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.4 comparison of bond orders calculated by different methods (Pauling, HMO, PPP, SCF-MO) with experimental 
bond lengths has been made for representative sets of sulfur and nitrogen n-electron heterocycles and statistical 
treatment of the results has been presented. Bond orders obtained by simple techniques (Pauling, HMO) are equally 
effective in predicting and correlating bond lengths in these heterocycles as those calculated by more sophisticated 
methods (PPP, SCF-MO). 

Because the bond order is related to the strength of 
the respective bond, it is related to the bond length 
as well. The relationship between theoretical 77 bond 
orders and experimental bond lengths in unsaturated 
hydrocarbons is well-known and the agreement 
between predicted bond lengths in benzenoid hydro- 
carbons and the corresponding experimental values 
is usually considered as a support for the concept of 
a bond order.* 

A bond order can be defined in several different 
ways. In a recently published paper,3 we have com- 
pared the actual correlative abilities of the bond 
orders calculated by different methods and evaluated 
the results by using statistical techniques. Previous 
discussions of the relationship between calculated 
bond orders and experimental bond lengths were 
limited to qualitative statements regarding accuracy 
or, at most, only a few experimental bond lengths 
were compared with the calculated values. 

The results of our recent study indicate that 
Pauling bond orders, HMO bond orders (Coulson), 
and SCF-MO bond orders are equally effective in 
predicting and correlating bond lengths in 77-electron 
 hydrocarbon^.^ 

give an unsatisfactory account of many physical and 
chemical properties of n-electron systems other than 
alternant hydrocarbons, in particular those contain- 
ing heteroatoms." 

This assumption is not justified, at least not in 
practice. We have demonstrated in many of our 
previous papers that simple quantum-chemical 
methods, such as the HMO method or the empirical 
structure-resonance theory, work very well for 

It is often believed that simple theoretical methods 

various types of n-electron systems and give results 
for many properties of unsaturated compounds which 
are comparable with the results of SCF-MO calcu- 
lations. 

that, even in the case of 77-electron systems with 
heteroatoms, bond orders calculated by simple 
methods lead to  an equally good agreement with 
experimental bond lengths as bond orders calculated 
by more sophisticated methods. 

Two groups of heterocyclic systems were selected 
for this study, viz., sulfur heterocycles and pyridine- 
like nitrogen heterocycles. Both groups are the hetero- 
cyclic analogs of the corresponding n-electron hydro- 
carbons, with sulfur atoms replacing a -CH=CH- 
group in the parent hydrocarbon and contributing 
two n electrons into the n-electron system, whereas 
an sp2-hybridized nitrogen atom replaces a CH group 
in nitrogen heterocycles and contributes just one 77 
electron into the delocalized system. 

The bond orders used in the study are Pauling 
bond orders, Coulson HMO bond orders, PPP (SCF- 
MO) bond orders, and Dewar's SPO and SCF-MO 
bond orders. 

The purpose of the present contribution is to show 

DEFINITIONS OF BOND ORDER AND 
CALCULATIONS 

Pauling bond orders. According to Pauling, the 
bond order is defined as the ratio of KekulC structures 
in which a particular bond is double (ND) to the 
total number of possible KekulC structures (SC).' 

$, = ND/SC (1) 
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2 c. PARKANYI AND w. c. HERNDON 

These bond orders can be determined from simple 
drawings of the molecular graph. Various methods of 
obtaining bond orders and structure counts (SC) are 
summarized in several recently published articles.6 -' 

Pauling bond orders used for the pyridine-like 
azaheterocycles are the same as those for the corres- 
ponding benzenoid hydrocarbons and were taken 
from one of our previous publications.8 

HMO bond orders. 
in terms of the HMO method by Eq. (2)." 

Coulson defined the bond order 

P$= C njcjrcjs ( 2 )  

The sum is over j  occupied MO's, ni is the number of 
electrons in thej-th MO, and the coefficients of the 
bonded atoms are cir and cis. 

