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Jaroslav LEsKA and Dusan Laos 
Chemica/Institute, Department of Organic Chemistry, 
CH-2, 842 15 Bratislava 

Received April 25th, 1983 

An aromalicilY scheme for annlllenes is developed and applied on set of [6] to [18]annlllenes. 
The dependence of annulenes aromaticity on the ring size, noncoplanarity and strain is considered 
which factors are in the aromaticity indices HOMAw and HOMAM implicitely included. The 
decrease in aromaticity index with increasing ring size was modelled for [4n +2] and [4n] annu­
lenes QY the functions A4n + 2(N) and A4n(N). Two quantities, xd and v.' as the average measures 
of noncoplanarity and strain have been defined. Significant correlations of the differences Ax(N) -

HOMAw and Ax(N) - HOMAM , which represent the decrease in aromaticity index by non­
coplanarity and strain, with a function of the parameters xd and v.' have been obtained. The quan­
titative results show that not only the [4n]annulenes, but also the large part of the [4n + 2]annu­
lenes are antiaromatic, even for the presence of noncoplanarity and strain in the molecules. 

Annulenes have become a convenient subject of theoretical investigation, in the last 
decade, in connection with the development of various theories of aromaticity. A part 
of these theories is based on the Dewar concept of resonance energy1 (DRE) and 
the treatments are mostly carried out in n-electron approximation on the level of the 
HMO and graph theoretical methods. It appears that to obtain a satisfactory agree­
ment of the calculated and observed data, realistic structures are to be examined2 •3 • 

Namely, it is suggested that steric hindrance, occuring in all structures of [10J to 
[16J and partly in [18J annulenes causing the co planarity perturbation and strain 
in electronic structure may appreciably influence the electronic distribution (deloca­
oization), lower the resonance energy of the species and thereby change also their 
other properties. 

For this reason, we undertook an extensive study of realistic structures of annule­
nes4 ,5 of various geometric forms, treated to date in some way in literature.* We 
characterized aromaticity of the species by calculating the DRE values. However, 
these values calculated by the all valence semiempirical methods are large negative 
numbers and do not give a good picture of annulenes aromaticity. Therefore, we 
selected the Kruszewski and Krygowski6 HaMAd index and reformulated it in order 

* At the finish of our work the ab initio calculations of [lO] annulenes have been published 
by Farnell L.,Radom L.,Schaefer H. F.: J. Amer. Chern. Soc. 103, 2147(1981)and Haddon R. c.: 
J. Amer. Chern. Soc. 104, 3516 (1982). 
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A Theoretical Scheme of Annulenes Aromaticity 921 

to be more sensitive to structural changes. Then we tried hard to find a relation, at 
least empirical, expressing the dependence of aromaticity on noncoplanarity and strain 
of these structure. . 

CALCULATION AND DISCUSSION 

Aromaticity Characteristics 

We selected 36 annulenes structures which we divided into 5 groups for the purpose 
of this study (Table I). Due to a large extent of calculations of big molecules we select­
ed for the MOLCAO calculations the two simplest semiempirical methods with the 
oppositely different principles of approximation, i.e. the CNDO/2 and EHT methods 
with the standard parametriation 7 • We used the optimized geometries of the species 
published in our previous papers4 ,5,8, In these papers some structures of [10J and 
all structures of [12J annulenes have been fully optimized by the variable metric 
method 9 ,10. Since the opti mal bond lengths cannot be calculated by the EHT method 
we used the CNDO/2 optimal geometries as the unified ones also in the EHT calcula­
tions. 

In order to derive the atomaticity index, we recall briefly the basic ideas for the 
definition of the HOMA index. According to the harmonic oscillator theoryll the 
energy change of a molecule caused by extension and compression of bonds from their 
optimal positions is interpreted as the energy of the harmonic oscillators distored 
from these positions. This idea, further elaborated using appropriate physical quanti­
ties, led to the definition HOMAd = 1 - a/N I(r; - 1'0)2, ro, r; being the benzene 

and annulene bond lengths, respectively, and N the total number of CC bonds. 
The constant a is determined from the condition HOMAd = 1 for benzene and 
HOMAd = 0 for the Kekule benzene structure. We transformed the given expression 
in the following manner. We introduce for the bond lengths the correlation expression 
I'j = al + a2B;, where B; is a quantum chemical bond index of the i-th bond. Then 
1'; - ro = a2(B; - BO). We use in the HOMA expression two adjustable constants, 
namely a, b for the single and double bonds, respectively, which corresponds to two 
required conditions concerning the value of the HOMA index for benzene and 
its Kekule structure. Hence, the respective expression is 

