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A P P L I C A T I O N  OF T H E  M E T H O D  OF M O L E C U L A R  O R B I T A L S  TO I N V E S T I G A T I N G  
THE E F F E C T S  OF C O N J U G A T I O N  B E T W E E N  P H E N Y L  A N D  5 - M E M B E R E D  N -  

H E T E R O A T O M  RINGS 

v .  I.  Minkin, S. F. Pozharskfi, and Yu. A. Ostroumov 

Khimiya Geterotsikl icheskikh Soedinenif,  Vol. 2, No. 4, pp. 551-560,  1966 

Using a Htickel approach in conjunction with the LCAO MO method, calculat ions are made of ~r-electron 
configurations for a number of N-  and C-phenyl  derivatives of 5-membered  nitrogen he terocycl ic  rings. 

Using these results, interact ion effects between phenyl and he terocycl ic  ring systems are considered, as 
well as UV spectra, dipole moments,  and react ivi t ies  of the compounds invest igated.  

Studies of react ivi t ies  and physical characterist ics of N-ary la ted  azoles reveal  a quite sharply defined interact ion 
effect between conjugated rr-electron systems of the benzene and he terocyct ic  rings. Thus, for example ,  the increased 
ease of opening of the imidazo le  ring of N-ary l imidazoles  by nucleophi l ic  reagents is described [1, 2], and N-subst i tu-  
tion proceeds for C-a ry l imidazo les  [3, 4] with unexpected diff icul ty.  One of us previously explained these results by 
analyzing the values of the dipole moments [5] and e lect ronic  absorption spectra [6] of N-a ry l imidazo les .  In the present 
paper, at tempts are made to give a more deta i led interpretat ion of the various manifestations of interact ion between 

aryl and azole  rings within the framework of the method of molecular  orbitals.  

Parameters 

In computing electron structures of molecules of nitrogen he teroaromat ic  compounds by the LCAO MO method, 
the basic problem is choice of suitable Coulomb integrals,  c~, for the pyrrole and pyridine nitrogen atoms. The values 

of the Coulomb integrals used by a number of  authors for the N atom of pyridtae vary from ~x~ + 2.080 to a 0 + 0. 280, 
and, in the case of the pyrrole N atom, from c~0 + 2.78 o to c~0 +/30. Orgel 's parameters  [ 7 - 9 ]  are most widely accepted,  
through they also give excessively high values of I t -e lectron charges on atoms. Parameters recent ly  put forward [10], 
(C~NH = cx0 + 2. 7080 and C~_N = = c~0 + 0. 388 ~ are at t ract ive,  but up to the present they have been checked for 
only a small  range of compounds. The present paper uses "opt imal"  values of Coulomb and resonance integrals r e -  
commended by Streitwieser [11], and equal to 

a (C)  =ao; 
co(- N = ) = ao+0.5 f~o; 
cz ( -  N ~ )  = c~o+ 1.5 ~o; 

~(c -c )=~o ;  
I~(c- N)=O.S ~o. 

A correction for the inductive effect  which the hetero atom has on an adjacent  carbon atom, is neglec ted .  The secular 
determinant  was resolved on an ETsVM M-20 instrument.  

Results 

Figures l a  and b, and Fig.  2 show the ca lcula ted  I t -electron charges and mobi le  bond orders in the ground and first 
exci ted states of molecules  of pyrrole, imidazo le ,  pyrazole,  1, 2, 4 - t r i azo le ,  benz imidazo te ,  indazole ,  and their  

~r 
phenyl der ivat ives .  Table  1 gives the energy E of occupied molecular  orbitals,  ~ -e lec t ron  energies,  E , and the in te r -  

rr, 
act ion energy E in for phenyl and he te rocyc l ic  rings. The la t ter  were obtained by subtracting the total  ~r-electron 
energies of isolated benzene and heterocyctes  from the total~r-electron energy of the corresponding phenyl der iva t ive .  

71" - ' / ' f  * ~, 
Table  2 compares E , the ca lcula ted  energy of ~r-lr -e lect ron transition of some compounds from the ground 

state to the first exc i ted  state,  with that found from the long-wave UV absorption bands of the corresponding com-  

pounds. 