To calculate the HMO (Coulson) bond orders, 
models of the heterocycles were treated by the 
simple HMO method using a standard program. The 
calculations were performed on an IBM 360/50 
computer. In the case of sulfur heterocycles, the 
model neglecting the participation of the d orbitals 
of sulfur in conjugation was employed." The follow- 
ing parameters were used.I2' '' 
as = a t 0  Pcs =0.7P 

( Y N = ( Y + O . s P  PCN = P  

PNN = P  
In the above expressions, a stands for the Coulomb 

integral of the carbon 2p, orbital, 0 is the resonance 
integral of the C-C bond in benzene, and ax and 
PCX are the corresponding quantities for the hetero- 
atom X and the C-X bond, respe~tive1y.l~ 

were taken from a previously published paper.13 
Bond orders for most of the nitrogen heterocycles 

PPP bond orders. Bond orders in various semi- 
empirical methods (Pariser-Parr-Pople, PPP,'" '' 
CND0/2,"-l9 MIND020-22) are calculated accord- 
ing to Eq. (2) and thus the interpretation of an SCF 
bond order is analogous to that of the Coulson HMO 
bond order. 

In the PPP treatment, the usual version of the 
method was used.23 Interactions between mono- 
excited configurations formed by promotion of one 
electron from one of the four highest occupied MO's 
to one of the four lowest vacant MO's were con- 
sidered. The systems studied were assumed to be 
planar and to have idealized geometry. All C-C, C-N, 
and C-S bond lengths were assumed to be 1.40 A. 
The rings were taken as regular pentagons, hexagons, 

and heptagons. SCF MO's served as the basis for CI 
calculations. Only resonance integrals between nearest 
neighbors were considered. No participation of the 
sulfur d orbitals in conjugation was assumed. The 
following parameters were used (values in eV)."' 24 

Ir A r  Trr Zr Pc-r Atom, r 

C 11.22 0.69 10.53 1 -2.318 
S 20.27 10.47 9.80 2 -1.623 
N 14.10 1.80 12.30 1 -2.318a 

a P ~ - ~  = -2.318 eV. 

I ,  and A ,  are the ionization potential and electron 
affinity of atom r in the atomic valence state, res- 
pectively. The monocentric repulsion integrals and 
core integrals between nearest neighbors are rep- 
resented by yrr and flc+ respectively, and 2, is the 
core charge at atom r. The bicentric electronic 
repulsion integrals have been calculated using the 
Mataga-Nishimoto formula.?' 

14.399 
e v ,  

'Yrs = R,, + 1.328 

where R,, (A) is the distance between atoms r and s. 

360/50 computer.I4 
The calculations were performed on an IBM 

Other bond orders The SCF-MO bond orders for 
the sulfur heterocycles and the SPO bond orders for 
the nitrogen heterocycles also used in our correlations 
are those calculated by Dewar and co -~orke r s .~ '  26 

COMPOUNDS AND EXPERIMENTAL BOND LENGTHS 

Sulfur and nitrogen a-electron heterocycles for which the 
experimental bond lengths are known have been chosen for 
the correlations. 

The first group consisted of eleven nelectron sulfur 
heterocycles, 1-11, all of which are analogs ofalternant 

1 2 3 

4 5 6 
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Pi-ELECTRON HETEROCYCLES 3 

TABLE I 
Sulfur Heterocycles Used in the Correlations 

7 8 

9 10 11 

hydrocarbons. Their names, the method by which the 
bond lengths were determined, and the corresponding 
references are given in Table I. 

The second group were pyridine-like nitrogen hetero- 
cycles, 12-27, which are analogs of the corresponding 
benzenoid hydrocarbons. The information on these hetero- 
cycles is summarized in Table 11. 

mental bond lengths using the linear relationship 
Calculated n-bond orders were correlated with the experi- 

1,s = up,, + 6 ,  (3) 

where f,, is the experimental bond length (in A), prs is the 
respective bond order, a is the slope and b is the intercept. 

RESULTS AND DISCUSSION 

The methods commonly used for the determination 
of the crystal and molecular structure of organic 
compounds are x-ray diffraction, electron diffraction, 
neutron diffraction, and microwave spectroscopy. It 
is important t o  realize that the experimental bond 
lengths determined by these techniques are not 
necessarily the same. The differences are due to the 
methods themselves. Thus, e.g., neutrons are scattered 
by atomic nuclei, whereas with x-rays the centers of 
electronic charge clouds are determined. In the case 
of benzenoid hydrocarbons, we have established a 
roughly linear relationship given by Eq. (4). 

Ar(Neutron - x-ray) = 0.032 p p  - 0.007. (4) 

Another factor which one has to consider is the 
age of the data-many of the older determinations 
are not too accurate. Because of the above factors, 
we have tried to use the best sets of data possible, 
e.g., the most recent data and practically all of them 
determined by the same technique-x-ray diffraction. 
Microwave and electron diffraction data have been 
employed only in cases where no x-ray diffraction 
data were available. 

