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Abstract. Application of the Pauling bond number' to the aromaticity index HOMA™” allowed us to
extend its separation into the geometric and energetic contributions for the hetero n-electron systems.
The energetic term (EN) represents the part related to resonance energy of a given system. The
geometric term represents dearomatization due to an increase of bond length alternation (localisation
of double bonds). The Bird indices Is and I¢* well represent aromatic character due to its geometric
features. In most cases geometric contributions play a significant role and variation in GEO-term is the
most important factor in variation of HOMA values and their correlation with Bird’s indices.
Aromaticity indices for 24 five- and six -membered, most typical, heterocyclic systems are presented
and discussed. Copyright © 1996 Published by Elsevier Science Ltd

Introduction

Aromaticity is one of the most fundamental concepts of organic chemistry.”” In the last decade it has
been deduced that it is a muitidimensional phenomenon *!" Application of the principal component' or factor
analyses' to the large data matrices composed of many various aromaticity indices for hetero- or carbocyclic -
electron systems have shown that two’ or even three® independent factors are necessary to describe about 80%
of the total vanance. These studies are opposed by another idea that the (calculated) magnetic properties of n-
systems are the most representative ones for the phenomenon of aromaticity.">"* Recently it has also been shown
that local aromaticity may depend strongly on the nature of the topological'*'® and chemical®'*'" environment.
The aromaticity index HOMA™* of the phenylic ring in p-nitroso phenolate anion in various crystalline salts
depended strongly on the net of H-bonding water molecule.® The same index for benzene rings embedded in
various topological environments in benzenoid hydrocarbons varied from 0 till 0.99 indicating a considerable
change in aromatic character."’ Recently Katritzky et al.'® have shown that the aromatic character of most
heterocycles and some carbocycles increases with polarity of the medium. It has also been found" that the
aromatic character of the ring in exocyclically substituted derivatives of benzylic cations considerable decreases
with an increase of delocalization of the positive charge of the ring. In view of the above it seems valuable to
develop the method enabling the study of local aromatic character of molecules.

The aromatic character of various carbo- and heterocyclic n-electron systems has been widely studied by
the HOMA index (eq.1) %> "%
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,
a -
HOMA:I—EZ[ROP, -Ry] )

where N is the number of bonds taken into summation and a is an empirical constant fixed in a way to get
HOMA = 0 for the Kekule structure of the typical aromatic system, and equal to 1 for the system with all bonds
equal to the optimal value Ropt . Its high utility is mostly due to the fact that it applies experimentally derived

bond lengths.

Very recently, it has been shown for carbocyclics that the index of aromaticity HOMA?? (eq. 1) may be
analytically®® divided into two terms describing the energetic EN and geometric GEO contributions to the overall
index of aromaticity (eq.2).

2 o 2
HOMA:1~a(Ropt —Rav) —ﬁz(aav ~R;)” =1- EN - GEO @)

The EN and GEO terms, may be interpreted as the dearomatization terms describing a decrease of
aromaticity due to a decrease of the resonance energy, and an increase of bond length alternation, respectively. It
is important to say that EN and GEO terms are not correlated with each other. Application of equation (2) to
estimate the local aromatic character of the individual benzene ring embedded in different topological
environments revealed several interesting features: (i) the aromatic character depends strongly on the topology of
the closest environment, and (i) dearomatization may be due to either EN or GEO - or both those terms.'
When equation (2) was applied to differently substituted benzene derivatives, variation of the aromatic character
of the ring was found to be much smaller."’

The most thorough studies on the aromatic character of various heterocyclic systems have been published
in the last decade by Bird.* The indices Is and I¢ are proportional to the variance of bond lengths transformed
into the bond orders by using the Gordy formula,” so they describe the geometric contribution to the
aromaticity.”®

The aim of this paper is to extend the model, based on the idea of HOMA index, however, such that will
enable separation of aromaticity into the energetic and geometric contributions for the heterocyclic n-electron
systems.

