, but probably less serious, problem is the
neglect of electron repulsion in all of the calculations
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However, using the nonclassical stabilization energy as a criterion, the 7 radical was found to be
This suggests that nonclassical stabilization energy is the better

discussed above. Although this type of approximation
has been shown to be satisfactory for neutral nonpolar
molecules, it tends to lead to unsatisfactory charge
distributions for ions, and is completely unsatisfactory
for radicals. As ions and a radical are included in the
list of molecules under discussion, all of the calculations
were based on an approximate self-consistent field
(SCF) method.

Systematic Treatment of Molecular Geometry

Although the structure of the norbornene molecule
could in principle be calculated by minimizing the
molecular energy with respect to (3¥ — 6) internal co-
ordinates, the computation time required would be
prohibitively long. Fortunately, a reasonable guess
can be made for many of the bond lengths and bond
angles of the C;—-Cy,—C;3-C,—C; skeleton, so that the cal-
culation can be drastically curtailed. However, some
care must be exercised in the choice of the structure for
this fragment, otherwise a spurious energy minimum
could be calculated which would lead to the prediction
of a structure for the molecule which is only metastable
with respect to the equilibrium structure. In view of
this possibility the structure chosen for the C,—C;
skeleton will be specified in some detail.

The method proposed for calculating the geometry of
the norbornene series of molecules is based on the cal-
culation of the four bond angles 6y, 6,, 85, and 8, shown
in Figure 1. Essentially, the molecular energy is cal-
culated for a systematically chosen set of values for
these variables and then minimized graphically. It is
clear from Figure 1 that the positions of the atoms in the
C:—C; skeleton depend on both 8, and 6,, and that some
means must be devised of calculating their coordinates
in terms of these angles. The method used in the
present calculation is as follows.

A value is assigned to 8; and the coordinates of atoms
G, Gy, and C, are calculated using a carbon-carbon
bond length of 1.54 A. The coordinates of C; can
then be adjusted for changes in 6. Using the coordi-
nates of C; and C, the coordinates of carbon atoms 2, 3,
5, and 6 are calculated by applying the conditions that
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Figure 1. Molecular axes for the norbornene series of molecuiles.

the angle between the bonds 1-6 and 1-2 is bisected by
the xz plane and has the value assigned to 84, and that
the C;-C; and C;~Cs bond lengths are 1.33 and 1.54 A,
respectively. The coordinates of atoms 3 and 5 are
calculated using the yz reflection plane. The coordi-
nates of H;, the proton attached to C,, are calculated
by assuming that the angles between the H,—C; bond and
the C,—C, and C,—C; bonds are tetrahedral. The co-
ordinates for the proton H, are calculated on the
assumption that it lies in the C;C,C; plane and the
C;-H; bond bisects the C,C,C; bond angle. A bond
length of 1.09 A is assumed for all C-H bonds. The co-
ordinates of H; are obtained by reflection. The co-
ordinates of the exo and endo Cq protons are calculated
on the assumption that the angle between the Cq
Hg*® and the Ce—Hg®*° bonds is tetrahedral, that the
He*°C¢H¢"® plane bisects the angle C;C¢Cy, and that
the protons are symmetrically situated above and below
the C;C4C, plane. The coordinates for the correspond-
ing C; protons are obtained by reflection.

Molecular Orbital Calculation

All of the calculations reported here are based on the
CNDO (complete neglect of differential overlap) ap-
proximation®® to the full SCF (self-consistent field)
equations of Roothaan.” Calculations for the radical
were based on the Pople—Nesbet approximate open-
shell method.® A complete specification of this method
together with a discussion of the approximations are
given in references.®®® These calculations were car-
ried through to a level of self-consistency where the
energies were accurate to the sixth decimal place.

The calculation of the geometry was organized as
follows. The angle 6, was first calculated, by minimiz-
ing the molecular energy, assuming 6, = 6; = 0, and
9, = 109°. (In the case of the norbornene molecule
the initial value of 26; = 109° 27’.) Using the com-
puted value for 6;, #, was calculated, then 64, and finally
8;. With the new values for 6,, 8;, and 6,, 6; was re-

(5) J. A, Pople, D. P. Santry, and G. A. Segal, J. Chem. Phys., 43,
5129 (1965).