HOMAx = 1 - l/N[a I(BO - Bkl)2 + b I(BO - Bmn)2J. (1) 
kl mn 

where Bkl and Bmn are bond indices of the single and double bonds between atoms 
k, 1 and m, n respectively. When the bond index is the Wiberg index12 equation (1) 
is HOMAw, when B is the Mulliken bond overlap population, denoted e, equation 
(1) is HOM AM' The constants a, b for HOMAw and HOMAM are 2'6569, 6'5645, 
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TABLE I 

Annulenes noncoplanarity and strain characteristics 

Group No Annulene Symmetry "d' 102 v • . 10 

A I 0 D6h 0 0 

II 0) C2 2'36 4-160 

IIIG W C. 7-68 3·271 

IV 0 C2 2-88 1·121 

VG G C. 1-69 0·942 

VI o 0'394 

B VII [8] D4h 0 0'803 

VIIIb [10] DSh 0 2'483 

IX [12] D6h 0 4'113 

X [14] D7h 0 5-675 

XI [16] DSh 0 7-003 

XII [18] D9h 0 8·090 

C XIII [8] C2v 7·14 0-205 

XIV [12] C3v 10-74 0-312 

XV [16] C4v 8-38 0-324 
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TABLE I 

(Continued) 

Group No. 
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Symmetry I's. to 

Cs 7·14 0·998 

D3 to·33 0·161 

Cs 3-83 0·628 

C4v 8·38 0·324 

o 0·406 

C2 5·95 1·763 

Cs 0 2·676 

C2 4·95 1·338 

C2 7·77 0·834 

C2 11·64 6·081 
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TABLE I 

(Continued) 

Group No. Annulene Symmetry xd' lOz v • . 10 

XXV W Symmetry less 4·71 0·586 

XXVI ~ C. 10·25 0·939 

XXVII ~ Cz 6·61 0'328 

XXVIII (X) DZd 4·70 1'350 

XXIX ceo C. 1·73 0·883 

XXXe CO) Cz 5·23 0·737 

XXXI c CEO Cz 2·26 3·126 

XXXIIe 020 Cz 3-95 7·083 

XXXIIr {) Cz 0·85 1·143 

Coliection Czechoslovak Chern. Commun. [Vol. 49] [1984] 



A Theoretical Scheme of Annulenes Aromaticity 925 

TABLE I 

( Continued) 

Group No. Annulen:: Symmetry v •. 10 

XXXIV o 0·754 

XXXV 6·33 5·385 

0·12 1·077 

a The bond length differences are not taken into account. b There is only a very small difference 
in the bond lengths. C The carbon perimeter is not partially planar. d About the structural diffe­
rences 5ee in4. e Experimental geometry. 

26·0308,6·3448, respectively. The values ofthe Wiberg index and of the bond overlap 
population for benzene are WO = 1·4470, eO = 1·0713. 

HOMAx indices defined in this manner are much more sensitive to structural chan­
ges than the HOMAd index and especially noncoplanarity and strain are very sensi­
tively reflected in their values. 

