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Final comment should be devoted to the calculated vibrational
frequencies. At the HF/6-31G* level, the shift in the frequency
of the N-N stretching in 3is Av = -51 cm™! compared to the N,
molecule. The reported experimental value is Ay = -133 cm™.}
We believe that inclusion of the electron correlation is necessary
to obtain a reasonable agreement for Av. For the CO adduct,
the calculations yield Ay = -42 cm™.

Conclusions

The results of HF/6-31G* and MP2/6-31G* calculations
demonstrate high reactivity of the borabenzene molecule toward
carbon monoxide and nitrogen. The adduct formed between

borabenzene and carbon monoxide exhibits a remarkable stability.
The nitrogen adduct, though less stable, should be isolable. The
reactivity of borabenzene can be attributed to a donation from
the nonbonding ¢° orbital of either CO or N, to the low-lying
vacant ¢* orbital of borabenzene. Relief of the strain within the
borabenzene ring can further contribute to the exothermicity of
the addition reactions. The charge distribution in both free
borabenzene and its adducts seems to be better rationalized within
the GAPT population analysis than the Bader one.
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Abstract: The geometries of norbornadiene, 1, 7-silanorbornadiene, 2, and 7,7-dimethyl-7-silanorbornadiene, 3, have been
optimized at the HF/STO-3G and HF /3-21G levels (within C,, symmetry constraint). In addition, 2 has also been optimized
by using the 3-21G(*) basis set which contains a set of polarization functions on Si. It was found that, although the = canonical
MOs (CMOs) of 1 followed the natural sequence, i.e., 74 (a,) below =_ (b,), the inverted sequence is observed (i.e., 7, above
m_) for both 2 and 3. Through-bond (TB) orbital interactions are therefore more important than through-space (TS) orbital
interactions in 2 and 3. The #* CMOs, on the other hand, followed the natural sequence in all three molecules. Orbital interactions
in 1 and 2 were dissected into TS and TB components by using the Weinhold natural bond orbital (NBO) localization procedure.
1t is found that TS interactions are weaker in 2 than in 1, owing to the former molecule having a larger dihedral angle (120°)
for the six-membered ring compared to 1 (114°). In addition, TB coupling to the =, orbital (which raises that level) is substantially
larger in 2 than in 1, an effect that is attributed to the more electropositive nature of silicon compared to carbon. The combination
of weakened TS interactions and strengthened TB interactions is sufficient to cause the inverted sequence of = levels in 2 (and
in 3). TB and TS effects are found to reinforce each other in the #* manifolds of both 1 and 2; consequently, an inverted
sequence of 7* levels is unlikely to be found in any type of simple norbornadiene molecule. The NBO analysis of interactions
in the = manifold showed that o/ interactions dominate over o* /x interactions. However, both ¢*/#* and o/x* interactions
should be considered in the analysis of TB coupling in the #* manifold, with the former being slightly larger than the latter.

Recent experimental studies' have demonstrated the occurrence
of unusually rapid intramolecular electron transfer between donor
and acceptor groups fixed at predetermined distances, by rigid
polynorbornyl spacers. Such rapid rates were attributed to a strong
through-bond coupling mechanism between the donor and acceptor
orbitals with those of the polynorbornyl framework.l* In order
to obtain a more detailed understanding of the coupling factor
which is responsible for these large rates, we have undertaken both
experimental and theoretical investigations of a series of model
dienes with the two double bonds separated by norbornylogous
spacer groups. Particular emphasis has been placed on the
splittings between the « cation and between the =* anion states
of these compounds. These splittings, which provide a measure
of the electronic coupling between the donor and acceptor groups
(both ethylenic in the model compounds), figure prominently in
the theory of electron transfer. In the present work, we examine
in detail the simplest member of this series of model compounds,
norbornadiene, 1, and consider as well 7-silanorbornadiene, 2, and
7,7-dimethyl-7-silanorbornadiene, 3. Specifically, we explore the
utility of localized orbital methods for analyzing the contributions
of through-bond (TB) and through-space (TS) interactions to the
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splittings between the = cation and between the 7* anion states.?

Norbornadiene 1 has become a paradigm for a molecule that
exhibits dominant through-space (TS) orbital interactions within
both 7 and =* manifolds.2® This is a consequence of the
structurally enforced propinquity of the double bonds in 1 (they

(1) (a) Closs, G. L.; Calcaterra, L. T.; Green, N. J.; Penfield, K. W;
Miller, J. R. J. Phys. Chem. 1986, 90, 3673. (b) Penfield, K. W_; Miller, J.
R.; Paddon-Row, M. N.; Cotsaris, E.; Oliver, A. M.; Hush, N. S. J. Am.
Chem. Soc. 1987, 109, 5061. (c) Hush, N. S.; Paddon-Row, M. N.; Cotsaris,
E.; Oevering, H.; Verhoeven, J. W.; Heppener, M. Chem. Phys. Lett. 1985,
117, 8. (d) Warman, J. M.; de Haas, M. P,; Paddon-Row, M, N.; Cotsaris,
E.; Hush, N. S; Oevering, H.; Verhoeven, J. W. Nature (London) 1986, 320,
615. (e) Oevering, H.; Paddon-Row, M. N.; Heppener, M.; Oliver, A. M.;
Cotsaris, E.; Verhoeven, J. W.; Hush, N. S. J. Am. Chem. Soc. 1987, 109,
3258. (f) Joran, A. D.; Leland, B. A.; Geller, G. G.; Hopfield, J. J.; Dervan,
P. B. J. Am. Chem. Soc. 1984, 106, 6090. (g) Joran, A. D.; Leland, B. A.;
Felker, P. M.; Zewail, A. H.; Hopfield, J. J.; Dervan, P. B. Nature (London) .
1987, 327, 50.

(2) (a) Hoffmann, R. Acc. Chem. Res. 1971, 4, 1. (b) Hoffmann, R.;
Heilbronner, E.; Gleiter, R. J. Am. Chem. Soc. 1970, 92, 706.

(3) Dewar, M. J. S.; Wasson, J. S. J. Am. Chem. Soc. 1970, 92, 3506.

(4) Heilbronner, E.; Schmelzer, A. Helv. Chim. Acta 1975, 58, 936.

(5) Bischof, P.; Hashmall, J. A ; Heilbronner, E.; Hornung, V. Helv. Chim.
Acta 1969, 52, 1745,

(6) Heilbronner, E.; Martin, H.-D. Helv. Chim. Acta 1972, 55, 1490.
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are only ca. 2.4 A apart®) which ensures strong interorbital overlap
between the basis = (7, and 7y) and =* (x,* and #,*) orbitals
associated with the double bonds. Direct TS interactions place
the energy of the positive combination of = orbitals, =, (= 1/

V2(m, + m)) of a, symmetry, below that of the negative com-
bination, 7_ (= 1/+v/2(x, - 7)) of b; symmetry (norbornadiene
has C,, symmetry). Likewise, the energy of x.(b,) lies below that
of 7” (a;). Such a level sequence, i.., E(r_) > E(x.) and E(x)
> E(w}), where, for example, E(x_) represents the energy of the
w_ orbital, has been called the natural sequence of orbitalsé and
always obtains for dominant TS interactions. This orbital sequence
for 1 has been verified both theoretically>*'%!! and experimentally,
principally by electron transmission (ET) spectroscopy?® and
photoelectron (PE) spectroscopy®® for the #* and = levels, re-
spectively. The ET spectrum of 1 showed a large =* splitting
energy of 1.52 eV.? which was attributed to TS interactions, and
a series of elegant PE studies on a variety of norbornadienes
revealed not only a large =, /m_ splitting energy of 0.86 eV for
1 but also confirmed that the = 2B, cation state does indeed lie
below the = 2A, cation state.&’

It has been known for quite some time that through-bond (TB)
orbital interactions®!2-!5 between the = orbitals and the o bonds

(9) (a) Dallinga, G.; Toneman, L. H. Recl. Trav. Chim. Pays-Bas 1968,
87, 80S. (b) Yokozeki, A.; Kuchitsu, A. Bull. Chem. Soc. Jpn. 1971, 44, 2356.

(10) Balaji, V.; Jordan, K. D.; Burrow, P. D.; Paddon-Row, M. N.; Patney,
H. K. J. Am. Chem. Soc. 1982, 104, 6849.

(11) Balaji, V.; Ng, L.; Jordan, K. D.; Paddon-Row, M. N_; Patney, H.
K. J. Am. Chem. Soc. 1987, 109, 6957.
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of the norbornadienyl framework must also play an important role
in determining the magnitude of the = level splitting in 1.347 Thus
a MINDO/2 study on 1 carried out by Dewar and Wasson?
revealed that the = splitting calculated for 1 was considerably
enlarged if TB interactions were deliberately suppressed in the
calculation (by deleting, from the Fock matrix, interactions be-
tween the = orbitals and the ¢ orbitals centered on C1, C4, and
C7). This result suggests that TB and TS interactions in 1 oppose
each other, with the former tending to generate an inverted se-
quence of 7 levels,* i.e., E(w,) > E(x_). The origin of the opposing
nature of TB and TS effects in 1 has been delineated by Heil-
bronner and Schmelzer through application of their heuristically
useful model for quantitatively analyzing TB and TS interactions.*
This analysis, which will be described in more detail below, clearly
demonstrates that TS interactions between the = orbitals in 1 are
substantially larger than the overall = splitting energy, thereby
demonstrating the opposing tendencies of TS and TB interactions.
Moreover, their analysis shows that, whilst smaller than TS in-
teractions, TB interactions in 1 are nevertheless, significant. This
naturally leads one to enquire how norbornadiene can be modified,
perhaps by a combination of structural and electronic factors (but
without resorting to the addition of either extra unsaturated groups
or groups bearing nonbonding orbitals), such that an inverted
sequence of = (or 7*) levels would result. In this paper we present
one possible solution to this enquiry. We describe results of an
ab initio MO study on 7-silanorbornadiene, 2, and 7,7-di-
methyl-7-silanorbornadiene, 3, which reveal an inverted sequence
of = levels in both molecules but a natural sequence of #* levels.