The model

Equation (2) shows how the aromaticity may be separated into the energetic and geometric contributions
for the carbocyclic n-electron systems only. Unfortunately, averaging of bond lengths cannot be carried out for
bonds with heteroatoms. This problem was originally solved by introducing the concept of optimal bond length
in the HOMA model,” or by Bird* by use of the Gordy” relation between the bond length and bond order. The
Bird indices Is and I are based principally on the value of vaniance calculated from the bond orders of the ring in
question, and hence they represent the aromatic character due to the geometric term, i.e. variance in alternation
of bond lengths. The advantage of the HOMA index is that it contains both the energetic and geometric
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contributions,”® as shown in eq. (2). Therefore we have applied the Pauling concept of bond number' for
extension of the HOMA model, including its most recent modifications™ for the systems with heteroatoms.
The Pauling idea consist in the postulated relation between the bond length R(n) and its bond number n;'

R(n) - R(1) = —cIn(n) 3)

111, 28-3 ;
10-11. 2831 and it therefore seems

This concept has been successfully applied to many chemical problems
reasonable to use it for extension of the HOMA model in a version which separates the energetic and geometric
contributions. From eq (2) it is clear that taking bond lengths for the typical single, R(1), and double , R(2),

bonds with bond number n = 1 and 2, respectively, one can estimate the value of constant c.

c= expﬁ%@ (4)

This 1s a characteristic feature of the given kind of bonding. From eq (3) it is also possible to calculate the bond
number, n, for any bond length, R(n).

R(1) - R(n)
exp ———

C

n=

(5)

Using the optimal bond lengths R, in eq. 4 one obtains the “optimal bond number”, n,,, the fundamental
parameter in this extended HOMA model:

R(1) - Rypy

n —exp————— (5a)
opt c

All these empirical parameters, such as ¢ or n,y are calculated from the most precise reference bond lengths
available, taken from reference ’ Table 1 summarises all the relevant data; (R(1), R(2), Ry and ¢ are in A, Npt 1S
dimensionless).

Table 1. Structural parameters of HOMA index for heterocyclics.

RO RQ) _ Re c o

cC 1.467 1.349 1.388 0.1702 1.590
CN 1.465 1.269 1.334 0.2828 1.589
co 1.367 1.217 1.265 0.2164 1.602
Cp 1.814 1.640 1.698 0.2510 1.587
CS 1.807 1.611 1.677 0.2828 1.584
NN 1.420 1.254 1.309 0.2395 1.590

NO 1.415 1.164 1.248 0.3621] 1.586
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As could be intuitively expected, no, has practically the same value for all bonds in question, i.e. in the
range between 1.584 and 1.602. Therefore we take ny,= 1.590 for all bonds in question.

Now, replacing bond lengths R; by the respective bond numbers n; in eq. (1) we obtain the formula for
HOMA with separation into the energetic and geometric terms for hetero-n-systems but expressed in terms of
bond numbers:.

2 2

o
HOMA = 1—§z(nopt - ni)

=1- {a("opt - "av)

+%Z(nav—n])2} (6)

where N in the number of bonds taken into calculation. The o-value may be obtained from the normalisation
condition, that HOMA = 0 for the Kekule structure with alternated single and double bonds (of the lengths as
reported in Table 1)

1= %3[(1_590 - 1)2 +(1.590 - 2)2] = o =3.874

The problem however arises, that the quantities building up the squared differences in (6) are not linear in bond
lengths, but they are rather their exponential functions. Therefore the HOMA values estimated for carbocyclics
by use of formula (6) differ significantly from those obtained by the original formula (1). Table 2 presents the
statistical parameters describing linear regressions between the data obtained by use of formulas (1) and (6).

Table 2. Statistical parameters describing the dependence of HOMA-values (eq. 6) on the original values of
HOMA (eq. 1). I and S. stand for the intercept and slope, respectively; C denotes the correlation coefficient.