Into group A belong the species the carbon skeleton of which has shape resembling 
the perimeter of the benzenoid aromatic hydrocarbons. Due to the repulsion of the 
inner hydrogen and carbon atoms, the carbon skeleton is distorted and the inner 
atoms are deviated above and under the plane which is determined by the outer 
carbon atoms. All these structures may be considered either as totally distorted, 
i.e. also outer carbon atoms are deviated from the plane, or they may be only partially 
distorted so that the outer carbon atoms lie in the plane. We considered both models 
in our calculations assuming the latter to be more favourable, due to a better delocali­
zation. However, this is only valid for [10] and [18] annulenes. The more favourable 
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structures of [12] and (14] annulenes are totally distorted due to a more advantageous 
arrangement of inner hydrogen atoms, connected with the lower repulsion energy 
value. In order to compare the quantities of the species, we selected for group A the 
isomers of all species with the planar arrangement of the outer carbon atoms and 
with respect to the arrangement of the inner atoms always the more stable isomers 
according to the heat of formation (AHr). Group B is represented by annulenes the 
carbon skeleton of which has the form of a polygon with optimized bond lenghts 
which are not equal. Such a form of [10] annulenes has been found and proved by 
NMR spectroscopy! 3, the calculation have also shown 5 ,8 the relatively good stability 
of this isomer. Therefore, we calculated such forms also for higher annulenes. How­
ever, the stability of the rings decreases rapidly with the number of atomss. The 
species with the molecular shape of a crowns constitute a special group of annulenes 
(C). They differ from the others by the strain less valence angles in the carbon skeleton 
and also the hydrogen atoms have a very favourable mutual position which is seen 
from the small values of Vs (Table I). Since the rings are only of the type [4n] the aro­
maticity indices are low values, increasing with the ir.creasing ring size from (12] 
to [16]. The species which are most stable according to the AHr value in each set 
of molecules of the particular ring size are arranged into group D. All the other annu­
lenes of various egometric forms which may not"be arranged according to a common 
structural regularity belong to group E. For the sake of the unambiguous definition 
of the geometric isomers, we also introduce in Table I the symmetries of the species. 
In several cases in order to distinguish the similar geometric isomers, we do not take 
into account the bond length differences, i.e. we consider the higher symetry. 

In groups A, Band D both indices HOMAw and HOMAM sensitively distinguish 
between annulenes that obey the HUckel rule and those that do not. That is, Figs 1-3 
show the characteristic zig-zag shape between [4n + 2] and [4n] annulenes. 

Figs 1 to 3 reveal the aromaticity of [4n + 2] annulenes to be lower than expected. 
This may be explained for most species by the presence of appreciable non-coplan a­
rity and strain, (Table I). However, there are some anomalies. Comparing geometric 
isomers IVand XXIX of [14] annulene it is seen that although the former has greater 
non-coplanarity and strain the latter possesses a much larger value of HOMAw' 
We conclude that this may be an artifact or the CNDO!2 method, remembering the 
failure of this method in the determination of conformations of conjugated sy­
stem I4 - 16• The same ratio of the HOMAM indices of the species IV and XXIX is 
obtained. It is also seen that [16]annulenes Vand XI have excessively high HOMAw 
index. Anomalies among the other species will be clearly seen only in the frame of 
a correlation in the whole set of the molecules given below (Table II). 

Concerning the problem of aromaticity of [18Jannulene, often treated in literature, 
it is seen (Fig. 1) that HOMAw of the D3h isomer, with the natural tendency to the 
bond alternation 17 ,18, is near the boundary for aromaticity and antiaromaticity, 
which agrees with several statements appearing in papers. However, the D6h isomer, 
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which is only by 66·6 kJ mol- 1 higher in energy (CNDO!2), has highly matched bonds 
and cosequently a high value of the HOMAw index 0·985. The HOMAw for the 
crystal structure19 ,20 geometry is also high 0·978. Therefore, the D6h isomer would be 
highly aromatic. However, the matching of bonds in this isomer would be connected 
with the spending and not with the release of energy. 

This may be explained by assuming that the D6h structure may exist only in the 
crystal state, and by solv;ng in a solvent, is converted into the energy lower D3b 

isomer. Otherwise the datum on the opposite stability ratio between the D3h and 
Doh isomers, given in 21 , must be accepted as the more probable than the other data22 • 

TABLE II 

Data on correlations Ax(N) - HOMA x vs hl(xd, vs) 

An- Coefficients of the polynomial hi (xd , vs ) 

nulenes Index -"---"-

a22 a2l all a20 aOt aOO 
------- ---- ---------

[411 -.- 2] HOMAw -26·903 -2'356 0·036 9·076 -0,058 0·007 
HOMA M 31·904 -3,201 -0,126 5·626 --0,086 -0,016 

[4n] MOMAw 11·325 -0,234 -0,456 0·603 0·159 -0,037 

HOMA M 14·576 -0,667 -0'628 1'348 0'046 -0,053 
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Plot of the HOMAw (0) and HOMAM (e) 
indices vs the ring size, group A 
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The corresponding values of HOMAw and HOMAM are not identical. This may be 
understood because with the CNDO/2 best geometries in the EHT calculations the 
species appear to be more delocalized than they actually are. The HOMAM may be 
used in the ab initio calculations and we assume that the correct values of the HOMAM 

will be quantitatively compatible with the HOMAw values. 