Computational Details

In decomposing interactions into TB and TS contributions, it is im-
portant to recognize that such decomposition is not unique. However,
by adopting a well-prescribed procedure, such as that of Heilbronner and
Schemelzer, we believe that it is possible to gain important insight into
the factors contributing to the relative energies of the = (and 7*) levels
of complex molecules. Furthermore, this approach should also permit
one to make meaningful comparisons of the relative magnitudes of TB
and TS interactions along series of related compounds just as the Mul-
liken population analysis has proven very useful for analyzing trends in
atomic charges.

All calculations were carried out by using the GAUSSIAN 82 and
GAUSSIAN 86 suites of programs.!® Full geometry optimizations of 1-3
(C,, symmetry constraint) were carried out at the restricted Hartree—
Fock (HF) level by using the Schlegel analytical gradient procedure!’
and the split-valence 3-21G basis set.!® Optimized structures for 2 and
3 using the minimal STO-3G basis set!3® were also determined as these
were used as starting points for the 3-21G optimizations. Optimized
geometrical parameters for 1-3 are given in Table I, together with total
energies. Whilst this work was in progress, Rauk and co-workers re-
ported the HF/3-21G optimized structure for 1,'*® which is identical with
that reported here. Moreover, Rauk and co-workers carried out harmonic
frequency calculations for the optimized structure of 1 and verified that

(12) Hoffmann, R.; Imamura, A.; Hehre, W. J. J. Am. Chem. Soc. 1968,
90, 1499.

(13) Gleiter, R. Angew. Chem., Int. Ed. Engl. 1974, 13, 696.

(14) Paddon-Row, M. N. Acc. Chem. Res. 1982, 15, 245.

(15) Paddon-Row, M. N.; Jordan, K. D. Molecular Structure and Ener-
getics; Liebman, J. F., Greenberg, A., Eds.; VCH Publishers: New York, NY,
1988; Vol 6, Chapter 3.

(16) (a) Binkley, J. S.; Frisch, M. J.; DeFrees, D. J.; Raghavachari, K.;
Whiteside, R. A.; Schlegel, H. B.; Fluder, E. M.; Seeger, R,; Pople, J. A.
GAUSSIAN 82; Carnegie-Mellon University: Pittsburgh, PA 15213. (b) Frisch,
M. J; Binkley, J. S.; Schlegel, H. B.; Raghavachari, K.; Melius, C. F.; Martin,
R. L,; Stewart, J. J. P.; Bobrowicz, F. W,; Rohlfing, C. M.; Kahn, L. R,;
DeFrees, D. J.; Seeger, R.; Whiteside, R. A.; Fox, D. J.; Fleuder, E. M.; Pople,
J. A. GAuUssIAN s6; Carnegie-Mellon Quantum Chemistry Publishing Unit:
Pittsburgh, PA, 1984.

(17) Schlegel, H. B. J. Comput. Chem. 1982, 3, 214.

(18) (a) Binkley, J. S.; Pople, J. A.; Hehre, W. J. J. Am. Chem. Soc. 1980,
102,939. (b) Hehre, W. J; Stewart, R. F; Pople, J. A. J. Chem. Phys. 1969,
51,2657. (c) Moller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618. Pople, J.
A.; Binkley, J. S.; Seeger, R. Int. J. Quantum Chem., Symp. 1976, 10, 1.
Krishnan, R.; Pople, J. A. Int. J. Quantum Chem. 1978, 14, 91. Krishnan,
R.; Frisch, M. J.; Pople, J. A. J. Chem. Phys. 1980, 72, 4244,

(19) (a) Castro, C. R.; Butler, R.; Rauk, A.; Wieser, H. J. Mol. Struct.
(Theochem) 1987, 152, 241. (b) For 4-31G geometry optimization of 1 see:
Wiberg, K. B.; Bonneville, G.; Dempsey, R. Israel J. Chem. 1983, 23, 85.
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Table I. HF/3-21G and HF/STO-3G Optimized Geometrical Parameters® and Energies® (E) for the C,, Structures 1, 2, and 3, Together with
the 7, 7., ,.* and x_* Canonical MO Energies® and Their Splitting Energies,® A and A*

2 3
1
parameter 3-21G 321G 321G(*) STO-3G 3-21G STO-3G
C1-x7 1.566 1.949 1911 1.882 1.961 1.888
C1-C2 1.550 1.539 1.542 1.542 1.536 1.541
C2-C3 1.319 1325 1.325 1315 1.325 1315
C2-C6 2.480 2474 2.479 2.463 2.467 2.459
C8-Si 1.911 1.861
Cl-H 1.076 1.076 1.076 1.083 1.077 1.083
C2-H 1.069 1.070 1.070 1.081 1.070 1.081
X7-H 1.081 1.490 1.477 1.424
C8-H, 1.083 1.081
Cs-H, 1.087 1.083
C2-C1-C6 106.2 107.0 107.0 106.0 106.9 105.9
C1-X7-C4 92.0 79.1 80.8 80.7 78.4 80.3
C1-C2-C3 107.5 121 112.0 111.3 112.1 111.3
H-C1-X7 118.2 123.2 123.9 123.1 123.3 123.2
H-C2-C3 128.1 125.9 125.8 126.4 125.8 126.4
H-X7-H 111.7 109.3 109.1 109.7
C8-Si-C9 108.3 109.1
H,-C4-Si 111.4 111.6
H,-C8-Si 110.5 111.0
H-C2-C3-C4 177.9 179.0 179.4 178.4 179.2 178.6
H,-C8-Si-H, 120.6 120.3
¢ 114.0 120.4 120.2 118.0 120.3 117.9
-E} 268.16187 517.91532 518.01052 514.63280 595.60065 591.82663
E(x) (b)) -8.72 (-7.44)¢ -9.04 -9.09 -7.42 -8.83 -7.35
E(my)(ay)* -9.76 (-8.26)* -8.88 -8.94 -7.25 -8.62 -7.13
A 1.04 (0.82)° -0.16 -0.15 -0.17 -0.21 -0.22
E(m*)(ay)* 6.28 (9.81)¢ 5.84 5.68 9.93 5.93 9.98
E(m,*)(by)* 4.29 (8.04)¢ 339 3.72 8.23 4.23 8.32
A*ed 1.99 (1.77)¢ 2.45 1.96 1.70 1.69 1.66

aBond lengths in A; bond angles and dihedral angles are in deg. ?Energies in au (1 au = 627.51 kcal/mol). <Orbital energies and splitting
energies in eV (1 eV = 23.06 kcal/mol). A = E(x.) — E(=y); A* = E(7_*) - E(7,*). A negative sign for A means that the 7, level lies above the
7 level. ¢The quantities in parentheses are the STO-3G values (at the 3-21G optimized geometries). /There is another 3-21G orbital of b, symmetry
having an energy of 5.80 e¢V. Both b, orbitals contain nearly equal admixture of = and bridge C-Si-C orbitals.

it does correspond to an energy minimum. Although harmonic frequency
calculations on 2 and 3 were not carried out, the overall structural sim-
ilarity of 1, 2, and 3 strongly suggests that the C,, structures for the latter
two molecules should also correspond to energy minima.

Although the analysis in this paper is based on the molecular orbital
picture, the relevant experimental quantities are the ionization potentials
and electron affinities. Hence, we assume the validity of Koopmans’
theorem (KT) and associate the energies of the cation and anion states
with the negatives of the filled and unfilled, canonical molecular orbitals,
respectively. With the STO-3G and 3-21G basis sets the energies of the
anion states thus estimated are much too high. However, we note that
for our present purpose the quantities of primary interest are the relative
and not the absolute energies of the = and =* levels. We have found in
previous studies on norbornadiene and other nonconjugated dienes that
the splittings between the #* anion states and between the = cation states
calculated at a KT/STO-3G level of theory are in good agreement with
the experimental splittings.! Because the anion states of norbornadiene,
1, and 7-silanorbornadiene, 2, lie energetically above the ground states
of the neutral molecules, the virtual orbitals have positive energies and
will not converge to unique values as the basis sets are enlarged. Indeed,
the virtual orbitals will “collapse” onto continuum solutions if flexible
basis sets are employed. The use of a small basis set (e.g., STO-3G)
prevents this problem.

Structures

The HF/3-21G structure of 1 has already been discussed by
Rauk and co-workers.!* Suffice it to say that agreement between
the comguted and the experimentally determined structures is quite
good.®>" Although the synthesis of several 7-silanorbornadienes
has been reported,®-? their structures have not been determined

(20) Laporterie, A.; Dubac, J.; Mazerolles, P.; Lesbre, M. Tetrahedron
Lett. 1971, 4653.
0 (gl)gBarton, T. J.; Witiak, J. L.; Mclntosh, C. L. J. Am. Chem. Soc. 1972,

4, 6229,

(22) Maruca, R.; Fischer, R.; Roseman, L.; Gehring, A. J. Organomet.
Chem. 1973, 49, 139.

(23) Balasubramanian, R.; George, M. V. J. Organomet. Chem. 1975, 85,
131

(24) Mayer, B.; Neumann, W. P. Tetrahedron Lett. 1980, 21, 4887.

experimentally (or theoretically for that matter). Although a
check on the reliability of our HF/3-21G optimized structures
for 2 and 3 cannot therefore be made, we are confident that the
structures for 2 and 3 are sufficiently reliable for the purpose in
hand, the worst error probably being an overestimation of the C-Si
bond lengths by ca. 0.05 A.28 Because the 3-21G(*) basis set,
which contains d functions on Si,? is known to give equilibrium
C-Si bond lengths in good agreement with experimental values,
the structure of 2 was reoptimized at this level (Table I). As
expected, inclusion of polarization functions on Si resulted in
contraction in the lengths of the Si—C bonds (by 0.04 A) and Si-H
bonds (by 0.01 A). However, because the remaining optimized
geometrical parameters and, more importantly, the = and =*
orbital energy splittings are found to be mainly unaffected by the
inclusion of the Si d functions, the ensuring discussion of the
structures of 1-3 will be based on the 3-21G results, unless stated
otherwise.

