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Abstract—The concept of 6-conjugation has been used to introduce a new type of n—n orbital interaction
named the ‘sigma aromatic interaction’. This mode of interaction involves both through-space and through-
bond interactions simultaneously in a 6-conjugated cyclic structure with g-aromaticity of Hiickel or anti-
Hiickel type. The introduction of the g-aromatic interaction proved to be essential in resolving as yet
unexplained phenomena such as level order reversal in the trimethylene diradical and the existence of a

‘phantom bond’ in [1.1.1]-propellane.

Interactions between two non-bonding orbitals, n, and
n,, have been conceptually dissected into through-
space (TSI) and through-bond (TBI) varieties.? The
former arises from a direct overlap of the two
independent non-bonding orbitals, the interaction
energy being first order in the overlap integral S
between the two orbitals; the interaction will be
stabilising if S is positive and hence the resonance
integral f is negative, while it will be destabilising if § is
negative, i.e. §>0. In the latter type (TBI), non-bonding
orbitals interact through framework ¢ orbitals in two
ways : through a g-conjugative chain involving geminal
(1,2-)overlap of n, and n, with framework o orbital and
through hyperconjugation involving vicinal (1,4-)
overlap.® The interaction energy in this case is second
order in overlap, s, between n and framework ¢
orbital.* According to a simplified approach, the
frontier orbital (FMO) patterns are such that the effect
of the two (o-conjugative and hyperconjugative)
interactions are in the same direction so that the relative
magnitude of TBI can be estimated qualitatively using
only one of them, normally the hyperconjugative
(vicinal) interaction.

It has been shown that in a system with an even
number of intervening g-bonds between n, and n,
(N =even), both TSI and TBI place n, level, the
symmetric combination of thetwon, = n, + n,, below
n_, the antisymmetric combination n_ = n, —n,.?
However in an N = odd system the two types of
interaction (TSI and TBI) work against each other;ina
TSI dominated system n, is below n_, while in a TBI
dominated system n_ is below n, .2

There are however cases where the third type of n-n
orbital interaction is operative. In this paper we will
present the new type of orbital interaction with some
important examples, which can only be explained by
use of the new interaction mode. In this type of
interaction both TSI and TBI are simultaneously
involved and the two overlapping n orbitals form
terminal AOs within a cyclic structure of a o-
conjugative chain; the cyclic chain may become o-
aromatic or g-antiaromatic depending on the number
of o electrons and the sign of overlap integral S, giving
extra stability or instability to the system.3* We may
thus name this as orbital interaction involving o-
aromaticity (SAI).

o-Conjugation and g-aromaticity
Dewar has shown that the interactions between
neighbouring (geminal) CC ¢ bonds in paraffin are by

no means negligible but in fact are greater than those
between neighbouring CC = bonds in a conjugated
polyene so that the o bonds in paraffins should form o-
conjugated systems as the m bonds do in conjugated
polyenes.? Moreover he has argued that CC o-
conjugation is much more effective than CH o-
conjugation;’ we may therefore safely exclude CH o
bonds from the o-conjugative chain of paraffin
molecules. This simplification is in fact the basis of the
‘C-approximation’® which was proved adequate in the
perturbation molecular orbital (PMO) treatment of
n—n orbital interactions.

In the simple theory of o-conjugation,? the ethyl
radical 1 is stabilised by o-conjugation of the
pyramidalised radical centre with the CC bond, just as
the allyl radical 2 is stabilised by conjugation. The
stabilisation of 1 vanishes if the radical centre is planar,
since the unpaired electron then occupies a 2p AO so
that the overlap integral and hence the resonance
integral between AO 1 and 2 vanishes. This is
analogous to the case where the 2p AO 1 is rotated 90°
around the C,—C, bond in 2. Just like the two allyl
systems 2 joined together, in such a way that all the
AO’s in the overlap in phase, form a six 7 electron con-
jugative system (benzene) with aromaticity (dm+2 n
electron system), the two units of 1 when joined
together form a six o electron conjugated system
(cyclopropane), which should therefore have o-
aromaticity (4m + 2 o electron system).* The reality and
nature of such o¢-aromaticity have been lucidly
discussed by Dewar.? According to the theory of o-
conjugation, the 4m+2 ¢ electron system of cyclic
structure should have o-aromaticity while the 4m ¢
electron system should have o-antiaromaticity of the
Hiickel type. On the other hand a system with an odd
number of ‘abnormal’ resonance integrals (§ > 0)
should form an anti-Hiickel (or Mdbius) system,*¢ and
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Fig. 1. Orbital patterns and signs for the product of terminal
AO coefficients.