Sample size H(1)/H(6) Sample size H(1) / H(6)
Benzene rings in [=0020 TCNQ-EDA- I=-0.165
benzenoid 169 §=0.930 complexes and 90 S=1.169
hydrocarbons C=0964 salts C=0980
cyclopentadienyl [= 0.0324  benzene ring in [=-0.330
rings in 48 S$=0.948 substituted 184 S=133
complexes with C=00984 nitrobenzene C=0995
Rh derivatives
Nitrogen [=0.078 Metalorganic [=1.0058
containing rings 47 S=0.876 complexes of 25 S=0.900
in aza-benzenoid C=0.983 phosphole C=0.997
hydrocarbons
Organic I=-0.267 Organic [=-0.209
derivatives of 83 S=1247 derivatives of 30 S=1218
thiophene C=0.946 tetrazole C=0.993
Organic [=-0.098
derivatives of 113 S=1.309

furane C=0.876



Energetic and geometric contributions to aromaticiiy—IV 10259

In most cases there i1s a very good correlation, i.e. correlation coefficients (C) close to 1.0, but the regression
coefficients (S) differ considerably from 1.0. These discrepancies are the result of the above-mentioned
mathematical difference between eqs (1) and (6). In order to diminish these discrepancies we have further
modified eq (6) in which we have transformed bond numbers, n, for CX bonds, or generally XY bonds, into the
virtual CC bond lengths by use of formula (3) presented in a detailed form:

r(n) = 1.467 - 0.1702 In(n) ™

These bond lengths are denoted in further text and formulas by r, in opposition to R denoting the original bond
lengths. Note that the R, is not changed, it is the value for CC bonds. The bond lengths calculated by formula
(7) from the bond numbers for XY bonds are then used in the general formula for HOMA:

2
HOMA = 1- {257.7 (1.388- rav)2 +L;‘72(rav - 'i)n} ®

with parameters of the model r., = 1.388 A and o= 257.7 A~
Based on the reasoning presented in detail in ref* the formulas for the GEO, EN and HOMA terms are as

follows:

HOMA =1- EN - GEO 9)
where

EN=«a (rop' - ra\,)2 for ray > ropt (9a)

and
EN = -« (ropl - rm,); for ray < ropt (9b)
a 2
GEO = N >(r,-1) (9¢)

When the above model is applied to heterocyclics, all discrepancies in Table 2 become insignificant since the
correlation coefficients for all five linear regressions are always greater then 0.99. Moreover slopes are equal to 1
within the range less than 0.5%. For carbocyclics the results are exactly the same as by using eq. (1) by
definition.

Because of the differences on mathematical bases for EN in eq. (6) and in the final formula eq. (9) it was
necessary to check up the hypothesis that in both cases the energetic terms are quantitatively equivalent. The
high values of correlation coefficients for the relations between EN (eq.6) and EN (eq. 9) C > 0.92 support the
hypothesis. In consequence it is also possible to accept the independence of the EN and GEO terms, that was
mentioned earlier.

The EN and GEO terms obtained for a series of compounds presented in Table 2 were plotted against the
Bird indices: Is or Is. Only the GEO term exhibited good linear dependence with a high and statistically
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significant correlation coefficient, supporting nicely our earlier conclusion that Bird’s indices describe mostly the
geometric contribution to the aromatic character. Additionally, in view of the correlation analysis the EN and
GEO terms were found to be linearly independent variables.

The above-presented model will be applied to numerous groups of hetero-n-systems elsewhere, in the
later papers.*> A few examples for most typical cases are given below.

[NMustrative applications

Charts I-II presents HOMA, EN, GEO and Birds Is or I; indices for a few most popular heteroaromatic,
monocyclic compounds with various heteroatoms, which are listed now for illustration of the applicability of
the model. In most cases numeric data were available for the substituted species. We have usually selected
compounds with weakly interacting substituents.

Chart I presents HOMA, EN, GEO and Birds I¢ for the six-membered heterocyclic system. Only the
molecular geometries obtained with the highest precision of the X-ray or neutron diffraction measurements
(As=1 and sometimes AS=2.*) were taken into account, and the precision of the data is indicated in each figure.

Chart I. Aromaticity parameters for 6-membered heterocycles.