The 3-21G geometries of 2 and 3 display several interestin
features. The C1-Si bond in these molecules is about 0.04
longer than that calculated (1.917 A) for CH,SiH,;2 and CH,-
SiH,CH;.% This result is probably not an artifact of the cal-
culation since the C8-Si bond length in 3 is quite normal (at the
STO-3G level, the C1-Si bond is still longer than the C8-Si bond
but by only 0.03 A). The C1-C7 bond length (1.566 A) in 1 is
likewise longer than usual (cf., 1.541 A in propane®'). The

(25) Barton, T. J.; Goure, W. F.; Witiak, J. L.; Wulff, W. D. J. Organo-
met. Chem. 1982, 225, 87.

(26) Appler, H.; Gross, L. W.; Mayer, B.; Neumann, W. P. J. Organomet.
Chem. 1988, 292, 9.

(27) Marinetti-Migrani, A.; West, R. Organometallics 1987, 6, 141.

(28) Pietro, W. J,; Francl, M. M.; Hehre, W. J; DeFrees, D. J.; Pople, J.
A.; Binkley, J. S. J. Am. Chem. Soc. 1982, 104, 5039.

(29) Boatz, J. A.; Gordon, M. S.; Hilderbrandt, R. L. J. Am. Chem. Soc.
1988, /10, 352.

(30) Paddon-Row, M. N. Unpublished results.

(31) Carnegie-Mellon Quantum Chemistry Archive, 3rd ed; Whiteside, R.
A, Frigsgg, M. J., Pople, J. A., Eds.; Carnegie-Mellon University: Pittsburgh,
PA, 1983.
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anomalous C1-C7 bond length in 1 is also apparent from the
electron diffraction structure for 1.%> Presumably a combination
of strain and hyperconjugative electron donation from the C1-X7
and C4-X7 ¢ MOs to the * MOs is responsible for the long
C1-X7 and C4-X7 bond lengths in 1-3.

The small value of 92° for the C1-C7-C4 angle in 1 is
symptomatic of the strain present in this ring system. The C1-
Si-C4 angle in 2 and 3 is even smaller (ca. 79°) than that found
for 1. Related to this is the finding that the dihedral angle, ¢,
associated with the six-membered ring, is about 6° larger in 2 and
3 than in 1 (this difference is 4° using the STO-3G basis set).
These trends can be explained in terms of simple geometrical and
strain arguments. If the geometry of 2 were identical with that
calculated for 1, with the exception of retaining the equilibrium
C-Si bond lengths, then the C1-Si—C4 angle would be only 70°,
some 10° smaller than that found for optimized 2. This is a highly
strained angle (the HF‘{ 3-21G equilibrium C-Si~C angle for
CH,SiH,CH; is 112°)® and can be relieved by increasing the
value of ¢, since this leads to a concomitant increase in the C1-C4
distance. Apparently, the optimized value of 120° for ¢ represents
a compromise between diminishing C1-Si—C4 angle strain and
diminishing C1-Si and C4-Si bond strengths, resulting from
reduced overlap between the orbitals on Si and those on C1 and
C4, with increasing ¢. In summary, our calculations on 2 and
3 are indicative of the presence of substantial strain associated
with the C1-Si-C4 group. These results are entirely consistent
with the known thermal lability of the C1-Si and C4-Si bonds
in many 7-silanorbornadienes.?®2

Orbital Interactions

Energies of the canonical (i.e., fully delocalized) = and #* MOs,
CMOs, (i.e., My_, Mg, Mz and CMzl) for 1-3 are given in
Table I, together with the corresponding splitting energies, A =
E(x_) - E(r,), and A* = E(x") - E(r}). A positive value for
the splitting energy means that a natural sequence of orbitals
obtains. The data for 1 show that TS interactions are dominant
in both = and =* manifolds. The 3-21G  splitting energy for
1, in the Koopmans' theorem approximation,* is 1.04 eV which
gives a m-ionization splitting energy 0.18 eV larger than the
experimental value (0.86 eV°). Better agreement is obtained with
the minimal STO-3G basis set which gives a A value of 0.82 eV.
A similar situation obtains for the A* splitting energy, with the
STO-3G value (1.77 eV) being in better agreement with the
experimental value (1.52 e¢V?®) than the 3-21G value (1.99 eV).

In marked contrast to 1, A is negative for both 2 and 3;-0.16
eV for 2 and —0.21 eV for 3 at the HF/3-21G level of theory.
Similar values of A are obtained at the HF/STO-3G and HF/
3-21G(*) levels of theory. The insensitivity of A for 2 to the basis
set strongly suggests that the result is not a calculational artifact.
We have also carried out unrestricted third-order Mgller-Plesset
(UMP3) calculations'® on the two cation states of 2 by using both
the 3-21G(*) and 6-31G* basis sets and the HF/3-21G(*) ge-
ometry of the neutral molecule. These calculations place the %A,
cation state about 0.27 eV below the 2B, cation state. Hence, even
though the state splitting is quite small, we feel confident about
the predicted state ordering. We conclude that TB interactions
dominate over TS interactions in the = manifolds of both 2 and
3 and that the splitting of their w-ionization bands should be
smaller than that for 1 but with the vertical 2B, cation radical
state lying above the 2A, cation radical state at the geometry of
the neutral. Interestingly, the A* splitting energies for 2 and 3
are positive, thereby showing that, for the =* orbitals, TS in-
teractions are more important than TB interactions.

The origin of the reversal of the relative importance of TS and
TB interactions on the = levels in 2 and 3, compared to 1, is
attributed to a combination of two factors, the first being geo-
metrical and the other electronic. The geometrical factor concerns
the magnitude of ¢ since TS interactions are strongly attenuated
with increasing values of this parameter, as a result of diminishing
7.7 orbital overlap.*%? Because TB effects are less sensitive to
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¢ (the loss in overlap of the # MOs with the o orbitals of the
six-membered ring, with increasing ¢, is compensated by a gain
in overlap with the C1-X7-C4 bridge o orbitals), there should
be a critical value for ¢ for which TB effects become dominant.
By using the MINDOQ/2 semiempirical method, this critical value
of ¢ was calculated to be ca. 116° for 1° and ca. 140° for 1,4-
cyclohexadiene.”??

The geometrical factor was explored by carrying out a series
of single-point 3-21G calculations on 1 and 2 for values of ¢
ranging from 112° to 124° (all other geometrical parameters were
kept fixed at their equilibrium values). The » and »* CMO
energies together with the associated splitting energies are given
in Table II. The =_and = levels for 1 follow the natural sequence
for all values of ¢ studied, and extrapolation of the data indicates
that the crossover point corresponds to ¢ = 130°. This result is
in marked contrast to that of the MINDO/ 2 study?® which predicts
a much smaller crossover value of ¢ (=116°). However, because
most INDO/CNDO based semiempirical methods overestimate
TB effects at the expense of TS interactions.* we believe that
our ab initio data present a more reliable picture of the dependence
of A on ¢. This conviction is reinforced by the observation that
the A value for 1 calculated in the MINDO/2 approximation by
using the experimental geometry is almost an order of magnitude
smaller than the experimental value (0.86 eV5).3 Clearly, the
MINDO/2 method is not correctly giving the relative magnitudes
of TB and TS interactions in 1. For 2, the HF/3-21G calculated
crossover value occurs at ¢ = 118.5° and is much smaller than
that estimated for 1. Thus, the computed inverted sequence of
w levels found for 2 and 3 is due, in part, to the somewhat larger
equilibrium value of ¢ for these molecules, compared to 1, for
if ¢ for 2 and 3 happened to be similar to that found for 1 (i.e.,
114°), a significant TS dominated A value of ca. 0.46 eV would
then result. The fact that the crossover value of ¢ for 1 is much
larger than that for 2 suggests that TB interactions in 1 are
substantially weaker than in the latter molecule.

The electronic factor mainly influences TB interactions and
may be visualized by using the following simple argument. From
a perturbational MO point of view, one may introduce TB in-
teractions into the scheme through mixing =, (a, symmetry) and
= (b, symmetry) with appropriately constructed symmetry-
adapted semilocalized ¢ MOs (o SLMOs), as described by He-
ilbronner and Schmelzer.# If we ignore contributions from C and
Si core atomic orbitals and focus attention only on the valence
shell orbitals, then 1 and 2 are each associated with 36 SLMOs,
which are schematically drawn in Figure 1. The SLMOs are
generated through mixing of localized two-center orbitals of the
same type, that is, these localized orbitals are related to each other
by the symmetry operations of the point group to which the
molecule belongs. Of these SLMOs, 12 are of a, symmetry, eight
are of b, symmetry, 10 are of b, symmetry, and six are of a
symmetry. Also included in Figure 1 are the «,, 7_, 75, and =_
SLMOs, which will henceforth be designated by SLr,, SLx_, SLx},
and Slx’, respectively, in order to distinguish them from the final
fully delocalized CMOs (Mrr,, Mg_ CMgz’ and CMgl),

Consider, first, TB interactions involving SLr, and SLx_ shown,
respectively, by a5 and 8; in Figure 1. Because the energy gap
separating the = and the virtual ¢* orbitals in 1 and 2 is con-
siderably larger than that separating the = and o orbitals (by ca.
13 eV at the HF/3-21G level), it is reasonable to assume that
o/ mixing will be energetically much more significant than o*/=
mixing, and, therefore, we can ignore the latter (this will be further
justified below). There are six occupied o SLMOs of a; symmetry
{a;, i = 1, ..., 6} that can mix with Slx, (= ) and four of b,
symmetry {8;, i = 1, ..., 4} that can mix with SLx_ (= 8;). By using
a crude argument based purely on the number of ¢ SLMOs that
are available for mixing, it would appear then that the energy level
of SLr, should be affected much more strongly than the Str_level.
More quantitatively, it has been shown* that the ¢ SLMOs
constructed from the C-C bonds, namely, a;, a4, and 8; make
the major contributions to TB coupling in 1. Both Lz, and Slar_

(32) Koopmans, T. Physica 1933, 1, 104.