the 4m o electron cyclic structure should have o-
aromaticity while the 4m+2 o electron structure
should have o-antiaromaticity. In such anti-Hiickel
systems, however, signs of the products of terminal AO
coefficients for the highest occupied orbital (HOMO)
are exactly opposite to those for Hiickel systems; 4m
electron systems have negative signs while 4m+2
electron systems have positive signs for the product of
the tenvninal AOQ coefficients of the HOMO as shown in
Fig. 1.
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conjugation is not possible since the resonance integral
between the 2p AO and the hybrid AO used to form the
adjacent CC o bond vanishes.? In this structure the two
2p AO’s can interact through space (TSI). The level
orders for 3 and 4 are normal, i.e. n, below n_ as
expected for N =even systems.? In the outward
pyramidalised structure 8§, however, in addition to TBI
and TSI, the third type of interaction involving o-
aromaticity becomes possible. This o¢-aromatic
interaction in §, as explained below, is strong enough to
reverse the level order to n_ below n, .2

Inthefrontier orbital theory,® the energy change, 5E,,
involved in an interaction between the two terminal
hybrid AO’, n, and n, is due mainly to the
corresponding perturbation of the HOMO, y;, of the
chain.

OE; = v; JW:PWidf = %C,CizB12 1)
where v, is the number of electrons occupying the
HOMO, C;, and C;, the AO coefficients of n, and n, in
the HOMO, and 8, , is the resonance integral between
the two orbitals.

In the diradicals or diamines of the N = even system,
the product of terminal AO coefficients of the HOMO
has a negative sign, C;,C,, < 0, since the HOMO will
be that of the 4m o electron system.® Thus in 5, the
HOMO will be stabilised, i.e. 8E; <0, if §,, is positive
corresponding to a negative overlap S,, <0. Therefore
the n_ level which is the HOMO for N = even system,
will be stabilised since this level has a positive §,,, i.e.
S,2 < 0 between two n orbitals. The level order will
thus become n_ below n,, the reverse of the normal
order for N = even cases. Since the reversal of the sign
of one B at the two overlapping n orbitals to positive
brings stabilisation, the system has an anti-Hiickel or
M@bius type o-aromaticity. ¢

Thereversal oflevel orderton_ below n, instructure
S has been a puzzle and no ready explanation has yet
been found.>!! It is now clear that the level order
reversal in 5 is due to the depression of the n_ level by
the stabilising effect of g-aromaticity. The energy

Trimethylene diradicals:
3 4 5
TBI (0 -conj + hyperconj) TBI (hyperconj only) TBI (¢0-conj + hyperconj)
S~0 + TSI + TSI + SAIl
n, below n_ S#0 S#0
n, below n_ n__ below ny

This is the smallest N = even system and direct
overlap (TSI) of the nlobes may become possible. Being
an N = evensystem, both TSI and TBI tend to placen .
below n_.2 In the inward pyramidalised structure,? the
two nlobes interact through bond (TBI) with negligible
TSI. In the structure with the 2p AO radical 4, o-

changes of the n, and n_ levels accompanied by the
change in hybrid of radical carbon centre from sp? 4,
to sp* 5, were calculated by the STO-3G method and
the results are presented in Fig. 2.!2 It can be seen that
the two levels cross at about sp?'3.
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Fig. 2. STO-3G results for level order reversal of outward pyramidalised trimethylene diradical calculated for
triplet state with UHF method.

