Revisiting Julg’s Structural Approach to Aromaticity
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Julg’s classical formula for aromaticity is updated so as to involve bond indices. A simple
CNDO/2 calculation is shown to account satisfactorily for heterocyclic typical rings and other mis-
cellaneous systems. Results are compared with a multicenter MO bond index recently introduced

as an aromaticity measure.
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Possibly the only unanimity about the classical
concept of aromaticity is that it is far from being a
well defined quantity [1]. Despite it has been the sub-
ject of ferocious criticism about 30 years ago, these
last years have witnessed a revival of the term, and
several kinds of approaches have been and are being
proposed to the notion of aromaticity, see e. g. [2, 3].
One of the facets of aromaticity has been put for-
ward in a formula by Julg and Francois [4], modified
later [5]. Their appealing viewpoint focuses on the
structural criterion for aromaticity, namely the uni-
formity of interatomic distances [4] and electronic
density [5]. The first one, applied to hydrocarbons, is
accounted for as [4]

L=1-@225/M) 3 — dpy/d), (1
(rs)

where n is the number of peripheral bonds (rs), d,,
their lengths and d the mean length. In order to apply
the formula to heterocyclic molecules, A} is multi-
plied [5] by

Ay = (H)“ — (Agig ), )
1J

where Ag;;, the charge gradient, takes into account
the resistance opposed to the electronic circulation.
Aromaticity A’ is thus A} e A} . This approximation
proved useful in estimates for hydrocarbons and a few
heterocycles [1, p. 49].

We ourselves have proposed an MO (molecular or-
bital) multicenter bond index as a measure of ring

aromaticity [6]. We have applied it to a wide variety
of systems, and it has proven to perform satisfactorily
in most of them, being in good agreement with other
indices in the literature and easy to implement. For
five-membered (5-m) rings, however, the results suf-
fer from drawbacks which we left as open questions.
We intend to face them here and study some other
systems.

It has been remarked [7] that different types of
bonds can have the same length and yet be quite dif-
ferent in nature, such as C-C, C-N or C-O; hence, it
would be better to consider bond orders rather than
bond lengths. In [4], 7 bond orders have been used to
estimate bond distances, but bond orders for different
types of atoms are subject to the same objection.

Several years ago, we generalized the Wiberg bond
index [8] to non-orthogonal bases, through the first
order density matrix 2 []. For closed shells, the index
1 4 for the bond between atoms A and B is [9, 10]

Inp=4 ) H:Hba; qa ={Taa+)_ 148)/2,(3)
a€AbEB B7A
where
Hab = Zi Tia Iib (4)

and z;,(x) are the covariant (contravariant) MO co-
efficients and ¢ runs over the occupied MO levels.
The charge is Mulliken’s gross population with a
quite different partition into self-charge (I44) and
active charge, I 4p being related to exchange correla-
tion and comparable between different types of atoms
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[6, 9, 10]. I4p is generalized for multicenter bonds
as below [11]; for the calculation of I [6] we have
used

L
Ipp..p =2 >,
a€ADER, - 0

eLHfHJ-~-Hf- 5

We have thus found interesting to revisit Julg’s pro-
posal for aromaticity in the light of our formulations.
1 4p is inversely proportional to the bond length, be-
ing equal to 1 for a purely single bond and 2 for a
double bond. If, as before, A = A, e A, , A, and A,
shall be for us

A=1—(64/n)3 (1 =T/145)% (6)
(AB)

/n’

1
A= [ [1[1 - (Ageplcp)
(CD)

The constant 6.4 has been obtained, similarly to
Julg [4], such as to yield A} = 1 for benzene and
A; =0 for one Kekulé structure, where [ 4p is alter-
natively 1 and 2. Incidentally, rectangular cyclobuta-
diene also yields A; = 0; in both cases T = 1.5. Just
as (6) (or (1)) involves the arithmetic average of [
(or d), we have chosen to add for A; the geometrical
average of the product involved; n’ is the number of
terms in this product.

In the context behind formulae such as Julg’s, or
the expressions which we are proposing, it would be
clearly inconsistent to use an ab initio calculation
method. It has been recently been noted that, despite
the spectacular advances in computational chemistry,
the use of semiempirical methods is actually increas-
ing rather than decreasing; see [12] for the discussion.
Among them, PM3 and AM1 of the MOPAC package
are possibly the most used at present [12]. Our expe-
rience has indicated that, although both of them are
adequate for estimating bond indices, the electronic
density is unsatisfactory. We have therefore chosen
to calculate ¢4 and I 45 in the CNDO/2 approxima-
tion, running before an AM1 geometry optimization
as we did in our previous work, where indices were
calculated within PM3 [6].

CNDO is seen in the literature mainly in its pa-
rameterized version for spectroscopical applications
CNDOY/S [13], but many references may still be found
for CNDO/2 applications; see, e. g. [14, 15].

