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A new concept, “Orbital Tilting,” leading to hybridization change, was introduced on the basis of the destabiliz-
ing and the stabilizing secondary orbital interaction. The predominant 7-MQO extension of norbornene in the exo-
direction was elucidated by application of the concept to the orbital system.

The exo-stereoselectivity in electrophilic addition to
norbornene has been ascribed to a-HOMO extending
predominantly in the exo-direction.)) The nonequivalent
orbital extension was rationalized in terms of the
perturbation of etheno-n and -¢ orbital through the
orbital interaction with the methano-bridge.':» The
orbital interaction results in the mixing between the
unperturbed etheno-n and the etheno-¢ MO or the
basis 2p and 2s AO, which is the ground of the non-
equivalency of the n-MO extension. Thus the exo-endo-
nonequivalency of the n-MO extension can be under-
stood as a problem of hybridization change.

According to Woodward and Hoffmann,? the
cyclization of conjugated polyenes such as that of s-cis-
butadiene to cyclobutene is represented in terms of the
inclinations of both terminal methylenes. The inclina-
tion of methylene groups implies a tilt of orbitals, and
the HOMO-LUMO interaction scheme® and other
MO-theoretical treatments®# rationalize the conrota-
tory cyclization of butadiene. In these treatments,
however, only the tilt of p-n-type orbitals are considered ;
thus, the concomitant hybridization change is not
handled in principle.®

In the present paper, on the basis of the HOMO-
LUMO maximum overlapping principle,® we introduce
a new concept, “Orbital Tilting,” which involves the
tilt of (s,p)-hybrid e-type orbitals and leads to hybridi-
zation change.® The norbornene z-MO with predomi-
nant extension in the exo-direction is derived by applica-
tion of the concept to an orbital system with an original-
ly equivalent z-MO extension.

Results

Orbital Tilting and Hybridization Change. Let us
consider a chemical system involving a methylene
carbon (in sp? hybridization) bonded to another
carbon in sp2-sp? ¢ mode (, for the sp2-hybrid AO of
the methylene carbon, x, for that of the other) and a
group with an sp?-hybrid orbital (x3) which is going to
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Fig. 1. Four-center orbital system leading to orbital
tilting.

overlap in a ¢ symmetry with the p-type orbital (p)
located in the methylene carbon (Fig. 1). Since a
localized bonding ¢¢c level is underlain by a bonding
dgcr level and the antibonding counterpart of o¢c
underlies that of o¢y in ordinary hydrocarbons,” the
order of orbital levels of the system under consideration
is given as 0*cu>0*oo(=x1— 1) >P > >%0c(=21+
X2) >0cu. In this orbital system, x; can interact with p
upon approach and also with the localized o-type
orbitals. When the interaction between yx; and the ¢
orbitals located in the C—H bond regions is neglected as
a first approximation,® the o*¢ orbital takes part as
the next LUMO (NLUMO) or LUMO in the orbital
interaction leading to hybridization change. According
to the occupancy of p and x;,® four types of orbital
interaction can be applied to the orbital system repre-
sented in Fig. 1: (1) A two-electron system (both x4
and p are unoccupied); (2) a four-electron system (3
is occupied and p unoccupied); (3) a four-electron
system (s is unoccupied and p occupied); (4) a six-
electron system (both x; and p are occupied).1®