No. Compound AS HOMA I¢  No. Compound AS HOMA Iy

(eq. 9) (eq. 9)
h-COOH H=0.582 N H=0.999
1 O 1 E=0.101 534 7% @ I E=0000 840
AN G=0327 - G=0.001
104
H=0.829 N H= 1.000
2 O I E=0037 637 8&° [@ 1 E=0000 862
PRN5~" Ph G=0.134 N G=0.000
y oy H= 0924 o N H=0.982
3 Q I E=0037 .31 9 @ I E=0005 788
. G=0.039 G=0.012
H=0.998* e H= 0791
4 O I E=-0009 812 10" @ I E=0022 698
" G=0011 N\N) G=0.187
H=0.973 N H=1.029
5% @ 2 E=-0025 723 11* (@ 1 E=-0029 100
e, G=0.052 N G=0.000
C(Ph)CH,
. " H=0955 A H=0.962
6V O | 1 E=0001 782 12% ‘i‘ QT 2 E=0008 844
N G= 0044 NG G=0.030
Ph
* Mean value of 4 geometries.

Interestingly, all aza-derivatives of benzene exhibit a very high aromatic character with an increase of
aromaticity for the cases where nitrogen atoms are separated by carbon atoms. Apart from pyridine (4), the most
aromatic ones are pyrmidine (7), pyrazine (8) and s-triazine (11). The most important term in their
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dearomatization stems from the alternation of bond lengths (i.e. GEO-term). EN is almost always meaningless.

The ring in pyridinium salt (5) loses its aromaticity to a very small extent only due to the charging of the ring.

The dearomatization effect here is due to the geometric term; the energetic term acts in the opposite direction.

Among three other representatives of six-membered heterocycles the most aromatic one is the phosphine

derivative (3), followed by thiopyran (2) and the least aromatic one is pyrylium ring (1). In the last two cases

dearomatization is due to the geometric term, but for the pyrylium ring the energetic term is also important.

Chart II presents HOMA, EN, GEO and I for five-membered heterocycles. The most aromatic are the
derivatives of pyrrole (16) and thiophene (14) and far away from them the phosphole (15) and furan (13)
derivatives. Again the most dearomatising term is due to the bond length alternation, i.e. the GEO term but the
energetic term plays a more significant role than in the case of 6-membered heterocycles. In the case of polyaza

derivatives, the increasing number of nitrogen atoms in the ring does not change its aromatic character
significantly. Dearomatization is mostly due to the geometric term.

Chart II. Aromatic parameters for five-membered heterocycles

No. Compound AS HOMA Is No. Compound AS HOMA Is
(eq. 9) (eq. 9)
° H=0.029 ash H=0.839
13% @ 1,2° E=0.108 328 19" (\_‘,,N 2 E=0.001 64
G=0.863 N G=0.160
s H=0.654 H=0911
14 @ 1 E=0113 679 20" § i 1 E=0.027 820
G=0.233 G=0.062
Q) (1
H=0.907
e H=0.346 g‘_’/( E=0.003 79.0
159 @ 2 E=0065 370 21% . 1 G=0.090
G=0.588 (\@N ©) ()
N H=0.753
E=0019 633
G=0.228
N H=0.899 M H=0 885
16% U’m?“ 2 E=0004 654 22 “{:,_{?”" 1" E=0015 78.1
G=0.097 G=0.100
s H=0.922 i H=0.973
e I E=0019 759 23% Y 1 E=0001 883
G=0.059 N G=0.026
et H=0918 N2 H=0.952
18% (L? I E=0.007 678 24% % 1 E=0.021 886
G=0.074 NN G=0.026

* Mean value of 15 geometries retrieved from CSD* with AS=1,2.

** This paper, cf. ref 54.



10262 T. M. KRYGOWSKI and M. CYRANSKI

Appendix

The computational program for PC compatible computers is now available by sending a diskette. After
writing the program the diskette will be sent back. E-mail contact may be realised by using the following address:
chamis@chem.uw.edu.pl
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