In diagram Fig. 2 belonging to the polygons which are planar and with regularly 
increasing strain, the aromaticity indices show the behaviour similar to that of the 
Dewar type resonance energies, i.e. that of the [4n + 2Jannulenes decrease and that 
of the [4n Jannulenes increase monotonically, approaching one another into a com­
mon limit. Estimating the accuracy of HOMAw ±0·1, this boundary is equal to the 
values 0·5 ± 0·1 Following this, we shall consider the annulenes with the index 
lower than 0·5 as antiaromatic and those, with the index higher than 0·5, as aromatic. 
It is seen (Figs 1 to 5) that not only all [4n J but also many [4n + 2Jannulenes are 
anti aromatic. 

Dependence of Aromaticit)' on Non-coplanarity and Strain 

Let REa and REb be the Dewar resonance energy of an annulene and of benzene, 
respectively. It is sure that REa < REb is always valid. Therefore, the difference 
REb - REa is generally a nonzero value. It is assumed that this difference is a function 
of the ring size, non-coplanarity and strain of the respective annulene. We shall 
characterize aromaticity by resonance energy as Haddon23 •24• 

With respect to the definition of the HOMAindex11 for any annulene HOMAx ~ 1, 
whereby the equality sign is valid only for benzene. Assuming linear proportionality 
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A Theoretical Scheme of Annulenes Aromaticity 929 

between HOMAx and resonance energy it may be written HOMAx = RE~/RE~, 
where the dashed RE's mean the classical resonance energies, related to the energy 
of the Kekule reference structure. Since only the upper half of the HOMAx index 
interval characterizes aromaticity an appropriate linear transformation of this equa­
tion leads to 

HOMAx = 1/2(1 + REa/REb) . (2) 

Due to relation (2) the index HOMAx is also a function of the ring size, non-copla­
narity and strain. For these function we make the folowing Ansatz 

(3) 

(4) 

For Ax(N) we set our empirical relations 

A4n + 2(N) = exp - IX[(N - 6)/N]4/3 , 

A4n(N) = exp IX'[(N - 6)/N]1/4 - 1 , 

(5) 
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where IX, IX' are the normalization constants which ensure the common limit. 
For x we set 

XI = 1/2[IINs I(l - cos IX.) + liNd I(1 - cos IXd)] , (6) 
s d 

where IXs and O(d are the torsional angles about the single and the double bonds, 
respectively, and Ns and Nd are the respective numbers of single and double bonds. 
The summation runs over all bonds. 

For v we set 

(7) 

where U I is the total strain including van der Waals interactions, valences angles 
deformations and torsion angles energies. V~b = 0·256 is the benzehe value. 

The functions (5) model the decrease and increase in HOMAw of [4n + 2] and 
[4n] planar polygon type annulenes (group B) with increasing ring size N. Probably 
the strain in these molecules has no influence on aromaticity which arises from the 
comparison of HOMAw of [18] annulenes of D3h and D9h symmetries. Both isomers 
have nearly the same HOMAw although the former is almost strainless and the latter 
mostly strained. Therefore the quadratic polynomial for these molecules in Eq. (4) 
is nought. 

Plotting HOMAw of [4n + 2] annulenes of group B against the value liN and ex­
trapolating this dependence for liN = 0, we get exactly 0·5. Therefore, the function 
A4n + 2(N) approximates well the respective HOMAw dependence. However, plotting 
HOMAw of [4n] annulenes of group B against liN and extrapolating liN = 0, 
we get a larger value than 0·5. This is the consequence of excessively high HOMAw 
of [16] and [12]annulenes, exaggerated by the CNDO/2 method. Therefore, we selec­
ted the function A4n(N) in order to approximate well the HOMAw values of [8] and 
[12]annulenes in the accuracy limits ±0'05 and limiting the values 0·5 which is 
reasonable. The values of IX, IX' are -In (1/2) = 0'693, In (3/2) = 0'405, respectively. 
Obviously, the similar plottings of HOMAM give a value different from 0·5. How­
ever, this value (0'7) is considered as quantitatively incorrect. The appropriate IX, 

c/ values are -In (7/10) = 0·357 and In (17/10) = 0'531, respectively. 