(33) Bischof, P. Dissertationarbeit, Universitit Basel, 1971.
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Figure 1. Schematic representations of the SLMOs for 1 and 2 constructed from the NBOs (core orbitals are omitted): (a) SLMOs of a, symmetry;
(b) SLMOs of b, symmetry; (c) SLMOs of b, symmetry; and (d) SLMOs of a, symmetry. Virtual orbitals are denoted by a superscript asterisk.

levels are raised through this mixing, although the former should
be more affected than the latter because there is no counterpart
t0 a4 in the {8} set of SLMOs. Thus, TB interactions in 1, by
themselves, lead to an inverted sequence of x levels. Replacement
of C7 in 1 by Si should have little effect on the energies and shapes
of orbitals a, and 8, because X7 makes no contribution to these
orbitals. Consequently, TB interactions should raise the Slr. level
in 1 and 2 by comparable amounts (it will be shown below that
the different value of ¢ for 1 and 2 has little influence on the
magnitude of TB interactions). On the other hand, replacement
of C7 by the more electropositive Si atom will raise the self-energy
of orbital o4 and will polarize this orbital more toward C1 and
C4. This polarization will lead to a greater orbital overlap between
SLr, and the ¢ SLMO a, in 2 compared to 1. It follows from
second-order perturbation theory that both effects combine to
increase the amount of TB coupling for «, in 2 compared to 1.
Net TB interactions, i.c., the difference between the SLx_and St
levels resulting exclusively from TB effects, should, therefore, be
larger for 2 (and 3) than for 1.

Turning to interactions between «* orbitals, it is seen from
Table II that the A* values for both 1 and 2 are considerably larger
than the corresponding A values and that the natural sequence
of =* levels obtains for all values of ¢ considered, even for 2. This
rather surprising lack of tendency of the =* levels to follow an
inverted sequence is probably due to the fact that the #* SLMOs

(8L} and SLx”), unlike the corresponding = SLMOs, couple fairly
strongly with both ¢ and o* SLMOs."' From Figure Ic, it is seen
that destabilization of the SLx}, (= v3) level through mixing with
the lower lying four ¢ SLMOs (v, - v,) Partially offsets mixing
with the higher lying five 0* SLMOs (v - v;,). Likewise, the
destabilizing influence of the two a, ¢ SLMOs, §, and é,, on the
SLx? (= 63) level is tempered by the stabilization caused through
mixing with the three o* SLMOs (8; — 8;). The Slx} and SLx”
levels are therefore not as much influenced by TB effects as are
the corresponding SLx, and SLx_ levels, with the result that TS
effects predominate for the range of values of ¢ studied herein,
The situation regarding 1,4-cyclohexadiene, for which ¢ = 180°,
is not yet resolved.*

The above reasoning can be placed on a quantitative basis by
dissecting the net orbital interactions into TS and TB components
along the lines originally suggested by Heilbronner and
Schmelzer.* A wide variety of molecules has been studied by using
this analysis*3* or a slightly modified version thereof.3 The

(34) HF/STO-3G calculations* indicate a normal sequence of =* orbitals
for 1,4-cyclohexadiene (D, symmetry). Also the original ET spectroscopic
study of this molecule was interpreted in terms of a normal sequence of =*
orbitals.® However, HF/3-21G calculations predict an inverted sequence of
«* levels, and recent electron energy loss spectroscopic studies (P. D. Burrow,
personal communication) also appear to be consistent with an inverted or-
dering.
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Table II. HF/3-21G Energies® of the =_, 74, =_*%, and =,* Canonical
MOs and the Corresponding Splitting Energies, A and A*? for 1 and
2 as a Function of the Flap Angle ¢ (deg)

¢
112° 114° 116° 118° 120° 122° 124°
7 Manifold?

1 E(r) -863 -8.72 -881 -8.89 -8.96 -9.02 -9.08
E(ry) -984 -9.76 -9.70 -9.63 -9.56 -9.50 -9.44
Ab 121 1.04 089 074 060 048 0.36

2 E(r) -857 -8.69 -8.81 -892 -9.04 -9.12 -9.21
E(xy) -9.24 -9.15 -9.06 -8.98 -8.88 -8.82 -8.73
A? 0.67 046 025 006 -0.16 —0.30 —0.47

x* Manifold®

1 E(r*) 639 628 6.17 607 597 588 579
E(x,*) 425 429 433 436 439 443 446
A% 214 199 185 1.71 158 145 1.33

2 E(»* 634 621 609 597 584 575 565
E(ry*) 328 331 334 336 339 341 343
Axb 306 290 275 261 245 234 222

4Energies in eV. A = E(z)) — E(x,); A* = E(x_*) - E(x,*). A
negative value for A(A*) implies that the 7.(7.*) level lies above the
m_(7_*) level.

essential methodology of the Heilbronner-Schmelzer approach
which, to date, has been used only for analyzing interactions
between occupied orbitals is as follows. The N occupied canonical
(fully delocalized) SCF MOs (CMOs) of a closed shell 2N
electron molecule are transformed into a set of orthogonal localized
(largely two-center) orbitals (LMOs) according to a prescribed
localization procedure.’ If the molecule contains two interacting
7 MOs, then we denote the # CMOs by “Mxr, and Mx_ and the
corresponding LMOs by Lr, and Lr,. The # LMOs, now localized
on different double bonds, a and b, are essentially isolated from
one another and also from the ¢ LMOs. Therefore, Lr, and L'm,
form a suitable basis upon which TS and TB interactions may
be built to form the final # CMOs, 7, and =_. In this context,
the following elements of the Fock matrix in the basis of the LMOs
are important:

E(Lwa) = LFaa = (L"ralﬂl“’ra) n
E(lmy) = LFy, = (LmyfFllmy) 2)
LFnb = (L"ralFIL"rb) (3)

where E('r,) and E(Lm,) are the self-energies of Lz, and Lm,,
respectively, and LF,, is a measure of the interaction energy
between L, and Lr,. This interaction energy must, perforce, be
exclusively of the TS kind if L'r, and L, are truly localized (see
below, however). The set of N occupied LMO:s is then trans-
formed into a set of symmetry-adapted semilocalized o and * MOs
(SLMOs), by mixing together “equivalent” LMOs that are related
to each other by the symmetry operations of the molecular point
group. Thus, for norbornadiene, the SLMOs are a;-a, 81—Bs.
¥,—v4 and 6,-8, (Figure 1). This operation transforms Lr, and
L, into

Sle, =1/ \/E(Lwﬂ + L) and Slr_=
1/V2(tr, - Lxy)

This transformation formally represents the incorporation of TS
interactions between the = orbitals into the scheme. If Lr, and
Lz, are degenerate (which is the case for 1-3), then the self-en-

(35) Honegger, E.; Heilbronner, E.; Wiberg, K. B. J. Electron Spectrosc.
Relat. Phenom. 1983, 31, 369.

(36) (a) Imamura, A.; Ohsaku, M. Tetrahedron 1981, 37, 2191. (b)
Imamura, A.; Tachibana, A.; Ohsaku, M. Ibid. 1981, 37, 2793. (c) Imamura,
A.; Hirao, K. Ibid. 1979, 35, 2243, (d) Ohsaku, M.; Imamura, A.; Hirao,
K.; Kawamura, T. Ibid. 1979, 35, 701. (e) Ohsaku, M.; Imamura, A.; Hirao,
K. Bull. Chem. Soc. Jpn. 1978, 51, 3443,

(37) (a) Edmiston, C.; Ruedenberg, K. Rev. Mod. Phys. 1963, 35, 457.
(b) Foster, J. M.; Boys, S. F. Rev. Mod. Phys. 1960, 32, 300. (c) Cizek, J.;
Forner, W.; Ladik, J. Theor. Chim. Acta 1983, 64, 107.
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ergies of Str, and SLx_ are given by

E(Sr,) = Ex,) + 'F, and E(Lr)) = E(*n,) -LF,, (4)

and the TS interaction energy between the = orbitals, Arg, is
Aqg = -2LF,, (5

Note that we are adopting the convention of positive orbital overlap
between the # LMOs. Consequently, the matrix element of the
interaction, LF,,, is negative, and Arg is positive.

The total contribution made by TB interactions, T, to each =
CMO level is given by the energy difference between a particular
m CMO (which contains both TS and TB effects) and the re-
spective SLMO of the same symmetry (which contains only TS
interactions). Thus

Ty = E(ry) - E(L7,) and I_ = E(xr.)) - E(lx.)

Note that a positive (negative) value for I' means that TB in-
teractions cause the appropriate # SLMO to be raised (lowered).
By performing yet another transformation, this time to the set
of o SLMOs, a set of orthogonal precanonical ¢ MOs (PCMOs)
is generated,* from which the total TB interactions can be resolved
into various contributions from the different o relay PCMOs.
These contributions are obtained from the apgropriate Fock matrix
elements for the interactions between the SLlr SLMOs and the
o PCMOs, by using second-order perturbation theory. Alterna-
tively, TB interactions can be analyzed through appropriate de-
letion of elements from the Fock matrix in the basis of the
LMOs,* a method which we will employ herein (vide infra).