Although there have been some previous efforts 
to correlate calculated bond orders and experimental 
bond lengths in sulfur h e t e r o ~ y c l e s ~ ~ ~ ~ ~ * ~ " ~ ~  and in 

~ 

No. Compound 
Structure, 

Ref.a 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
I 1  

Thiopheneb 
Dibenzothiophene 
2,2'-Bithiophene (a,cY'-dithienyl)c 
3,3'-Bithiophene (P,$-dithienyl) 
2,3'-Bithiophene (a,P'dithienyl) 
Thieno[ 3,241 thiophene (l,4-thiophthene) 
trans- 1,2-Bis(2-thienyl)ethylene 
[ 11 Benzothieno[2,3-b] [ llbenzothiophene 
1 P-Dithiin (1,4dithiadiene) 
Thianthrened 
Thieno [ 3,4d] thiepin 

21 
30 
31 
31 
31 
33 
34 
35 
36 
31 
39 

a X-ray diffraction unless stated otherwise. 
Electron diffraction. For microwave data, see Refs. 

For electron diffraction data, see Ref. 32. 
For another set of x-ray diffraction data, see Ref. 38. 

28,29. 

nitrogen  heterocycle^^^ (see also Ref. 6 1 ), our study 
represents the first attempt to systematically correlate 
representative sets of data for both groups and to 
compare the results obtained by using bond orders 
calculated by different methods. Among the previous 
studies, only Hafelinger has made a similar effort." 

The results of the correlations are presented in the 
form of the corresponding regression lines obtained 

TABLE I1 

Nitrogen Heterocycles Used in the Correlations 

Structure, ReEa No. Compound 

12 Pyridineb 40 
13 Pyrimidine 41 
14 Pyrazine 42 
15 s-Triazine 43 
16 2,2'-Bipyridine 44 
17 1,5-Naphthyndinec 45 
18 1,8-Naphthyridine 41 
I9 2,6-Naphthyridine 45 
20 2,3-Di-t-butylquinoxaline 48 
21 Pteridine 49 
22 Pyridazino[4,5d] pyridazine 50 
23 Phenanthridine 51 
24 Acridine 52 
25 Phenazine 53 
26 9,10-Phenanthroline 54  
27 Dibenzo[a,h] phenazine 55 

a X-ray diffraction unless stated otherwise. 
From microwave spectra. 
Cf. also Ref. 46. 
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4 c. PARKANYI AND w. c. HERNDON 

TABLE 111 

n-Bond Order-Bond Length Correlations for Sulfur Heterocyclesa 

(A) = apr, + b 

No. Method n a b d r 

C-C bonds 
1 HMO 41 -0.282 1.575 0.020 0.887 
2 PPP 41 -0.243 1.552 0.021 0.879 
3 SCF-MO (Dewar)b 25 0.818 0.253 0.020 0.874 

C-S bonds 
4 HMO 15 -0.334 1.855 0.015 0.878 
5 PPP 15 -0.354 1.848 0.015 0.869 
6 SCF-MO (Dewar)b 10 1.125 -0.227 0.019 0.608 

a n Number of bonds, a slope, b intercept, d standard error, r correlation coefficient. All data 

b In the case of the regression lines 3 and 6, the linear relationship is expressed as Irs  (A) = al,, 
are significant on 1% probability level with the exception of the regression line No. 6. 

(calcd) (Dewar) + b. 

by statistical treatment of the data (Tables 111 and IV). 
Because of the difficulties in obtaining the Pauling 
bond orders for sulfur heterocycles, this type of bond 
orders was not used in the case of sulfur-containing 
compounds. To conserve space, the actual data are 
not listed. 

It can be seen from Tables I11 and IV that the 
correlation coefficients are practically identical in 
several cases and, in general, are somewhat better for 
the simplest methods (Pauling and Coulson HMO 
bond orders). Our conclusions are that the different 
bond orders compared in the present work are about 

equally effective in predicting and correlating bond 
lengths in heterocycljc n-electron systems. Hence, 
one would also expect the different methods to 
correlate well with each other and this assumption is 
correct. Thus, e.g., the correlation coefficients for 
the C-C bonds in sulfur heterocycles are HMO/SCF 
(Dewar) 0.958, PPP/SCF (Dewar) 0.965, and HMO/ 
PPP 0.989. 