On the basis of the frontier orbital® or the perturba-
tion concept,'V these orbital systems can be treated
in the following way. In Case 2, the interaction of yx,
(HOMO) with p (LUMO) stabilizes the system, which
is represented by the in-phase combination of x; and p.
Secondary stabilization may arise from the overlap
between x; (HOMO) and o*; (NLUMO). The
orbital arrangement of 6*¢; should be selected in such
a way that x; and x, are in-phase (x; and x, are out-of-
phase) (Fig. 2a); because x; is located closer to x; than
X, is and the in-phase overlap between x; and g, stabilizes
the system. In this situation, as shown in Fig. 2a, the
interaction of x, with x; and that of y, with the bottom
lobe of p are attractive. The HOMO-LUMO-NLUMO
maximum overlap may be realized!® by orbital tilting
when the methylene group is inclined in the symmetrical-
ly bisecting plane to the configuration in which the two
hydrogen atoms are more remote from the approaching
group with local x;. Since x; becomes orthogonal to the
out-of-phase combination of x, and yx; in the MO
representation after orbital tilting (¢, in Fig. 2a), ¢,
should be revised to @3, which is just the delocalized
HOMO in the orbital system. In Case 3, the orbital
system is occupied in the reverse manner of that in
Case 2; however, since p (HOMO) interacts with 0%
(NLUMO) through x; (LUMO), the mode of orbital
interaction should be equivalent to that of Case 2.

In Case 4, the interaction of y; (NHOMO) with p



1870

SR

(NLUMO) (LUMO)

(a) Interaction of Ucc* as NLUMO.

frooo 3 %
ocy o@%’

(LUMO)  (HOMO)

%

(b) Interaction of ggc* as LUMO (Type I).

groo B %
el "OF "

(LUMO)  (HOMO)
o (A

(c) Interaction of gge* as LUMO (Type II).

- 4
oef ~-©F

(HOMO) ~ (NLUMO)
| ¢l

(d) Interaction of g¢c as HOMO.
Fig. 2. Orbital tilting in the four-center orbital system.

(HOMO) destabilizes the system; this situation is
represented by the out-of-phase combination of x; and
p- This representation is consistent with that of the semi-
delocalized HOMO in the initial state. For stabiliza-
tion, the following two alternative terms are available:
One may arise from the overlap between p (HOMO)
and o*¢c (LUMO), in which x, and the bottom lobe
of p are in-phase (Type I), and the other may arise
from the overlap between x; (NHOMO) and o*¢c
(LUMO), in which g3 and x, are in-phase (Type II).
Since the magnitude of stabilization is dependent upon
both the extent of orbital overlapping and the difference
between the energy levels of orbitals, these circum-
stances are somewhat equivocal. However, the former
stabilization term is probably dominant in view of the
closer energy level of p to 6% and of the bonding
character between x; and y,. The situation of orbital
interaction in this manner is given in Fig. 2b. The
interaction of p with x, becomes attractive ; the HOMO-
LUMO maximum and the HOMO-NHOMO
minimum overlap may be achieved compatibly by
orbital tilting in a manner similar to that of Cases 2
and 3. In the MO representation after orbital tilting
(¢4 in Fig. 2b), p is orthogonal to the in-phase combina-
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tion of x, and yxg; accordingly, @5 should be revised to
é5, which is the delocalized HOMO in this orbital
system. For this orbital system, the delocalized LUMO
(¢4) can be derived in the same way from the alternative
orbital representation in which o*¢c is given in such
a way that y; and y, are in-phase (Fig. 2c).

For Case 1, o¢c is the HOMO and x,; and p are the
LUMO and the NLUMO, respectively. In the MO
representation, x; and 0¢c are in-phase; similarly, x5
and p are in-phase, for the in-phase combination of x,
and p designates the semi-delocalized LUMO. The
orbital interaction can be treated analogously; this
treatment is given in Fig. 2d. Since ¢7 is the HOMO
for the four-center two-electron system, it lies in the
bottom level. Similarly, from the fact of electron
occupation, it is evident that the energy ordering is

RCACAL

On the one hand, since the constituent p and x, in
¢,—@, are based on the atomic p and the hybrid sp?
orbital, they can be re-hybridized into a new equivalent
basis set, (Ax,—p)/~/T+722 (=14) and (x;+p)/+/ T+ 22
(=x;). In the orbital system after re-hybridization, x,
overlaps with x, and x5 with y;, where A=1. The orbital
system after re-hybrodization is represented schematical-
ly in Fig. 3 by an example.'¥ Consequently, the two
hybridization-changed C-C ¢ bonds are represented
with the sets of bond orbitals, (X5+14)/+/2 and (x3—x,)/
&2, and (x3+25)//2 and (x3—2x5)/+/2, respectively.
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Fig. 3. Re-hybridization.