To date, the quantitative analysis of orbital interactions has
been carried out by using either the Edmiston-Ruedenberg?” or
the Foster-Boys3” orbital localization procedures. Moreover, in
these investigations,%%35! only the filled, and not the virtual
orbitals, were localized, which meant that only those interactions
between filled orbitals, and not those between virtual orbitals, could
be analyzed. Such a localization procedure is too restrictive for
our present requirements as we are interested in interactions
between the 7* orbitals as well as those between the 7 orbitals.
Also, useful insights into the energetic significance of interactions
between filled and virtual orbitals, such as o/x* and o*/= in-
teractions, cannot be obtained by localizing the filled orbitals
alone.?® Clearly, the complete set of CMOs, that is both filled
and virtual sets, should be localized in order to circumvent these
restrictions. Although the Foster-Boys method can be used to
generate both filled and virtual LMOs,*™ the method, at least as
implemented in the GAUSSIAN 86 suite of programs,'6®% is not
suited to the present study. This is because the two sets of filled
and virtual CMO:s are localized separately, to give the respective
sets of filled and virtual LMOs. It then follows that all matrix
elements between filled and virtual LMOs are necessarily zero.
Consequently, these LMOs cannot be used to investigate inter-
actions between filled and virtual orbitals; in a sense, each of these
LMOs already incorporates such interactions, for reasons similar
to those given in footnote 38 below. In view of this problem, we
therefore chose to use the method of natural bond orbitals (NBOs)
for the localization procedure. The NBO procedure, developed
by the Weinhold group,* represents an ab initio wave function

(38) This problem is somewhat more complicated than given above because
the filled LMOs already contain some admixture from idealized localized
virtual (i.e., ¢*) orbitals, as the following simple argument illustrates. Con-
sider a set of truly localized (nonorthogonal) two-center localized orbitals
(TLOs) {core, o, , lone pairs, ¢*, x*} that one intuitively uses when applying
the Hoffmann conceptual model. If one assumes that this set spans the Hilbert
space of the AO basis set used, then it is possible to express the occupied
CMOs in terms of the set of TLOs. Consequently, any set of filled orthogonal
LMOs generated by the Edmiston-Ruedenberg or the Foster-Boys procedures
likewise can be expressed in terms of these TLOs. Since the latter comprises
of virtual as well as filled orbitals, it follows that the filled LMOs must contain
some admixture of virtual TLOs. The point, of course, is that LMOs are not
TLOs but are slightly delocalized over other atomic centers. These “tails” arise
both from the demands of LMO orthogonality and also from the admixture
of virtual TLOs. This point has been nicely illustrated by Reed and Weinhold
by using their method of natural localized molecular orbitals.**

(39) Frisch, M. J. Personal communication.
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Figure 2. HF/STO-3G NBO correlation diagrams for = orbital interactions in 1 and 2: (a) 1 (¢ = 114°); (b) 1 (¢ = 120°); () 2 (¢ = 114°); (d)

2 (¢ = 120°).

in terms of a localized Lewis structure. The NBOs are generated
from an orthonormal set of directed natural hybrid (plus core)
orbitals and are localized essentially as one or two centers (lone
pairs and bonds, respectively). The NBO method is particularly
well suited for analyzing TS and TB interactions in that it si-
multaneously generates a set comprising of both filled NBOs {core,
o, m, lone pairs} and virtual NBOs {r*, ¢*, “Rydberg” orbitals}
in such a way that the Fock matrix elements between filled and
virtual LMOs are nonzero (symmetry permitting). This means
that the NBO procedure enables one to analyze interactions be-
tween filled and virtual orbitals. The total set of NBOs spans
the Hilbert space of the AO basis set used. The NBOs are related
to the total set of CMOs (including virtuals) by a unitary
transformation; thus diagonalization of the Fock matrix in the
basis of the NBOs gives the complete set of CMO eigenvalues
and corresponding eigenvectors (filled plus virtual). The NBO
analysis has been successfully applied to dissecting both hyper-
conjugative*! and TB interactions,*? although the latter investi-
gation was only qualitative and was based on a semiempirical wave
function.

However, we should point out that problems can, and do, arise
from the application of orthogonal LMOs to the analysis of orbital
interactions. Such problems arise from the fact that LMOs (and
NBOs) obtained from any of the above-mentioned procedures?’40
are orthogonal. Although orbital orthogonality is a useful property,
in that analysis of interactions between the LMOs is reduced to
a simple Hiickel-type treatment, it does have a drawback in that
the LMOs cannot be truly “two-center” localized orbitals but have

(40) (a) Foster, J. P.; Weinhold, F. J. Am. Chem. Soc. 1980, 102, 7211.
(b) Reed, A. E.; Weinstock, R. B.; Weinhold, F. J. Chem. Phys. 1988, 83,
735. (c) Reed, A. E.; Weinhold, F. J. Chem. Phys. 1985, 83, 1736. (d)
Carpenter, J. E.; Weinhold, F. J. Am. Chem. Soc. 1988, 110, 368. (e) Reed,
A. E,; Weinhold, F. QCPE Bull. 1988, 5, 141.

(41) Reed, A. E.; Schleyer, P.v. R. J. Am. Chem. Soc. 1987, 109, 7362.

(42) Weinhold, F.; Brunck, T. K. J. Am. Chem. Soc. 1976, 98, 4392.

delocalization or “orthogonalization” tails in order to ensure their
mutual orthogonality. Consequently, “pure” TS mixing of two
LMOs must necessarily result in the incorporation of orbitals that
are centered on atoms not conceptually involved in the TS in-
teractions. In other words, some “TB” mixing is actually in-
corporated at the “TS” mixing stage, and one should treat the
analysis of TS and TB interactions using LMOs schemes with
some caution.*® In this paper, we are interested mainly in trends
between structurally similar molecules 1 and 2. It is reasonable
to assume, therefore, that the NBO analysis should give a con-
sistent picture in this case. Evidence in support of this assumption
is presented below.

TS and TB interactions in norbornadiene, 1, have already been
investigated by Heilbronner and Schmelzer by using Edmiston-
Ruedenberg LMOs derived from semiempirical SCF wave
functions (from SPINDO,* MINDO/2,% and CNDOQ/2% cal-
culations). The NBO analysis on 1 and 2 was carried out on the
3-21G optimized structures, by using both the 3-21G and STO-3G
basis sets, and the results are given in Table III. Hereafter we
shall designate the = (7*) localized NBO orbital by NBxr (NBr*),
For purposes of comparison, calculations were also carried out
on modified geometries of 1 and 2 in which ¢ for one structure
was given the optimized value of ¢ for the other structure, and
vice versa. The STO-3G results were used to construct the w7
and #*,7* interaction diagrams shown in Figures 2 and 3, re-
spectively (some 3-21G =, interaction diagrams are given in the
preliminary account of this work*’). Unless stated otherwise the

(43) Paddon-Row, M. N.; Wong, S. S; Jordan, K. D. J. Chem. Soc.,
Perkin Trans. 2. In press.

(44) Asbrink, L.; Fridh, C,; Lindholm, E. J. Am. Chem. Soc. 1972, 94,
5501. Fridh, C.; Asbrink, L.; Lindholm, E. Chem. Phys. Lett. 1972, 15, 282.

(45) Dewar, M. J. S.; Haselbach, E. J. Am. Chem. Soc. 1970, 92, 570.

(46) Pople, J. A.; Santry, D. P.; Segal, G. A. J. Chem. Phys. 1965, 43, 129.
) (47) Paddon-Row, M. N.; Jordan, K. D. J. Chem. Soc., Chem. Commun.
988, 1508.
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Figure 3. HF/STO-3G NBO correlation diagrams for x* orbital interactionsin 1and 2: (a) 1 (¢ = 114°);(b) 1 (¢ =

2 (¢ = 120°).

ensuing discussion refers to the STO-3G results. The 3-21G and
STO-3G self-energies of the localized NPx, and NBy* NBOs,

E(NBx,) and E(NBr;), respectively, are essentially mdependent
of both the value of the dihedral angle, ¢, and the nature of X7.
Such independence is to be expected for well-localized (and
transferable) orthogonal = and =* orbitals.*® The TS splitting
energies between the Slr, and SLx_ SLMOs (Ars), and between
the Slx} and Stx” SLMOs (Ats), for a given value of ¢ should
also be 1ndependent of X7, and the data indicate that this is
approximately the case. The magnitudes of Arg and Arg for 1
and 2 fall off quite rapidly with increasing ¢. Consequently, Arg
and Arg for optimized 2 (¢ = 120°) are ca. 0.6-0.7 eV smaller
than those for 2 having a dihedral angle (¢ = 114°) equal to that
for optimized 1. Likewise, Arg and Arg for optimized 1 (¢ =
114°) are ca. 0.5 eV larger than those for 1 having ¢ = 120°.
The dependence of Ars and Atg on ¢ in 1 and 2 provides a
quantitative measure of the geometrical factor that contributes
to the sequence of the = and »* CMO levels (vide supra).

An alternative measure of Arg and Ag for 1 (¢ = 114°) can
be obtained by using the ethene dimer approach in which two
ethene molecules are situated so as to mimic the disposition of
the double bonds in 1. The STO-3G Arg and Arg values for

(48) Bieri, G.; Dill, J. D.; Heilbronner, E.; Schmelzer, A. Helv. Chim. Acta
1977, 60, 2234. (b) Mohraz, M.; Batich, Ch.; Heilbronner, E.; Vogel, P.;
Carrupt, P.-A. Recl. Trav. Chim. Pays-Bas 1979, 98, 1979. (c) Bloch, M.;
Jones, T. B. Chem. Ber. 1979, 112, 3691.
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this dimer are about 2.0 and 1.7 eV, respectively (see Table III
of ref 43 for further details). The values are slightly larger than,
but nevertheless still comparable to, those calculated by using the
Weinhold NBO procedure (i.e., 1.7 and 1.5 eV for Arg and A;s,
respectively). The reasonable agreement between the two methods
of calculation reinforces our confidence that the above-mentioned
caveat on using orthogonal LMOs is not important to the analysis
discussed here.

In marked contrast to the TS interactions, TB interactions, as
measured by the various I" and I'* values, are practically insensitive
to changes in ¢, a result that was assumed above to be true when
discussing electronic effects on TB interactions. In that discussion,
it was also argued that the magnitude of T'_ should be similar in
both 1 and 2 because the energy and shape of the ¢ SLMO, 8,
is not influenced by the nature of X7. It is gratifying then, to
see from the data of Table III that the I'_ values for 1 and 2 differ
by no more than 0.1 eV. On the other hand, for a given value
of ¢, T'4 is about 1 eV larger for 2 than for 1. The value of Ty
for 2 is just sufficiently large enough to outweigh the combined
Aqg plus T_ interaction energy, resulting in the observed level
inversion of the # CMO:s in this molecule. However, the balance
is fine and reducing ¢ by only 2° in 2 causes an increase in Arg
sufficiently large enough to bring the Mz, CMO level below the
CMr_ CMO level.