The trends in the A values corresponding to the
rings in naphthalene, anthracene, phenanthrene and
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Table 1. Aromaticity for systems consisting of typical 6-c
and 5-c rings.

A Iring [6]
benzene 1 0.0883
pyridine 0.9408 0.0877
pyridazine 0.9826 0.0878
pyrazine 0.9539 0.0878
pyrimidine 0.8250 0.0864
1,3,5 triazine 0.6627 0.0840
pyrrole 0.8591 0.0962
furan 0.6514 0.0541
thiophene 0.8620 0.0696

Table 2. Aromaticity for miscellaneous molecules.

A . I

1 A 1 0.0163 0.0050
2 A 0.9590 0.0148 0.0040
3 2 0.9227 0.0211 0.0037
4 A 0.9832 0.0691

5 T 0.5852 0.0135 0.0126
6 < 0.4943 0.0254 0.0230

1: cyclopropane; 2: aziridine;
thylenecyclobutene; 6: fulvene

3: oxirane; 4: thiirane; 5: dime-

azulene agree qualitatively with those of In,. The
molecular A values are respectively 0.9171, 0.8877,
0.9152, and 0.8456, which are satisfactory from the
chemical viewpoint [4, 5]. Julg’s formula was devised
for 7 calculations, while (6) embodies the o frame-
work. Anyway, no large differences are found for hy-
drocarbons; they may instead be more significant for
heterocycles.

We show in Table 1 the A results for benzene and
typical monocyclic azines, as well as the most com-
mon 5-c ring heterocyclic compounds; we have added
our previous Iype values [6]. The A values manifest a
greater discrimination between azines. The behaviour
for the 5-c rings corrects the flaw of I, for these
systems (the same flaw is shared by other aromaticity
indices [6]), bringing them below the benzene value.

We have calculated a few miscellaneous molecules
with interesting results for A, shown in Table 2, to-
gether with Ijp,.

Any hydrocarbon consisting of a single regular
polygon shall have A = 1 following (5); so does
cyclopropane. Nevertheless, as it is considered the
paradigm of ¢ aromaticity [1, chap. 7], we shall dis-
cuss some peculiar features of this molecule.
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Cyclopropane has been described as a system with
a central two-electron three-center bond (“super o-
bond”) and two peripheral four-electron three-center
bonds (“7 bonds”) [1 (p. 260), 16]. Actually, this de-
scription refers to radial and tangential orbitals rather
than conventional ¢ and 7 ones. Now, we have anal-
ysed this kind of model from a quite different stand-
point, more in the spirit of this approach [17].

The electron count which we have proposed for the
three-center bond ABC is [17]

X =1Iap+Ipc+Iac, @)

for the self-charge is confined within the atoms. For
cyclopropane, I4p is 0.9893, of which 0.0291 is .
Thus, in these terms, we would say that we have a
three-center o bond with 2.88 electrons and a three-
center 7 bond with only 0.09 electrons. This amounts
to our description of o aromaticity in cyclopropane
and is consistent with our results for 3-c indices. We
have I3 = 0.0163; unlike what happens for 6-c and
5-c rings [18], this is mostly o, the 7 contribution
being 0.0050.

The geometries obtained through the AMI1 opti-
mization (which we have not reproduced here) agree
with those appearing in the literature as results from
much more elaborated methods. The adequacy of the
adopted procedure is thus confirmed.

For the other triangular systems aromaticity is also
mainly o. The A values for the sequence aziridine,
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oxirane, thiirane of Table 2 show a trend closely sim-
ilar to that of the sequence pyrrole, furan, thiophene
of Table 1. This is not verified for the corresponding
Ling values.

Dimethylenecyclobutene (DMCB) and fulvene
have been calculated in a recent modern VB study
using spin-coupled theory with 6-31G** basis [19];
the conclusion is that resonance energies for both sys-
tems are very low. The I, values (almost wholly 7)
are similar to the above ones in the table, while the A
values are decidedly lower.

For fulvene, it is possible to calculate A including
the exocyclic bond which a priori may join the con-
jugation; in this way, a value of 0.4752 is obtained.
In this case, the calculation of I does not allow an
estimate including the exocyclic bond.

There is general consensus about taking benzene
as a reference whenever aromaticity is mentioned,
independently from the measure chosen for this mag-
nitude. Now then, benzene has unique features within
the 7 electron framework, as its high symmetry de-
termines by itself the MO’s, aside from normaliza-
tion. We have shown [18] that I, for benzene, being
mainly 7, is almost known a priori; this gives a sound
basis for the reference role ascribed to the molecule
in aromaticity.

We can conclude, from what was discussed above,
that Julg’s updated formula such as proposed here
deserves still to be considered as an aromaticity index
related to the structural criterion [1].
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