Predominant Extension of n-HOMO and n-LUMO in the
Exo-direction in Norbornene System. We assume first
a bicyclo[2.2.1]hept-2-ene structure in which its #-MO
originally extends exo-endo-equivalently. For this system,
the hyperconjugative four-electron interaction between
the methano-bridge methylene and the double bond
(through space) may be considered. As has been well
known, the hyperconjugative effect of simple alkyl and
alkylene groups is electron-donating.'® The hypothetical
unperturbed bicycloheptene system is represented in
Fig. 4 with three localized 7cn, orbitals (X1, X33, and ;4)
and one =z orbital. In this orbital system, the three
localized 7o, orbitals give a new set of semi-delocalized

Fig. 4. Bicyclo[2.2.1]hept-2-ene system represented with
unperturbed 7 and 7oy, orbitals.
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orbitals, ¢,;, @5, and ¢,;, according to the orbital
interaction principle!V) (Scheme 1).

Since the orbital interaction between yx;; and y;, is
stronger than those of other combinations, ¢,5 should be
underlain by @;,, in which x,, is the predominant
contributor.  According to the property of orbital
symmetry, ¢,, can interact with n in a four-electron
fashion and ¢,; with #* in a two-electron fashion, and
the interaction between ¢, and n can be considered
weak and negligible in view of the difference in energy
level.’®)  The fact that the energy levels of ¢,, and =
are closer than the energy levels of ¢,3 and n* suggests
that the interaction of ¢,, with n is dominant over that
of ¢,3 with #*. In this orbital system, the decrease of
NHOMO (¢,,)-HOMO (x) overlap and the increase of
HOMO (¢,3)-LUMO (#n*) overlap, both leading to the
stabilization of the system, may be realized by orbital
tilting, when the etheno group is inclined around the
C4-C; ¢ axis in the direction from the exo- to the endo-
side to a certain extent keeping the Cy—C; and the two
C-H ¢ bonds unchanged. The localized ¢¢; bond
orbitals located in C,;~C, and C;~C, ought to be de-
formed by orbital tilting because, without this deforma-
tion, the etheno group cannot be inclined at all while
the Cy—C,; and the two C-H bonds are conserved.

When the ¢ orbitals located in C,~C, and C,-C,
are represented in a semi-delocalized manner on the
basis of sp? hybrids, the resulting low-lying vacant level
(943*) may interact, upon orbital tilting, with ¢,, in a
stabilizing manner and with the low-lying filled level

Fig. 5. Derivation of norbornene n-HOMO w ith pre-
dominant extension in the exo-direction.
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(912)' in a destabilizing manner. The stabilization
arising from the interaction of #,, with ¢,,* can be
considered to dominate over the destabilization arising
from that with ¢,, in view of energy-level closing;
however, both terms may be small because of their weak
interaction. The MO representation for the orbital
interaction between @,, and = is given in Fig. 5, in which
the low-lying vacant level (¢,5*) is represented. The
situation of orbital interaction resembles that of Case 4
described above, except that no formation of bond is
involved; thus, the orbital system after tilting can be
treated in the same manner and each constituent sp?
hybrid and p orbital involved in 0,,* and = are re-
hybridized to give a new set of unequally hybridized
orbitals. One pair of the new hybrids, consisting of a
large fraction of the original sp? hybrids and a small
fraction of the p orbital, lie in the C,C,C,C, coplane
and overlap with the local hybrid orbitals in C; and C,
to lead to the generation of 6,3*’ which corresponds to
a,3*. The low-lying filled level, ¢,,’, is obtained analo-
gously by considering the participation of ¢,;. The
other pair, consisting of a large fraction of p and a small
fraction of sp? hybrids, should be in-phase and has its
predominant extension in the exo-direction unques-
tionably, as seen in Fig. 5. This in-phase combination
of the pair thus obtained (=’ in Fig. 5) is the HOMO of
norbornene system.