Turning to interactions involving =* orbitals, we see from Figure
3 that the net sphttmg energy between the #* CMOs is actually
larger than the A1g splitting energy (the same effect is observed
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Table III. HF Self-Energies for NBr,(E(NBr,)) and NBx *(E(Nx,*)), TS Interaction Matrix Elements and TS Splitting Energies between NBr,
and NBxr, (NBF,, and Arg) and between NBx,* and NBrxy* (NbF,.. and Arg*), TS Splitting Energies between Canonical MOs (A and A*), and

Total TB Contributions (T') for 1 and 2 as a Function of the Flap Angle ¢*°

¢
114° 120°
321G STO-3G¢ 321G STO-3G*
« Manifold
1 E(NBr,) -9.90 -8.57 -9.88 -8.58
NBE -0.94 -0.84 -0.71 -0.61
Ars 1.88 1.69 1.42 1.22
A 1.04 0.82 0.60 0.34
T 0.24 0.29 0.21 0.26
T, 1.07 1.16 1.02 1.13
r.-r, -0.83 -0.87 -0.81 -0.87
2 E(NBr)) -10.09 -8.32 -10.00 -8.36
NBE -1.16 -1.04 -0.86 -0.76
Ars 2.32 2.08 1.73 1.52
A 0.46 0.24 -0.16 -0.45
I 0.15 0.29 0.10 0.22
s 2.00 2.13 1.98 2.18
r.-r, -1.86 -1.84 -1.89 -1.96
7* Manifold
1 E(NBr,%) 6.41 [5.70}¢ 9.19 6.33 [5.67)¢ 9.14
NBE . -0.93 [-0.90}¢ -0.76 -0.66 [-0.64]¢ -0.54
Ars® 1.85 [1.80)¢ 1.52 1.31 [1.28)¢ 1.08
A* 1.99 1.77 1.58 1.38
r* -1.06 [-0.32]¢ -0.15 -1.01 [-0.34]¢ -0.16
r,* -1.20 [-0.51}¢ -0.39 -1.28 [-0.63]¢ -0.47
.*-T,* 0.14 [0.19}¢ 0.24 0.26 [0.29}¢ 0.31
2 E(NBr,*) 6.14 [5.53)¢ 9.27 6.01 [5.41]¢ 9.21
NBE oo -1.14 [-1.15}¢ -0.98 -0.81 [-0.79}¢ -0.71
Ars® 2.29 [2.23)¢ 1.97 1.63 [1.58)4 1.42
A* 2.90 2.20 2.45 1.70
I.* -1.07 [-0.43}¢ -0.13 -0.99 [-0.36]¢ -0.17
T,* -1.69 [-1.11}¢ -0.36 -1.81 [-1.23]¢ -0.44
F*-T,* 0.62 [0.68}¢ 0.23 0.82 [0.87}¢ 0.27

4 Energies in eV. ° A positive (negative) value for I indicates that the appropriate symmetry adapted semilocalized = or =* level (i.c., Slmr,, Sln_,
SLy,®, or SLx_*) is raised (lowered) by through-bond orbital interactions. °The STO-3G results are at the 3-21G optimized geometries. ¢Results
derived from modified NBx* NBOs (from the 3-21G basis set) obtained by mixing the original NBx* NBOs with “Rydberg” orbitals. See text.

by using the 3-21G basis set). In other words, TS and TB effects
reinforce each other in the #* manifold. Interestingly, both I'"
and T are negative quantities (Table ITI) which means that 7*/¢*
mixing (which tends to lower the «* levels) is more important
than =* /o mixing (which tends to raise the =* levels). Because
T is a larger negative quantity than I'" (by almost a factor of
3 using the STO-3G basis set), the energy gap between the “Mx*
CMOs is wider than that between the SLx* SLMOs. That I'}
should be more negative than I'” is reasonable because the bridge
SLMO «; (shown in Figure 1¢) mixes with the Sl but not with
SLx’. From these results, it appears then that inversion of the =*
levels in simple norbornadienes is unlikely to be found, even for
large values of the flap angle ¢.

Whereas the NBO analysis of = orbital interactions in 1 and
2 gives values of Aqg, Ty, and T'_ that are relatively basis set
independent, such is not the case for interactions between =*
orbitals. Thus, the 3-21G T and I'” values are substantially larger
(by factors of ca. 7 and 4, respectively) than the STO-3G values.
For 1 the I'" - '} difference is nearly the same with the two basis
sets, while for 2 it is 0.6 eV larger with the 3-21G basis set.
Surprisingly, the 3-21G 7* NBO basis level for 1 and 2 lies above
both Mz} and Mz’ CMOs, illustrative of which is the case of
1 (¢ = 114°) shown in Figure 4 (solid lines). Experimentally,
a different picture emerges; ET studies show that the =* anion
of ethene (1.78 eV*) lies almost midway between the = and =~
anion states of 1 (1.04 and 2.56 eV?). In contrast, the HF/3-
21G//3-21G =* NBO energy for ethene (5.93 eV) is still ca. 0.7
eV above the centroid of the 3-21G # and =~ CMO levels of 1.
However, the STO-3G interaction diagrams of Figure 3a are more
consistent with experiment, since the STO-3G NBO =* levels for

(49) Jordan, K. D.; Burrow, P. D. Acc. Chem. Res. 1978, 11, 341.

1 (¢ = 114°) and ethene lie within 0.26 and 0.11 eV, respectively,
of the centroid of the #* CMO levels of 1.

It is not absolutely clear why the NBO analysis with the 3-21G
basis set (and presumably other split-valence shell basis sets)
appears to treat =* interactions poorly, although part of the
problem seems to lie in the way in which the NBO procedure
generates the #* NBOs and the corresponding “Rydberg” outer
p orbitals, associated with the C atoms of the double bonds. This
is seen from the HF/3-21G//3-21G NBO data for ethene; the
NB.* NBO level (5.93 eV) lies 0.85 eV above the Mx* CMO
level. This is clearly unsatisfactory since the NBx* and “Mr* levels
of ethene should be the same, as indeed they are using the STO-3G
minimal basis set. Inspection of the Fock matrix in the basis of
the NBOs (3-21G basis set) reveals the presence of two large and
equal interaction terms (3.2 eV) between the NBx* NBO and the
two “Rydberg” orbitals, one per carbon atom, which are formed
mainly from the outer p orbitals of the split-valence shell basis
set. Diagonalization of this 3 X 3 Fock matrix generates a new
“NBr*> orbital whose energy is identical with that of the “Mzx*
CMO and is nearly identical with the centroid of the two HF/
3-21G Mg* CMO levels of 1 (5.28 €V ¢ = 114°), which is in
much better agreement with experiment.

Applying this promising approach to 1 and 20 leads to the
modified NBx* NBOs from which TS and TB interaction energies
can be derived. These results are given in Table III (in square
brackets), and those for 1 (¢ = 114°) are also shown graphically
in Figure 4 (broken lines). The lowering of the NBr* levels (by

(50) This involves the diagonalization of a pair of 9 X 9 Fock matrices for
each molecule. Each matrix is associated with a particular double bond, the
basis of which consists of the N®x* NBO and eight “Rydberg” orbitals (four
outer orbitals, one s and three p orbitals, per carbon atom).
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Figure 4. HF/3-21G//3-21G NBO correlation diagrams for =* orbital
interactions in 1 (¢ = 114°) using (a) unmodified NBx* NBOs (solid
lines) and (b) modified NBx* NBOs (broken lines) (see text).

about 0.7 eV) brought about through mixing in of the “Rydberg”
orbitals also results in considerably smaller, and hence more
realistic, values for '} and T'”. The modified absolute values of
T} and I are somewhat larger than the corresponding STO-3G
values (particularly in the case of I'; for 2). It is not known
whether these differences between the magnitudes of '} and I'”
obtained with the two basis sets is physically significant or whether
it is an artifact due to the use of an extended basis set. In general,
enlarging the basis set leads to unpredictable changes in the
energies of virtual orbitals (which are not bound), and this is in
marked contrast to the situation for filled orbitals, where energies
converge to unique values as the basis set is enlarged. One
consequence of this is that the separation between the (nonin-
teracting) =* and o* levels is basis set dependent and, therefore,
so too will be the w*/a* interaction energies. This point is sup-
ported by the observation that the 3-21G second LUMO (SLU-
MO) of 2 is not the expected Mz (a;) CMO (this is the third
LUMO) but another CMO of b, symmetry (see footnote f in
Table I). Such a situation is not observed when using the STO-3G
basis set (with which the second b, CMO of 2 lies 3 eV above
the a, SLMO), nor is it observed, when using either basis set, for
1and 3. The 3-21G LUMO and SLUMO both contain nearly
equal contributions from the 73 SLMO and from SLMOs derived
from the C1-Si-C4 bridge (particularly from Si); we have
classified the LUMO as «* on the grounds that the resulting
3-21G =* splitting energy (2.45 eV) for 2 is in better agreement
with the STO-3G value (1.70 eV) than the alternative assignment
of the SLUMO to #* which would then give a =* splitting energy
of only 0.04 eV. We believe that the 3-21G basis set results in
a too narrow separation between the o* and =* virtual orbitals,
at least in 2, leading to an anomolously large absolute value of
T for 2, as noted above. It is for this reason, together with the
finding that the 3-21G splitting energy A*, between the #* CMOs
for 1 (1.99 eV), is substantially larger than the experimental value
of 1.52 eV,8 whereas the STO-3G value (1.77 eV) is more sat-
isfactory, that we place more reliance on the STO-3G data for
the #* manifold.