Starting from the distribution of v electrons in the molecules ,  it pro vevd possible~Tr to evaluate  the_.vadditional ~r 
moment  arising through interact ion of the phenyl and he terocycl ic  rings: g in = P N -pheny lazo l e -g  azole .  To s im-  
plify calculat ions,  we regarded the 5 -membered  ring as a regular  pentagon. AII bonds were assumed to be equal in 
length, 1.39 ~ . The values of the o moments of the bonds for the ca lcu la ted  total  dipole moments of the compounds 
(Tab le  3) were taken from [7]. 
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Fig. la.  It-Electron charges and mobile bond orders for the molecules of hetero- 
cyclic compounds and their phenyl derivatives. 

Discussion of Results 

a) Interaction energy of conjugated sTstems 

Characteristic of N-phenyl derivatives of pyrrole, imidazole, pyrazole, 1, 2, 4-triazole, benzimidazole, and 
indazole is approximately equal interaction energy for the two aromatic systems, amounting to an average of 0.22~0. 
Taking the value of the standard resonance integral B ~ as 20 kcal/mole [11], the interaction energy comes out at 4 . 3 -  
4.5 kcal/mole, in approximate agreement with the value of 4 kcal/mole, which we deduced from UV spectrum data 
for N-phenylbenzimidazole [6]. This value is half the interaction energy of the ~r systems of the two phenyl groups in 
diphenyl [12], but it is not unexpected, since formally, in the ground state of the molecules of N-phenyl derivatives of 
5-membered nitrogen heterocycles (FNH), the double bonds of the benzene and heterocyclic rings are not conjugated. 
In terms of the valence bond method, this means that the contribution of the ionic structures of type II, where such 
conjugation occurs, to the ground state of the molecules of the N-phenyl derivatives of FNH is relatively small. The 
low orders of the mobile N 'Cphen  bonds for all compounds (Figs. la, b) support this view. 

Considerably more effective (almost twice as much so) is 7r interaction of aromatic rings in C-phenyl derivatives 
of FNH, where the double bonds of the benzene and heterocyclic rings are conjugated in the ground state. The inter- 
action energy of rings of the C-phenyl derivatives can be calculated as 7 .5 -8 .5  kcal/mole, in agreement with the 
interaction energy of the two phenyl rings in diphenyl. 

The somewhat lower ~r interaction energy in 2-phenylpyrrole is evidently due to the tower aromaticity of the 
pyrrole ring, as it is known that the conjugation of 2 ring systems is greater, the lesser their internal conjugation [9]. 

The ~r interaction energy of the rings is somewhat greater for 4-phenylimidazole than for 2-phenylimidazole, 
despite the latter's having an unbranched system of conjugated bonds (head-to-tail type of ring connection), while 4- 
phenylimidazole has a cross-conjugated system. Apparently the effect observed indicates that in 2-phenylimidazole 
conjugation of the phenyl group with the It-electron system of the imidazole ring is to a considerable extent effected 
not only through the pyridine nitrogen atom, but also through the pyrrole one. This view finds support from the lower 
basicity of 4-phenylimidazole (pK a 6.10) as compared with 2-phenylimidazole (pK a 6.48) [13]. 

b) Electronic absorption spectra 

Unlike unsaturated heterocyclic systems, N-phenyl derivatives of pyrrole, pyrazole and 1, 2, 4-triazole are 
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Fig. lb .  ~r-Electron charges and mobile bond orders of heterocyclic molecules 
and their phenyl derivatives. 

characterized by an intense absorption band in the 235-255  mp* region, regarded by various authors as a K-band [6, 
14-16] .  Our calculations of the electron structure of the first excited state of the molecules of these compounds (Fig. 2) 
also show that excitation is connected with passage of electron densky from one aromatic ring to the other, and the 
nature of the charge transfer in no case corresponds to the aniline-like shift I --~ II, as postulated by the authors of the 
papers mentioned above: 

d d 
*l-Phenyl imidazole  also has an indistinct absorption band in the form of a shoulder in the 266 mg region (Ig s 3 .27) [6] .  
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Fig. 2. Electron charges and mobile bond orders for molecules of phenyl derivatives of 
5-membered nitrogen heterocycles in the first excited state. 
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Thus, for example ,  the exci ta t ion of N-phenylpyrrole  is connected With shift of electron density from the diene 