(6) J. A, Popleand G. A. Segal, ibid., 44, 3289 (1966).

(7) C. C.J. Roothaan, Rer. Mod, Phys., 23, 69 {1951).
(8) J. A, Popleand R. K. Nesbet, J. Chem. Phys., 6,571 (1954).

calculated. This process was repeated until an ab-
solute minimum in energy with respect to all four
angles was obtained. In the present calculations the
angles were calculated to within 2 or 3°,

Results for Norbornene, 7-Norbornene Cation,
Anion, and Radical

a. Geometrical Structures. As the above method is
intended for the calculation of the geometry of molecules
which are not amenable to experimental investigation,
it is desirable to test it against molecules of known
structure. Two molecules which are suitable for this
purpose are norbornene and norbornane. Although
the structures of these two molecules are unknown, the
structures of substituted norbornenes and norbornanes
have recently been determined by X-ray analysis.®
The substituents are generally a p-bromosulfonate
group attached to C; and a ring system fused to Cy-C;
or C;—Ce.  Unfortunately, our calculations suggest
that these types of substituents could lead to a signifi-
cant change in the molecular geometry. Nevertheless
these data do provide a good semiquantitative check on
our method.

A value of 94° was calculated for the bridge angle (6,)
in norbornane, which agrees quite well with the experi-
mental value of 97° for anti-8-tricyclo[3.2.1.0%*Joctyl p-
bromobenzenesulfonate.’® A value of 89° was calcu-
lated for the bridge angle (8;) for norbornene which
agrees fairly well with the experimental value of 96° for
norboramide.?

The energy surfaces for the ions and radical were
found to be complicated functions of all four angles,
such that the independent calculation of any one angle
could lead to a significant error. For example, the in-
dependent calculation of 8, and 8, yielded values of 108
and 46°, respectively, whereas the final values are 101
and 51°.

The theoretical structures for norbornene, the 7 ions,
and the 7 radical are given in Table I. The significant

Table I. Theoretical Bond Angles for Norbornene and Its 7
Ions and 7 Radical
Molecule
Norbornene 7 anion 7 radical® 7 cation
Angle, deg
6 89 88 95 101
Ba ~2 5 55 51
O3 53 58 26 12
A (109° 27/)e 105 113 112

a Assumed. ° The asymmetric structure in which C; was bent
toward C, was also investigated, but it was found to be of higher
energy than the above structure,

differences found in the structures for this series of
closely related molecules can be understood in terms of
a modified three-center bond between C;, C,, and C;.
The molecular orbitals associated with this bond are
modified by relatively small yet significant contribu-
tions from 2p atomic orbitals centered on atoms C; and
C:. These contributions are such as to give the C,C,
and C;C, bonds considerable bonding = character in the
bonding three-center molecular orbital, and consider-
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Table II. Net Atomic Charges Computed for Norbornene and
Its 7 Ions and 7 Radical

—————————Molecule---———————

7-Nor- 7-Nor- 7-Nor-

bornene bornene bornene

Atom Norbornene Anion Radical Cation

H, —0.026 ~0.109 —0.001 0.083

H, 0.005 —0.064 0.006 0.090

H; exo —0.009 —0.051 ~0.021 0.041

H: endo —0.008 —~0.072 —0.012 0.035

H: anti —0.016 —0.120 0.021 0.083
H; syn —0.009

C 0.046 0.083 —0.045 0.009

C. —0.023 —0.037 —0.078 0.095

C; 0.012 0.014 0.020 0.010

C; 0.029 —0.407 0.242 0.191

able antibonding = character in the lowest antibonding
three-center molecular orbital.