Further insight into TB effects in 1 and 2 can be gained by using
an approach similar to that suggested by the Imamura group.3¢
In this approach one begins with the Fock matrix in the basis of
the NBOs (or any other type of LMO for that matter) in which
all of the off-diagonal, but not the diagonal elements, have been
set to zero. The diagonal elements of this “blank” matrix®! are
self-energies of the NBOs in the absence of any interactions.
Orbital interactions may now be explored by progressively adding
appropriate off-diagonal matrix elements to the blank Fock matrix
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Figure 5. HF/STO-3G NBO interaction diagrams for = orbitals in 1 (¢
=114°), (a) The two degenerate, noninteracting NBr basis levels. (b)
Inclusion of TS mixing between the two NBr levels generates the Sz,
(= a;) and SLx_ (= B5) # SLMOs. (<) Inclusion of TB interactions
involving a; and 8¢* o* SLMOs. (d) Inclusion of a// TB interactions
involving ¢* SLMO:s. (¢) Inclusion of TB interactions with ay ¢ SLMOs.
(f) Inclusion of TB interactions with a, and 83 ¢ SLMOs. (g) Inclusion
of all interactions generating the M, and “Mx_ CMOs. (Note: in-
teractions with the core orbitals have been included.)
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Figure 6. HF/STO-3G NBO interaction diagram for 7* orbitals in 1
(¢ = 114°). (a) The doubly degenerate NBx* levels (no interactions).
(b) Inclusion of TS interactions between the NBx* levels generates the
SLz} (= v3) and SLx’ (= 83) 7* SLMOs. (c) Inclusion of TB interactions
with v, ¢ SLMO. (d) Inclusion of TB interactions with v, and &,
SLMOs. (e) Inclusion of interaction with all ¢ SLMO. (f) Inclusion
of interactions with vg o* SLMO. (g) Inclusion of interactions with v,
and §; o* SLMOs. (h) Inclusion of all interactions generating the M,
and Mz? CMOs. (Note: interactions with core orbitals have been
included.)
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Figure 7. HF/STO-3G NBO interaction diagram for the = orbitals in
2 (¢ = 120°). Refer to the captions of Figure 5 for details of the
interaction.

and diagonalizing the resulting matrix at each step. For example,
if one wishes to estimate the magnitude of interaction between
orbitals ¢; and ¢,, then the matrix element Fj; = (¢|Fl¢,), and
its conjugate, Fy, are simply inserted into the blank matrix,
followed by diagonalization.’¢>' The results are quantitatively

(51) Momose, T.; Tanimura, R.; Ushida, K.; Shida, T. J. Phys. Chem.
1987, 91, 5582.
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Figure 8. HF/STO-3G NBOs interaction diagram for the =* orbitals
in 2 (¢ = 120°). Refer to the caption of Figure 6 for details of the
interactions.

crude, however, but nevertheless give a useful “feel” for the relative
importance of the interactions between various orbitals. Such an
analysis has been carried out on 1 (¢ = 114°) and 2 (¢ = 120°),
by using the STO-3G basis set, and the results are shown
graphically in Figures 5-8. In each of these figures, step (a) —
(b) represents incorporation of TS interactions.

Considering TB interactions in the = manifold (Figures 5 and
7), steps (b) — (d) represent the energy change in the Stx SLMOs
due to their mixing with all virtual (o*) orbitals. Steps (d) —
(8) then represent the energy change brought about by inclusion
of mixing with all filled (o) orbitals, (g) representing the final
CMO levels. In agreement with the simple qualitative arguments
given above, it is seen that mixing of Sl with ; and oy 0 SLMOs
(steps (d) — (f)) constitutes nearly all of the o/7 TB interaction
energy and that this is much greater for 2 than for 1.2 These
diagrams also illustrate very nicely the major role played by the
o SLMO, oy, in leading to a much larger value for T, in 2,
compared to 1. In 1 the interaction energy due to mixing with
a4 (step (d) — (e)) amounts to only 0.25 eV, compared to 0.82
eV in 2.5 The data for both 1 and 2 immediately reveal that
o/m mixing is energetically much more important than o*/7
mixing and that to a good approximation the latter may be ignored.
This conclusion is reassuringly in agreement with that based on
other arguments.?7 Of the ¢*/x mixing, that involving the ag
and 8; o* SLMOs* (step (b) — (c)) is the most important,

(52) The energy changes that accompany steps (d) — (e) and (e) — (f)
in Figures 5 and 7 do not accurately reflect the respective relative contributions
of SLMOs o, and «, to TB coupling with Slx,. This is because, in both 1
and 2, steE (e) — (f) includes not only the interaction matrix element between
ay with St but also a very large interaction matrix element (ca. 5.5 eV)
between o, and oy. The resulting energy change accompanying step (e) —
(f) is thereby increased by the presence of this term, resulting in an exag-
gerated contribution from a,. This is easily seen by reversing the sequence
of the steps. Thus, mixing in a; at step (d) — (e) results in an energy change
of only 0.35 eV for 1 and 0.31 eV for 2, compared to the respective values
of 0.79 and 1.03 eV obtained through mixing of a, at step (¢) — (f). In
contrast, mixing in a at step (e) — (f) results in energy changes of 0.69 eV
for 1 and 1.36 eV for 2, compared to the respective values of 0.25 and 0.82
eV obtained from the mixing of o, at step (d) -~ (e). Clearly, the C-X7-C
orbitals are so strongly coupled with the orbitals of the six-membered ring in
1 and 2 that the Imamura type of energy analysis cannot give an accurate
decomposition into individual contributions from the SLMOs «; and «a,; all
one can cite with confidence is the total interaction energy contribution from
both SLMOs. Matrix elements between other ¢ and o* SLMOs for 1 and
2 are considerably smaller than that between «, and a,, and, consequently,
energy changes associated with other steps in Figures 5-8 are essentially
commutative.

(53) The same qualitative conclusion obtains even when the sequence of
steps (d) — (e) and (e) — (f) are reversed;? that is, the change in the energy
of «, through mixing with a,, is still substantially less (0.69 eV) for 1 than
for 2 (1.36 eV).

(54) Construction of the interaction diagrams of Figures 5-8 from con-
tributions from SLMOs rather than from NBO:s is easily achieved by including
the right number of equivalent NBOs into each step. For example, step (b)
— (c) of Figure 5 is obtained by inserting into the blank Fock matrix al/
interactions between the following six NBOs: two NBx orbitals and the four
o* NBOs associated with the C1-C2, C3-C4, C4-CS, and C1-C6 bonds. The
symmetry of the system automatically resolves the final energy changes (re-
sulting from diagonalizaion of the Fock matrix) into contributions from the
SLMOs (in this case, ag and ).

Paddon-Row et al.

Table IV. (STO-3G) Mz and “Mx* CMOs for 1 and 2 Expressed as
Linear Combinations of the SLMOs of Figure 14
™

L™

1 -0.03a, + 0.33a, + 0.15a; - 0.32a, + 0.05a5 - 0.13ag -
0.85a7 (=SLx,) + 0.11c* + 0.0lctg® — 0.03 10 —
0.08ay,* + 0.050,,*

2 0.02a, + 0.29a; + 0.22a; - 0.48a, — 0.09a5 - 0.02a -
0.78¢; (=5Lm,) + 0.11a5* + 0.03c5* — 0.03c1,0* —
0.02(1”‘ - 0.09a|2‘

1 0.108, - 0.028, - 0.208; - 0.108, - 0.9785 (=S\7_) -
0.088¢* + [<0.018,*] - 0.018;*

2 0.098, + 0.048; - 0.218; - 0.148, - 0.968; (=SLx_) +
0.088¢* + [<0.018,*] - 0.078;*

1 0.09v, + 0.02y, — 0.03v; + 0.12v, — 0.94y,* (=5Lx,*) +
0.24v* + 0.04y,* + 0.14v,* - 0.067,* + 0.067,0*

2 —0.07y, + [<0.01%,] - 0.03v; — 0.21y, + 0.84y* (=5Lx,%)

—0.47v¢* — 0.017,* — 0.127* + 0.04v,* ~ 0.067,5*

CMﬂ_t:
1 0.035 - 0.125, - 0.976;* (=SLx_*) - 0.185,* + 0.0655* -
0.076*
2 -0.035, - 0.108, - 0.985,* (=SLx_*) - 0.155,* + 0.0655* —
0.075*

9Note that these are not the true CMOs in that contributions from
the C and Si core orbitals have been ignored (see text).

representing some 70% of the total o* /= interaction energy.

Turning to the #* manifold (Figures 6 and 8), it is seen that
both ¢*/m* and o/=* interactions are important. For example,
the SLx” level is raised by ca. 0.25 eV through o/x" mixing (steps
(b) = (e)) and lowered by ca. 0.5 eV through o* /= mixing (step
(e) = (h)), in both 1 and 2. A similar pattern is also found for
mixing of the ¢ and ¢* orbitals with the =3, orbitals. The data
of Figures 6 and 8 therefore reinforce our arguments'®!"!5 that
both ¢/7* and o*/x* interactions are energetically important.

As expected from simple perturbational arguments (vide supra)
the major contributors to the o/%* and ¢*/#* interaction energies
are v, Ya ve and 7§ (these mix with SLz} = ) and §, and 6,
(these mix with Stx_ = 8]). Again, as in the case for the =
manifold, it is the C-X7-C ¢ and o* SLMOs that are mainly
responsible for the difference in magnitude of T'} between 1 and
2: the interaction energy accompanying step (b) — (c) is about
three times larger for 2 than for 1 and that accompanying step
(e) - (f) is about 2.3 times as large.

An alternative way of estimating the relative contributions of
the various o and ¢* SLMOs to the TB interactions is to express
the Mz and Mz * CMOs as linear combinations of the appro-
priate Sl (SLz*) and o (6*) SLMOs.* This is readily done by
diagonalizing the Fock matrix in the basis of the SLMOs,5’ the
resulting Mz and “Mar* eigenvectors giving the desired expressions.
The percentage contribution of SLMO, ¢,, to the particular Mx
CMO is then given by 100c; where ¢; is the coefficient associated
with ¢; in the M eigenvector.* The data for 1 and 2 are given
in Table IV. For simplicity, the Fock matrix in the basis of only
the 36 SLMOs of Figure 1 was diagonalized—all C and Si core
orbitals were omitted. Consequently, the “M» and M=* “CMOs”
of Table IV are not the true CMOs, but in practice there is little
difference between the two sets (the core orbital contribution to
the Mz, CMO of 1 is less than 0.01%).5¢

The data for 1 and 2 reveal that the “Mx_ and M= orbitals
retain ca. 93% SLx_ and 94% Sz’ character, respectively. The
major contribution to TB coupling in “Mx_is 8; and B, in both
1 and 2, and, as expected, contribution from the ¢* SMLOs is
negligible. However, o and ¢* SLMOs make comparable con-
tributions to the M=, in the form of &, and 8;, respectively, with
the 8, o* SLMO contribution being slightly larger (ca. 3% for
1 and 2) than 4, (ca. 1%), in agreement with the energetic analysis
shown in Figures 6 and 7.