The second part of Eq. (4) represents the decrease in the aromaticity index HOMAx 
by noncoplanarity and strain, their average quantitative measures being x and v, 
respectively. Since the function (4) is dimensionless X and v have been selected as 
dimensionless quantities, too. 

Since the torsional angles in distorted molecules may be indefinite, we transform 
the expression (6) in the folloving manner: 

First let us consider three neigbouring bonds formed by carbon atoms numbered 
i, j, k, 1 with arbitrary bond lengths and arbitrary valence angles. Let the torsional 
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angle about the central bond be Q(t. Then the following expression holds 

sin Q(t = A(i,j, k, l)/Amax (8) 

Xi - Xl' Yi - Yl' Zi - Zl 

A(i, j, k, I) = Xj - Xl' Yj - Yl' Zj - Zl , (9) 
Xk - Xl' Yk - Yl' Zk - Zl 

where xi> Yi' Zi' ... xl> Yl' Zl are the Cartesian coordinates of the carbon atoms and 
Amax is the value of the determinant (9) at the torsional angle IX = 90°. Now x may be 
rewritten substituting (8) into (6). 

(10) 

where N is the total number of carbon atoms and the summation runs over all trinity 
bonds which are obtained by cyclic replacement of the indices j, j, k, I. Evidently 
the total number of all bond trinities is N. We denoted the new expression Xd, although 
in an undistorted molecule X t = Xd is exactly. However, in molecules deformed by 
steric hindrance, or in the bridged annulenes, where the determination of the torsional 
angles may be impossible, X t may not be evaluted, but Xd may also be calculated in 
these cases. This quantity is generally the average quantitative measure of non-co­
planarity of a cyclic molecule with a conjugated double bond system (non-coplanarity 
index)* and it is larger the larger the non-coplanarity of the respective system (with 
unity as the maximal value). It is convenient to use the 102 multiple of Xd in qualita­
tive non-coplanarity characterizations. 

There are two kinds of non-coplanarity of a molecule. The first kind is the natural 
non-coplanarity given by structure, and it is not connected with strain. The second 
kind is enforced by steric hidrance, or by bridging and it is connected with strain. The 
first kind occurs at several structures of [4n] annulenes and the second kind is pre­
dominant at [4n + 2]annulenes. Nevertheless, these two kinds are not distinguished 
in our treatment. 

There is not a simple relation between the elements of A and Amax in a general 
position of the bond trinity in a Cartesian coordinate system and the calculation of 
Amax is difficult. Therefore, in a routine use it is necessary for each bond trinity to 
transform the coordinate system in such a manner that three atoms which form the 
two neighbouring bonds are put into the xy plane and one random atom, say jlh, 

• This quantity has a more general sense. It may be an average measure of spacity (spacity 
index) of an arbitrary flexible or rigid organic molecule, if ext are the torsional angles about the 
single bonds. 
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is placed into the origin of the new coordinate system.The central bond is oriented 
parallel to the x axis. Then the determinant (9) may be expressed in the new coordinate 
system (~, 1], 9) in the following form 

with 

A = aSinll(tl~' ~j\ 
' , ~k 

from which the simple relation between A and Am.x is evident. 

(11) 

The evaluation of Am.x may also be carried out by approximate ways. For example, 
a preliminary tabulation of Am.x for different bond length trinities is made, in an 
appropriate interval of the bond length changes, and the values are stored. Then 
the value of Am.x appropriate to the respective bond length trinity is used for the 
calculation of A/A max' If the programs necessary to the described procedures are not 
available a fixed value of Am.x may be used, namely this one corresponding to the 
trinity of the equal bond lengths 0·1400 nm. This is connected only with a small error 
because the values of Amax change only slightly (in our molecules about 5%, related 
to the average bond length). In our calculations, we used the former approximative 
procedure. 

The quantity Vs means the average quantitative measure of strain of an annulene 
(strain index) related to the benzene value. We calculated the total strain Ut in (7) 
by the empirical method of Dashevski25 • For REb we used the experimental26 •27 

value 88·7 kJ mol-I. It is convenient to use 10 multiple of Vs in qualitative strain 
characterizations. 