system of the pyrrole ring to the : N-CBHs group, while,  in the cases of N-phenylpyrazole  and 1-phenyl t r iazole ,  exc i t a -  
t ion involves reverse shift of electron density from the : N-C6Hs group to the diene system. More complex transition is 
observed in 1 -phenyl imidazo le :  on exci ta t ion ,  one part of the diene system ( C 4 ~ C s )  behaves as a donor, and another 
iCz ~--~-Ns) as an aeceptor  of electrons.  The total  effect ,  as for 1-phenylpyrrole,  here comprises supplying electrons to the 
benzene ring. Thus, with increasing number of N-heteroatoms in the he te rocyc l ic  system ( p y r r o l e -  pyrazole,  i m i d a z o l e -  

t r iazole) ,  its electron donor properties are weakened,  which seems quite natural  in view of the higher e lec t ronegat iv i ty  
of nitrogen in comparison with carbon. Often this shows up in the ground state of molecules  of N-phenylated he te ro-  
cycles ,  and par t icular ly  c lear ly  when they are exci ted  (Tab l e  2). 

Table 2 

Energies of ~r ~ ~* Electron Transitions and the Position of the Longwave Absorption 
Band of Phenyl Derivatives of 5-membered  Nitrogen Heterocycles 

Compound 

1 -Phenylpyrrole  
1 -Pheny lpy razo l e  
1-Phenyl imidazole  
1-Phenyl t r iazole  
2 -Phenylpyrrole 
2-Phenyl i fnidazole  
4-Phenyl imidazole  

E~ .--~ ,/r 

--1.4832 
--1,5337 
--1.4982 
--1.5148 
--1.1802 
" 1,1782 
--t.3504 

Total  charge on the phenyl 
group in the ground and e x -  

ci ted states 

-- 0,046 -- 0,465 
-- 0,039 + O, 109 
-- 0.038 -- 0.368 
-- 0.034 + 0,274 
--0.034 --0.218 
+0.013 --0,195 
-- 0,035 -- 0.295 

kl-nax ' m~ 

( lg  ~) 

253 (4.13) 
257 I4,08) 
243 (3,84} 
239 (4.04) 
287 (408} 
271 {4.2) 
257 {4,2) 

Reference 

16 
15 
6 

14 
17 
18 
19 

�9 Err-:~r* given in 80 units. 

Table  3 

Dipole Moments of N-Phenylazoles ( in Debyes) 

Compound ~t~ o* ~ o ~t, o ~in n o  ~exp *~ 

008; 0 ~ 074; 0 ~ 1 -Phenylpyrrole 

1-Phenyl lmidazole  

1 -Phenylpyrazole  

1 -Phenyl t r iazole  

1,69; 0 ~ 

277; 5 ~ 

165; 51 ~ 

2.34; 29 ~ 

0.87; 39 ~ 

0.95; 115 ~ 

0.50; 41 ~ 

1,61; 0 ~ 

3.52; 13 ~ 

2,27; 73 ~ 

2,84; 32 ~ 

0,68; 0 ~ 

0.59; 0 ~ 

0,56; 0 ~ 

1,32 
1.61 

3,14 

2,89 

* Slope angle which the dipole moment  vector makes with an axis passing through 
the  N l a tom of the 5-membered  ring and the para carbon atom of the pheny] group. 

~' Experimental  values of dipole moments taken from a manual  [22] and a paper [5]. 
*** Iust after the present paper had been received by the editor,  a paper [25] deal t  

With measuring the dipole  moment  of 1-phenylpyrazole .  The value obtained (2 .001)  
also agrees satisfactori ly with the value predicted by us. 

Since the character  of the e lec t ron shifts when molecules  of N-phenyl  derivatives of FNH are exci ted  varies, 
one would not expect  any correlat ion between interact ion energies of a romat ic  systems or energies of  Tr ~ ~r* t ransi-  
tions, on the one hand, and the posit ion of the longwave absorption band of these compounds, on the other. 

