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Abstract-A new index of aromatic character has been devised 

based upon a statistical evaluation of the deviations in 

peripheral bond orders. The latter can be derived readily from 

experimentally determined bond lengths. The utility of this 

index is exemplified by its application to five-membered ring 

heterocycles and their mesoionic derivatives. 

The concept of aromaticity is virtually a tenet of faith to organic chemists yet 

its quantification has proved remarkably elusive. Of the wide range of experimental 

criteria which have been evaluated for this purpose' only resonance energies have 

proved to be of any general applicability in the case of heterocycles, and even 

these suffer from the difficulty of assigning appropriate energies to the 

hypothetical localised molecule, especially in the case of mesoionic compounds. A 

much neglected source of information has been the accurate molecular dimensions 

which have become available in recent years for an increasing number of 

heterocycles. Various workers have attempted to gain some insight into the 

aromaticity of a particular heterocycle by comparing its bond lengths with those 

of related molecules. Julg2 has taken this approach one stage further by 

introducing an aromaticity index based upon the extent of uniformisation of the 

lengths of peripheral bonds. However, this treatment is only applicable to the 

carbon-carbon framework and hence of little use in discussing molecules like 

1,2,4-oxadiazole which has no carbon-carbon bonds. Fringuelli et al. 3 have -- 
utilised the sum of the bond order differences as a criterion of aromaticity in 

comparing furan, thiophene, selenophene and tellurophene, but this becomes 

excessively complicated for less symmetrical molecules. 

The present paper introduces a completely general aromaticity index based 

upon the statistical degree of uniformity of the bond orders of the ring periphery. 

The bond orders,N, were calculated from the bond length,R, using the Gordy 
4 

relationship : 

N = a/R2 - b 

employing the values listed in Table 1 for the constants a and b _* In several cases 

it was necessary to calculate values for these constants from covalent radii and 

electronegativity values 5 using the Shomaker-Stevenson equation 6 . The coefficient 
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TABLE 1 Values of constants a and 2 used in the calculation of bond orders 

Bond 

c-c 

C-N 

c-o 

c-s 

C-Se 

C-Te 

C-P 

a b Bond a b - - 
6.80 1.71* N-N 5.28 1.41* 

6.48 2.0* N-O 4.98 1.45* 

5.75 1.85* N-S 10.53 2.50+ 

11.9 2.59* N-Se 13.31 2.86+ 

15.24 3.09# o-s 17.05 5.5a+ 

21.41 3.81' s-s 19.30 3.46+ 

13.54 3.02+ 

*Ref. 4 ; 'Ref. 3 ; +This paper 

of variation for the bond orders of a particular heterocycle are given by the 

expression: 

v _ 100 x:(N-Rj2 

R J n 

where R is the arithmetic mean of the various bond orders,N, and n is the number 

of bonds. In the case of a fully delocalised heterocycle V will have the value 0, 

whereas for a non-delocalised Kekul: form with alternating single and double bonds 

the value depends upon the type of ring system. Thus for a five-membered ring 

heterocycle VK= 35, for a six-membered ring heterocycle VW= 33.3, and for systems 

consisting of a five-membered and a six-membered ring fused together VK-= 35. In 

order to place the values of V on a more convenient scale than eg. 0 to 35, the 

calculated V is substituted into the equation: 

Aromaticity Index, I = lOO(l-V/VII). 

As index values are not necessarily comparable for differing ring systems 

desirable to attach a guiding subscript as 15, I6 or I5 6, to discourage 
, 

inappropriate comparisons. 

it seems 

The aromaticity indices,15, calculated for a wide range of five-membered 

heterocycles are assembled in Figure 1. Where available the bond lengths recorded 

for the parent heterocycle were used for the calculation of these indices with 

preference being given to values derived by microwave spectroscopy. Otherwise 

data were preferentially selected for molecules bearing non-conjugating 

substituents. However, spot checks indicate that the index values are relatively 

insensitive to substituent effects causing variations of lt2 to 3. Qualitatively, 

the relative aromaticities deduced for these heterocycles agree with what would 

have been predicted from a knowledge of their chemical behaviour. Thus, the low 

aromaticity usually ascribed to the oxygen containing members is reflected in the 

low index numbers. I-Benzylphosphole also has rather limited aromaticity, but 

the high index number calculated for p-dimethylaminophenylpentazole is rather 

unexpected. The I5 values of 88 and 73 assigned to 2H- and lIJ-1,2,3-triazole 

respectively correctly identify the former tautomer as the preferred species. 

Similarly the lg-1,2,4-triazole tautomer with 15=81 is indicated as being more 

favoured than the 4g-tautomer,15=66, in accord with observation7. As indicated 

in Figure 2 there is a reasonable parallel between these aromaticity indices and 

resonance energies, although the wide range of uncertainty in the latter precludes 

the establishment of a quantitative relationship. However, an excellent linear 

relationship is observed with the aromaticity parameter A determined by the 

dilution shift method for furan, thiophene, selenophene and tellurophene 
3 , 
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FIGURE 1 -- Aromaticity indices for five-membered ring heterocycles.(The 

references are to the source of bond lengths used for their 

calculation). 
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TABLE 2 Comparison ofaromaticity indiceswith experimental resonance energies(ERE) 

Heterocycle Aromaticity Index ERE kJ/mole Reference 

Furan 43 34-96 1 

Isoxazole 47 4-46 21 

1,3,4-Oxadiazole 50 167 22 

Pyrrole 59 59-130 1 

Imidazole 64 51-134 1 

Thiazole 64 42-50 23 

Thiophene 66 84-117 1 

Tetrazole 72 231-293 24 

Pyrazole 73 112-174 1 

1,2,4-Triazole 81 84-206 1 

having a correlation coefficient of 0.999. Linear relationships of A for these 

heterocycles with several other aromaticity criteria have been reported previously3 

Structural data are presently available for some nineteen monocyclic 

mesoionic ring systems and the derived aromaticity indices are assembled in 

Figure 2. In view of the appreciable charge separation encountered in these 

molecules the indices might be expected to be more influenced by substituent 

effects than in the normal heterocycles dealt with above, but there is noevidence 

available on this point at present. Inspection of the data in Figure 2 permits 

some generalisations. Firstly, compounds with a ring oxygen atom have appreciably 

lower aromaticities than their sulphur or nitrogen counterparts whereas the 

relative effects of the latter atoms depend upon their disposition in the ring. 

Thus replacement of sulphur by nitrogen adjacent to the carbon bearing the 

exocyclic oxygen (B AC) results in an appreciable increase in the aromaticity 

index whereas a similar change at the more remote position (DAA) causes a 

decrease. Again the indices indicate that changing the exocyclic atom(s) results 

in decreasing the aromaticity of a particular ring system in the sequence S->NCOR- 

>NR->O-. Some of these conclusions are supported by observations on the 

interconversion of Class A meso-ionic isomers 
25 . 

Overall these indices appear to provide an experimentally based means of 

comparing the relative aromaticities of a wide range of five-membered ring 

heterocycles. Doubtless the values recorded here for some ring systems will be 

modified as dimensions for more appropriate representatives become available. In 

particular X-ray structural determinations are available for only a third of the 

known meso-ionic ring systems and hopefully the present usage will inspire the 

collection of a much wider range of molecular dimensions so as to facilitate a 

more detailed analysis of the relationship between structure and aromaticity. 
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FIGURE 3 Aromatieity indices for mesoionic heterocycles.(The references are to -- 
the source of bond lengths used for their calculation). 
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