The statistical characteristics of the correlations A.(N) - HOMAw and A.(N) -
- HOMAM VS hI (Xd' vs) are in the Table II. * The significance of the total correlations 
for [4n + 2] annulenes is 99'5% and for [4n] annulenes 97'5% (HOMAw), 99'0% 
(HOM AM)' The comparison of the most significant terms in hlxd' vs) shows that in 
[4n + 2]annulenes non-coplanarity is much more significant than strain, for both 
HOMAw and HOM AM' In [4n ]annulenes there is nearly an equal significance of 
these factors for HOMAw, however, for HOMAM non-coplanarity is more significant 
than strain. The correlations HOMAw and HOMAM vs h[ A.(N), Xd, vs] (Figs 4 and 5) 
have the values of rand s 0'931, 0·071 (HOMAw), and 0'935, 0·083 (HOMAM), res­
pectively. The significance is 99'5% for both. It may be stated, that significant influence 
of non-coplanarity and strain on annulenes aromaticity has been sufficiently proved. 

* The structures of [IS] annulenes of the symmetries D6h and C3 (XXIX, XXXVI) were not 
include into the correlation because the definitions for their A(N) values are not known. 
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From the correlations mostly deviated structures are II, IV, V, XVIII, XXII, 
XXXIII, and XXXVin Fig. 4 and II, IV, V and XXIX in Fig. 5. 

There are three factors which make the correlations worse. Namely i) the not quite 
optimal geometries of the structures which were not fully optimize, ii) the not quite 
correct or failed description of delocaIization by the CNDO/2 method,* and iii) the 
quadratic polynomial h1(xd, v.) may be regarded as a truncated Taylor (or Mac 
Laurin) expansion of a function of two variables. Since it is not sure whether the 
cut-off of the series may be carried out after the second order terms the negleted rest 
of the series may deteriorate the correlations. 

The Relation between the HOMAx Indices and the Topological Resonance 
Energies 

There are excellent correlations of the resonance energies of annulenes [6] to [30] 
by Aihara28, which are almost identical with the corresponding values from Haddon's 
"unified theory"23, with the respective values of the functions Ax(N). Similar corre­
lations may be constructed with the other resonance energy indices29 - 32. ** It is seen 
that in spite of increasing strain in molecules, resonance energy may be computed 
using the same parameters in the HMO method and by the graph theoretical methods. 

FIG. 6 

Plot of the A4n + 2(N) and A 4n(N) functions 
/"s the HMO resonance energies (Aihara28) 
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* Obviously these factors also caused that severa) differences A(N) - HOMAx are small 
negative numbers due to the inaccuracies of the HOMAx values; in three cases this value is rather 
large, about -0'1 and -0·15 (the structures of [16] annulene V, XI and XXXIV). 
** These correlations have significant values of statistical characteristics but they are not of 
the same quality as that in Fig. 6. 
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This indicates that coplanarity of a molecule is the necessary and sufficient condition 
for the independence of resonance energy of a molecule on strain. 

Following the expression (2) for HOMAx = 1 REa = REb and for HOMAx = 
= 0'5 REa = 0, (the boundaries for aromaticity). It is assumed that (2) is also valid 
for all noncoplanar [4n + 2] annulenes even when they are antiaromatic, with 
HOMAx lower than 0'5. Then DRE may be calculated simply as (2 HOM Ax - 1) 
REb' This makes possible also to calculate at ab initio level the DRE value. 
For REb the experimental26 ,27 or one correctly calculated value may be used. * 
However, the expression (2) may not be used for [4n]annulenes, as it is evident in 
Fig. 6. Following (2) the lower boundary for the antiaromatic DRE (HOMAx = 0) 
is - REb, i.e. the value for the antiaromatic structure of benzene (Kekule structure). 
However, the antiaromatic DRE of [4n ]annulenes changes much steeper with the 
change of HOMAx and the boundary is much lower. The correct values of DRE of 
[4n] annulenes may be calculated using the expression 

HOMAx = 1/2(1 + rtRE./REb) ' (12) 

where 11 from the correlation in Fig. 6 is 1/4. 
It is assumed that the Haddon's relation between resonance energy and the reduced 

ring currents of [4n + 2]annulenes23 will also be valid for noncoplanar geometric 
isomers, if REa calculated from the respective HOMAx index is used. 
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