Tetramethylene diradicals:

T U

6 7 8
TBI (0-conj + hypercon)) TBI (hyperconj only) TBI (g-conj + hyperconj)
+ TSI + TSI + SAl
$~0 S#0 S#0
n_ below n, n, below n _ n4 below n ..

The tetramethylene diradical is an N = odd system;
the level order will be n_ below n, for the TBI
dominated structure 6, while it will be n, below n_ for
the TSI dominated structure 7° where only the
hyperconjugative type of TBI is possible. In the
outward pyramidalised structure 8, both TSI and TBI
with g-conjugation are possible. Since the tetramethy-
lene diradical will have the HOMO corresponding
to the4m + 2 o electron system,” structure 8 will have o-
aromaticity of the Hiickel type if n, and n, overlap in
phase;* the n, level will be depressed due to the
stabilising effect of o-aromaticity and . will be below
n_ as in structure 7. However in 8, both pure TSI and
SAI work in the same direction placing n, below n_,
whereas in 7 only TSI causes n, to be placed belown_.
Thus the energy splitting, AE = ¢_ —¢,, due to the
overall interaction will be greater in 8 than in 7. We
therefore expect that as we change the hybrid of radical
centre from sp? (2p AO radical lobe) to sp? the energy
splitting will increase with no level crossing. This was
confirmed by our STO-3G results in Fig. 3.

Phantom bond in [1.1.1]-propellane
[1.1.1]-Propellane, 9, having three cyclopropane
rings has been of much theoretical interest in recent
years as :!3 (i) despite a great deal of strain, results of ab
initio calculations showed that it will be relatively stable

and unreactive, (ii) rupturing the 1,3-bond requires
65 kcal/mol, yet the population analysis, the electron
density and hybrid orbitals all suggest a lack of
significant bonding and hence may be called a

—_—
AH 2 65 kcal/mol

9 10

‘phantom bond’. This paradox however can be resolved
if we take the outward pyramidalised diradical
structure 11 into account in the ground state. Since
cyclopropane is stabilised by g-aromaticity of the
Hiickel type,? structure 9, which has three cyclopro-
panerings fused together with acommon 1,3-bond, will
be stable in spite of its highly strained structure. In
structure 11, there are three outward pyramidalised
trimethylene diradicals with a common overlapping
pair of n orbitals, which will also be stabilised by
threefold g-aromaticity (of the anti-Hiickel type) if the
two n orbitals overlap out of phase, i.e. n-combination
(see earlier). Thus energetically 9 and 11 will have
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Fig. 3. STO-3G results of level changes with changes in hybrid of radical centre in outward pyramidalised
tetramethylene diradical calculated for the triplet state with UHF method.

similar stability since both are equally threefold o-
aromatic. The ground state of [1.1.1]-propellane can
therefore be considered to have a resonance hybrid of
the two structures 9 and 11 of similar stability. The 1,3-
bond in the outward pyramidalised diradical structure
11 should be somewhat longer with release of some
strain.'3 On the other hand the bond order (or overlap
population) of the 1,3-bond is expected to be quite
low!3 since in the HOMO of each outward
pyramidalised trimethylene diradical structure §in 11,
the two n lobes facing each other overlap in an
antibonding manner, i.e.n_ = n, —n,.

However once the 1,3-bond ruptures completely into
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°In diradicals, both of the symmetry adapted orbitals,
n. = ny +n,(S)and n_ = n, —n,(A), are singly occupied in
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the inward pyramidalised form 10, the threefold o-
aromaticity is lost and a new threefold g-antiaromatic
structure is formed ; thus the conversion of 9 or 11 into
10 should require a great deal of energy as Wiberg and
Walker have shown.'3¢

We therefore conclude that the new type of n—n
orbital interaction, i.e. the 7-aromatic interaction, can
provide us with a satisfactory account of level order
reversal phenomenon in § and the reality and nature of
the ‘phantom bond’ in [1.1.1]-propellane.
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