In a similar manner, the LUMO of norbornene with
its predominant extension in the exo-direction can be
derived from the orbital system involving ¢,,, n*, o,,,
and ¢,,*.19

Discussion

Orbital tilting does not mean the physical inclination
of orbitals (only the shift of nuclei takes place actually),
of course, but it merely an artificial device in analogy
with orbital hybridization. However, orbital tilting is
specified in such a way that the HOMO-HOMO
minimum and the HOMO-LUMO maximum overlap
may be realized; therefore, this method has its theoreti-
cal grounds in the perturbation or the frontier orbital
theory. In this connection, it should be noted that the
delocalized MO’s, ¢1, ¢, $5, and @, obtained above by
orbital tilting can be given alternatively by the qualita-
tive LCAO method and that the relative energy levels
are consistent with the assignment stated above (Scheme
2). As seen in Fig. 3, the re-hybrids by orbital tilting
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are in sp® hybridization, which are slightly different
from the situation actually observed. This difference
results from neglecting the interaction of ¢ orbitals
located in the C-H bond regions, and is not serious.

In the method based on the orbital mixing rule,
delocalized orbitals are considered for the purpose of
predicting orbital extension!®®’ or hybridization
change,® which leads to configuration altering.l®
On the other hand, in the present method, the
orbitals are represented in a localized manner and
the configuration is altered so that the orthogonality of
orbitals may be conserved approximately: The alteration
of configuration results in hybridization change. A
recognition of hybridization change on the basis of
localized MO’s may be feasible and reasonable;? for
the localized MO’s represented with bond orbitals
correspond best with classical chemical structures and
hybridization itself is based on local AO’s. The merit
of the concept of orbital tilting is the ease with which
one can infer the alteration of configuration accom-
panied by hybridization change or molecular deforma-
tion.

As has been seen above, the norbornene # MO with
predominant extension in the exo-direction can be
derived from the unperturbed etheno-z MO involved in
bicyclo[2.2.1]hept-2-ene structure by application of the
concept of orbital tilting, due to the secondary interac-
tion with the methano-bridge methylene as the main
hyperconjugative entity.2! Since it is generally accepted
that the stability of norbornen-7-ylium ion and the
instability of norbornen-7-ide ion are due to the homo-
conjugation?? of the ion center with the double bond, the
(homo)hyperconjugation of methano-bridge methylene
with the double bond can be expected a priori in the
bicycloheptene structure. On the other hand, if other
conditions such as the extent of orbital overlapping
can be regarded as equivalent, the hyperconjugative
effect of the methano- and ethano-bridge in the neutral
system may be dominant over that of methylenes
because the energy level of a localized o¢c orbital is
higher than that of a localized gcy. However, from the
view point of orbital symmetry, the hyperconjugative
effect of methano- and ethano-bridging bond can be
expected to operate in the same manner?® as that of
methylene C-H bonds.

The inclination of etheno group around the C,-C, ¢
axis causes the hydrogen atoms attached to C, and C,
to shift slightly downward from the C,C,C,C, coplane
(Fig. 5): This situation accords with the result of MO-
theoretical calculation for norbornene'®) and for
bicyclo[2.2.1]hept-2-yl.24

The conformational properties and geometries of
small and simple hydrocarbon molecules have been
analyzed in terms of the four-electron destabilizing or
the two-electron stabilizing interaction via hyperconjuga-
tion;?® the same principle should be applicable also to
more complex, rigid molecules. Thus, the hyper-
conjugative effect on the double bond results in the
molecular deformation, which is the o¢rigin of the
predominant extension in the exo-direction for MO
in norbornene system.
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