The highest occupied level in the 7 cation is found to
be the bonding orbital associated with the three-center
bond. The corresponding antibonding orbitals are
vacant. As a result of the occupation of this orbital
the C; carbon bends toward the double bond to a point
where the energy gained by strengthening the three-
center bond is offset by the increase in strain energy for
the remainder of the molecule. This change in 6, is of
course accompanied by significant changes in the other
bond angles 6;, 6, and #i. According to the present
calculations the final value for 6, is 51° and corresponds
to a high degree of bonding between C;, C,, and C;.
An interesting feature of this ion is the existence, ac-
cording to the present calculations, of two equilibrium
positions for the C;—C¢C;—C, bridge. These two
bridge positions are of almost equal energy and are sep-
arated by a small barrier. The bond angles 6, 6., 6;,
and 6, for this second structure are 94, 37, 15, and 135°,
respectively.

According to the present calculations, the unpaired
electron in the 7 radical occupies the lowest antibonding
orbital of the three-center bond. The highest doubly
occupied level is found to be the corresponding bonding
molecular orbital. The geometrical effects of adding a
single electron to the antibonding three-center orbital do
not appear to be very great. Although the nonclassical
stabilization energy (next section) is decreased in magni-
tude, suggesting a significant weakening of the three-
center bond, 6, actually increases slightly rather than de-
creasing as expected. One of the reasons for this is
probably related to the changes in the other bond angles,
81, 65, and 64, between the radical and cation. Our cal-
culations show, for example, that the equilibrium value
of 8, is very sensitive to 6; and 6;.

The addition of another electron to the antibonding
orbital, to form the 7 anion, gives an over-all anti-
bonding character to this bond. As a result, the equilib-
rium geometry of the anion is very close to the parent
molecule, norbornene. The highest occupied orbital is
strongly localized on C; and is very close to sp? in char-
acter. This is reflected by the large value of 58°, ap-
proximately half the tetrahedral angle, calculated for 8;.

b. Charge Densities and Stabilization Energies. The
charge densities for all of the molecules under discussion
are given in Table 1I. The spin density distribution for
the 7 radical is given in Table III.
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Table III. Spin Densities for the 7 Radical
Atom G C, C; C;
Density 0.09 0.44 0.02 —~0.09

A particularly interesting question, which the present
calculations should help to answer, is whether the 7
ions and 7 radical have classical or nonclassical struc-
tures. According to Bartlett’s definition,'! a nonclassi-
cal ion (or radical) has delocalized bonding & electrons
in its ground state. An almost perfect example of a
classical ion under this definition is provided by the 7
anion. The lone-pair electrons in this ion occupy an
orbital which is almost completely localized on C; and
which is almost sp® in character. Thus the electron dis-
tribution in this ion bears a close resemblance to that of
norbornene. On the other hand, the 7 anion and 7
radical are almost ideal nonclassical systems under
Bartlett’s definition. There are o electrons in both of
these molecules strongly delocalized over atoms C;, C,,
Cs, C;, and C,. The delocalization over atoms C; and
C. is strongest in the 7 cation, and is the result of the
bonding = character which the bonding three-center
molecular orbital gives to the C;—C, and C,—~C; bonds.
In the case of the radical this is diminished by the anti-
bonding w character of the antibonding three-center
orbital. The high degree of o-electron delocalization
in the radical is reflected by the high spin densities cal-
culated for atoms C, and Cs, and the small spin density
for atom C;.

Another property of considerable interpretive in-
terest is the nonclassical stabilization energy. It is
difficult to define this quantity theoretically, but we may
approximate it by the quantity W, where W = energy
of ion or radical calculated at its equilibrium geometry
minus the energy of ion or radical calculated at the
equilibrium geometry of the parent molecule.

W = Ecuitibrium — Eparent (2lWays negative or zero)

This definition is appropriate since the ¢ electrons are
usually localized for the parent geometry, and it is the
delocalization of the o electrons which is generally re-
sponsible for any significant change in geometry between
parent molecule and the ion or radical. Clearly, a large
negative stabilization energy will facilitate the formation
of the intermediate and hence result in a strongly accel-
erated reaction.

The nonclassical stabilization energies for the 7
cation, 7 radical, and 7 anion are respectively —8, —3,
and —1V. Thus although the 7 cation and 7 radical
are equally nonclassical under Bartlett’s definition, the
7 radical in fact appears to fall midway between the
strongly nonclassical ion, the 7 cation, and the almost
ideal classical ion, the 7 anion, in stabilization energy.
These results are in keeping with the chemistry of these
intermediates.
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