(55) The SLMO:s are readily obtained from the NBOs by using standard
techniques.*

(56) The energies of the “CMOs” in Table IV differ from those of the true
CMOs by less than 0.03 eV.
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The x, CMOs of 1 and 2 contain much more TB coupling
than do the Mx_ CMOs since the SLz, character in these orbitals
isonly 72% in 1 and 61% in 2. Again, these results agree with
the previous analyses, the greater TB coupling observed for 2 being
due largely to the ay ¢ SLMO which makes a 10% contribution
to Mz, in 1 and 23% in 2. Through-bond coupling in Mx, is
somewhat less than in “Mx, since the SLx}, character of this CMO
is 88% for 1 and 71% for 2. These results are consistent with the
data of Figures 2 and 3 which show that I} is less than T, in each
case. The major contributions to M« are v, (1.4% in 1 and 4.4%
in 2), v (6% in 1 and 22% in 2), and v; (2% in 1 and 1.4% in
2). Again, as for “Mr, it is the bridge SLMOs, in this case v,
and «g, that are largely responsible for the greater degree of TB
coupling in the Mz, CMO for 2, compared to 1. Note that, as
in the case of M, the virtual o* SLMOs (in this case, vy and
~3) make a greater contribution to the =}, CMO than the filled
o SLMOs, in concurrence with the data of Figures 6 and 8.

The data shown in Table IV, together with the simple per-
turbational MO arguments given above, nicely explain the
somewhat surprising fact that both the Mx_ and Mx_ levels of
2 have nearly the same energies as the corresponding orbitals of
1 for all values of the dihedral angle, ¢ (see Table II). This, of
course, is due largely to the fact that the C-X7-C bridge orbitals
cannot contribute to the x_ and =" orbitals, on grounds of sym-
metry. Consequently, the =_ and =_ orbitals are, to a first ap-
proximation, unaffected by the nature of X7. Other orbitals
involving X, (e.g., the X,~H orbitals in 1 and 2) do mix with =,
and 7 (8, and B4* in the case of the former and «; and «,,* in
the case of the latter). These interactions prove to be relatively
unimportant in the case of the ., orbital. The mixing with the
X,~H bridge orbitals is somewhat more important for =_.
However, these interactions are roughly comparable in 1 and 2;
thereby shifting the = levels in these more or less equally.

Intriguingly, Arg is somewhat larger than Arg for 1 and 2
(Table III). This might, at first sight, seem rather surprising
because the coefficients associated with the component p basis
orbitals are larger in the NBx* orbitals than in the NBx orbitals,
as a result of the presence of the p orbital overlap integral, S, in
the normalization factor. The ratio of the size of the coefficients
in NBx* compared to NBr is given by ({1 + S}/{1 - S})1/2. Hence
the NBx* orbitals are better able to overlap with each other and,
therefore, would be expected to produce larger TS interactions.
This expectation would almost certainly be realized if the overlap
between the NBx* orbitals were restricted to overlaps between the
atomic centers, C2 and C6 and between C3 and CS5. Such a
situation is schematized by Figure 9a. However, diagonal overlaps
between C3 and C6, and between C2 and C5, are also important
(cf. the C2-C6 and C2-C5 distances in 1 of 2.5 and 2.8 A,
respectively).'!557 Inclusion of these overlaps into the scheme
(Figure 9b) leads to a depression of the Sl and SLx” levels (the
diagonal overlaps are bonding) and to an elevation of the Slar_
and SLx} levels (the diagonal overlaps are antibonding). Thus,
TS interactions in norbornadienes, and in other dienes in which
diagonal overlaps are important, tend to cause Aqg to be larger
than Arg.

Concluding Remarks

The following important points emerge from this study:

(1) The HF/3-21G and HF/STO-3G = CMO:s for the optim-
ized structures of the 7-silanorbornadienes, 2 and 3, follow an
inverted sequence, thereby implying that TB interactions are more
important than TS interactions in these molecules. The 3-21G
CMO splitting energies are —0.16 eV for 2 and —0.21 eV for 3.
We predict that the w-ionization bands for these molecules should
show a smaller splitting than those for norbornadiene but with
the vertical 2A, cation radical state lying below the vertical 2B,
cation radical state. Indeed, UMP3/3-21G(*) and UMP3/6-
31G* calculations on the 2A, and 2B, cation radical states of 2,
having the same geometry as neutral 2, place the 2A, state about
0.27 eV in energy below the 2B, state.

(57) Balaji, V.; Jordan, K. D. Chem. Phys. Lett. 1988, 119, 294,

J. Am. Chem. Soc., Vol. 112, No. 5, 1990 1721

E 5 3

A
6 2
SLni
m —\—
SL __»

OO
(a) (b)

Figure 9. Schematic energy diagram for TS interactions between 7
orbitals and between =* orbitals in 1 and 2. (a) Inclusion only of overlap
between p orbitals directly facing each other. (b) Inclusion of (a) type
overlap plus diagonal overlaps.

(2) Dissection of w and =* orbital interactions into TS and TB
components was carried out for 1 and 2 by using the Weinhold
NBO localization scheme. It was found that the inverted  CMO
level sequence in 2, compared to the natural sequence in 1, is due
to a combination of a geometric factor, which results in a weakened
TS component (the 3-21G dihedral angle ¢ is 6° larger in 2
compared to 1), and an electronic factor, which enhances TB
coupling with Sler, in 2 (silicon is more electropositive than
carbon),

(3) It follows from (2) that the tendency for inversion of the
« levels should become progressively stronger along the series
7-stannylnorbornadiene (X7 = SnH,) > 7-germylnorbornadiene
(X7 = GeH,) > 2. This predicted trend simply follows from
consideration of the relative electronegativities of X7 (i.e., Si >
Ge > Sn). Thus both the energy of the SLMO a, associated with
the C1-X7-C4 bridge, and the polarization of that orbital, away
from X7 and toward C1 and C4, increase along the series Si <
Ge < Sn. Preliminary calculations fully support this prediction:
STO-3G(*) = splitting energies for (STO-3G(*) optimized) 7-
germylnorbornadiene and 7-stannylnorbornadiene are, respectively,
-0.35 eV and -0.95 eV, and the levels are inverted in each case
(cf. the STO-3G  splitting energy of —0.16 eV for 2).%

(4) TB coupling is much more important in the ™, and MY
CMOs than in the Mx_and “Mx” CMOs. This is due largely
to the C-X7-C bridge SLMOs (a4, «1g, ¥4, and vg). These
SLMOs are also responsible for the greater degree of TB coupling
observed for 2, compared to 1.

(5) The NBO analysis indicates that o*/# coupling is negligible
compared to o/ coupling and may therefore be ignored. On the
contrary both ¢*/7* and ¢/* coupling are both important, with
the former slightly predominating.

(6) Analysis of 7* orbital interactions reveal that TS and TB
effects reinforce each other in both 1 and 2. It would appear,
therefore, that an inverted sequence of =* levels is unlikely to be
observed for any simple norbornadiene.

(7) The Weinhold NBO method offers a very useful approach
to the analysis of TS and TB interactions in that interactions
between orbitals of different occupancy can be assessed. This is
more in keeping with the Hoffmann conceptual model of orbital
interactions than methods based on other localization procedures?®
which generally allow only interactions between filled orbitals®’
to be analyzed.
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(8) The 3-21G basis set (and perhaps all split-valence shell basis
sets) appears to be less satisfactory than the minimal STO-3G
basis set for analyzing TB interactions involving virtual =* orbitals.
This may be due to the fact that the spacings between the =* and
o* manifolds are actually more realistic in the minimal basis set.
Of course, if proper calculations of the anion states were carried
out, for example by using the stabilization method, then the more
flexible basis sets would be expected to yield more reliable results.%

(58) Chao, J.-S. Y.; Falcetta, M.; Jordan, K. D. Manuscript in prepara-
tion.
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Abstract: The title reaction constitutes a reliable model of a nonconcerted, diradical mechanism closely related to a Cope
rearrangement. Its activation parameters relate to a transition state approximated by 1,5-diphenylcyclohepta-1,5-diyl (7).
Force field calculations of various conformations of the diradical model the reaction path and reproduce the “experimental”
enthalpy of formation of the rate-determining transition state. The experimental enthalpy of activation of the “degenerate”
Cope rearrangement of 2,5-diphenylhexa-1,5-diene-1,6-13C, (2) is essentially identical with an enthalpy of activation calculated
by force field for the model 1,4-diphenylcyclohexa-1,4-diyl (6). Strong support is thereby provided for this Cope rearrangement
proceeding by a mechanism of the “continuous diradical” or “diradical-as-transition-state” type.

Diradical-Intermediated Cope Rearrangement. Skeptical of the
widespread conviction that the Cope rearrangement! should be
concerted in mechanism in all cases without exception, the sug-
gestion was made in 19712 that energetics, biased more or less
deliberately by employing the enthalpy of formation of the iso-
propyl radical being advocated at the time by Tsang,* admitted
the intermediacy of diradical cyclohexa-1,4-diyl (1) as a mech-
anistic alternative worthy of serious consideration. Later, when
a seemingly more accurate but higher value for isopropyl radical
pointed to a difference of —6.8 kcal/mol between the experimental
enthalpy of formation of the transition state and the estimated
enthalpy of formation of the hypothetical diradical (enthalpy of
concert, AH,, = AH* — AH°[1]),%® the archetypal Cope rear-
rangement of hexa-1,5-diene was restored securely to the land of
concert. (The energy of concert becomes —11.0 kcal /mol if a more
recent value from Tsang® for isopropyl radical is accepted.’)

Wehrli, Schmid, Bellu$, and Hansen® and Dewar and Wade’
responded to the 1971 provocation by exploring the inference that
radical-stabilizing substituents such as cyano® or phenyl’"€ in
the 2- and 5-positions could move the mechanism into the domain
of diradical-as-intermediate. The two groups found marked ac-
celeration of rearrangement in 2,5-dicyano- and 2,5-diphenyl-
hexa-1,5-diene (2), respectively, and concluded that the diradical
mechanism (6 in Scheme I) was operating. A subsequent, more
thorough, thermochemical analysis of the rearrangement of 2%
lent further support to the conclusion. That analysis had depended
on the reliabilities of the heats of formation of styrene and a-
methylstyrene? (used for estimation of the enthalpy of conjugation
between a phenyl group and a double bond) and the heat of
formation of benzyl radical as recently evaluated by Rossi and
Golden?
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*Harvard University.
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Our response to the 1971 suggestion attempts to develop a
credible diradical model to compare with the Cope rearrangement.
Such a model is a “frustrated” Cope rearrangement, created by
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