In agreement  with the  high value of the interact ion energy of aromat ic  rings in the ground state of molecules  of 
2-phenyl  FNH derivat ives,  their  longwave absorption band is appreciably  displaced towards the red as compared with 
the analogous bond of the N-phenyl  substituted compounds. As consideration of the e lect ron structure of the first e x -  
ci ted state of molecules  of 2-phenyl  derivatives of pyrrole and imidazo le  shows, the longwave absorption band o f  these 
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compounds can be related to shift of 7r electron density from the heterocyclic ring to the phenyl group, e . g . ,  tII -+ IV: 

H H 
III IV 

For 2-phenylbenzimidazole,  the longwave absorption band lies in the region of yet longer wavelength [18] as com-  
pared with 2-phenylimidazole,  and this is due to the longer conjugation chain and the high E~n values for the phenyl 
and imidazole rings. Here, ~r-electron transition is mainly connected with charge transfer from the benzene ring annel-  
ated with the heterocyclic ring, to the 2-phenyl snbstituent. This confirms the validity of considering similar 2-ary l -  
benzazoles as planar models of aromatic Schiff's bases when analyzing the spectra of the latter [20]. 

Considering the relative values of E~n, it is difficult to explain Why the longwave absorption band of 4-phenyl-  
imidazole occurs in the lower wavelength region as compared with the same band of 2-phenylimidazole.  

c) Dipole moments 
- - ~ O  

Calculated vatues of dipole moments of N-phenylazoles (Table 3)-~ = ~ r +  ~ , are in completely satisfactory 
agreement with experimental values, which can be considered as additional support for the parameters for the hetero 
atoms which we chose, In agreement with previously stated considerations [5], calculations show that conjugation of 
the N-phenyl and heterocyelic rings gives rise to an additional rr moment,  directed along the N-Ph axis, and calculated 
from the total moment of the heterocyelic part of the molecule.  This leads to the conclusion that the dipole moments 
of N-phenyl FNH derivatives are lower than the dipole moments of unsubstituted or N-methylated heterocyclic rings. 
The value of the additional rr moment ~ n  calculated by us, is a maximum for 1-phenylpyrrole and a minimum for 1-  
phenyltriazole, i . e . ,  increases with the number of hetero atoms in the molecule.  The values of g~n calculated for 1- 
phenylpyrrole and 1-phenylimidazole are in good agreement with those previously arrived at from experimental data 
[s, 21]. 

d) Reactivity? 

The electron density distribution for the ground state of molecules of N-phenyl FNH derivatives indicates that the 
heterocyclic ring must be ortho-, para-directing for eiectrophilic substitution in the benzene part of the molecule.  Ex- 
perimental results for nitration of 1-phenyl derivatives of imidazole,  pyrazole, and indazole, are in accord with that 
view [23]. Iudging by the total ~r-electron charges localized in the benzene ring, the ortho-, para-orientating capacity 
of heterocyclic  rings decreases in the order pyrrole, imidazole,  pyrazole, 1, 2, 4-tr iazole.  

Ortho-, para-aetivation in the phenyl group is also found in 2-phenylpyrrole and 4-phenylimidazole.  However, 
for 2-phenylimidazole,  and particularly for 2-phenylbenzimidazole in the ground state, deactivation ot the benzene 
ring is observed, so that here mainly meta orientation is to be expected. Results [24] show that nitration of 2-phenyl-  
imidazole gives a mixture of o-,  m- ,  and p-nitrophenyl derivatives in the ratios 7.5 : 1 : 250. This kind of disagreement 
between experimental and calculated results for very small changes in the ~r electron charges, has been found by other 
authors [9]. There are no experimental results for electrophilic substitution in the 2-phenyl group of 2-phenylbenzimi-  
dazole. 

Molecular orbital calculations show that N-phenyl and C-phenyl groups should not have a substantial effect on the 
reactivities of heterocyclic rings. This confirms the previously expressed view regarding the steric nature of the hin-  
drance, shown by phenyl in the N-substitution of 2-phenylbenzimidazole and 4-phenylimidazole [4]. 

On the other hand, in contrast to the conclusions previously drawn from experimental results obtained with N- 
phenylimidazoles [1, 2], the phenyl group, as the calculations show, not only does not lower, but even increases 
several-fold the It-electron density at CI~ as compared with that in the non-phenylated compound. Obviously, the 
character of the reaction taking place at Cbt in the imidazole ring is to a large extent determined by the distribution 
of electron density in the reaction transition state. 
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