As an example of the agreement between calculated 
and experimental bond lengths, a comparison is given in 
Table V for dibenzothiophene (2) ,  pyridine (12), and 
acridine (24). It can be seen from the data in Table V 

TABLE IV 
n-Bond Order-Bond Length Correlations for Nitrogen Heterocyclesa 

1,s (A) = ap,, + b 
~ 

No. Method n a b d r 

C-C bonds 
7 Pauling 71 -0.149 1.467 0.018 0.782 
8 HMO 86 -0.263 1.563 0.019 0.744 
9 PPP 75 -0.240 1.547 0.018 0.771 

10 SPO (DewarIb 32 0.674 0.457 0.025 0.685 

C-N bonds 
11 Pauling 34 -0.146 1.410 0.018 0.809 
12 HMO 38 -0.314 1.538 0.018 0.790 
13 PPP 36 -0.212 1.476 0.020 0.752 
14 SPO (Dewar)b 12 1.207 -0.279 0.018 0.733 

a For the explanation of symbols, see Table 111. All data are significant on 1% probability 

b In the case of the regression lines 10 and 14, the linear relationship is expressed as 
level. 

I, ,  (A) = al,, (calcd) (Dewar) + b. 
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Pi-ELECTRON HETEROCYCLES 5 

TABLE V 
Experimental and Calculated Bond Lengths 

~ ~~ 

Bond length, I, (A)a 

Bond, r-s Exptl. Pauling HMO PPP SCF-MO Dewarb 

Dibenzothiophene‘ (2) 
1-2 1.370 
1-9b 1.392 
2-3 1.385 
3-4 1.384 
4-4a 1.386 
4a-5 1.740 
4a-9b 1.409 
9a-9b 1.44 1 

Pyridine‘ (12) 
1-2 1.338 
2-3 1.394 
3-4 1.392 

Acridine‘ (24) 
1-2 1.356 
1 -9a 1.432 
2-3 1.427 
3-4 1.359 
4-4a 1.427 
4a-9a 1.432 
4a-10 1.345 
8a-9 1.395 

1.381 1.384 
1.404 1.404 
1.394 1.396 
1.382 1.385 
1.398 1.400 
1.736 1.738 
1.411 1.405 
1.458 1.461 

1.337 1.333 1.337 
1.393 1.387 1.387 
1.393 1.388 1.387 

1.355 1.369 1.364 
1.430 1.422 1.425 
1.430 1.408 1.412 
1.355 1.370 1.365 
1.430 1.420 1.424 
1.430 1.435 1.427 
1.337 1.354 1.349 
1.393 1.404 1.401 

1.390 1.390 
1.403 1.406 
1.400 1.402 
1.391 1.391 
1.401 1.403 
1.733 1.742 
1.397 1.399 
1.448 1.461 

1.330 1.333 
1.40 1 1.401 
1.398 1.396 

1.374 1.360 
1.433 1.448 
1.434 1.449 
1.370 1.355 
1.440 1.45 9 
1.412 1.417 
1.334 1.336 
1.40 1 1.401 

a Calculated using the regression lines 1-14 given in Tables 111 and IV. 
These values were calculated directly by the corresponding Dewar’s programs. 
Numbering: 

9 1 7w3 5 

that the predictions of bond lengths based on simple 
methods are at least as good as those obtained by 
semiempirical techniques. 

Two more points seem worth mentioning. In the 
case of nitrogen heterocycles, the bond lengths con- 

12 1 3  14  15 

1 10 

firm that at least some bond furation occurs and that 
some bonds are more double than other bonds. Thus, 
e.g., the 1-2 and 3-4 bonds in the benzene ring of 
acridine (cf. Table V) are “short bonds” and in the 
usually written Kekule formula appear as double 

16 17 18 

19 20 21 22 23 24 
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6 c. PARKANYI AND w. c. HERNDON 

25 26 

27 

bonds. On the other hand, the 1-9a, 2-3, and 4-4a 
bonds are “long bonds” and are indicated as single 
bonds in the corresponding Kekul6 structure. The 
C-N bonds in the nitrogen heterocycles participate 
in this alternation. 

All the C-S bond lengths in sulfur heterocycles 
are long and in the 1.700-1.775 8, range and do  not 
show significant changes with the structure of the 
respective heterocycles. This would seem to indicate 
very limited, if any, participation of the sulfur atom 
in the delocalized n-electron system. Thus, these 
results suggest that sulfur n-electron heterocycles 
might be much less aromatic than it is commonly 
assumed.62 
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