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ABSTRACT - The barrier to the rotation about the C-C bond linking the two 
heterocycles of 2-(4'-pyridy1)benzazoles and of their pyridinium salts is 

too low to be measured by proton nmr spectroscopy at 60 MHz. A slowing down 

of the proton exchange between the two benzimidazole nitrogen atoms has 

been shown to occur. The conformation of the different molecules is discussed. 



From the Kauffmann's arenology principle (1 )  

compounds g, and g (see scheme 1 )  must show a restricted rotation about 

the central bond. For compounds g, the barriers to rotation about the 
exocyclic C-C bond of various C-formylated or C-acetylated pyrroles, 

furans and thiophenes are well known ( 2  to 7 for example); recently the 

rotational barrier in 4-formylpyrazole has been measured (8) .  Less 

attention has been given to the corresponding barriers in compounds of 

type C (9  to 11); however it has been possible to show that the presence 

of electron-withdrawing substituents or of added nitrogen atoms in the 

ring raises the barriers. In the first part of the present work we 

describe the first attempt to determine the activation energy of rotation 

about a bond linking two heterocycles , one being ir-rich and the other 
n-deficient (type g )  

AMIDE 
FUNCTION 

AMIDE 
SEMIARENOLOGS 

AMIDE 
DOUBLE ARENOLOG 

D - 
Scheme 1 : Application of the arenology principle to the case of amides 

All these cases are concerned with the rotation about a formal single- 
2 

bond between two sp -hybridized atoms. These compounds have two rota- 

tional barriers: one I has a 0 origin and is due to an increase of the 

steric effects near the planar state ( (p= 0.) , the other, 11, n- 
originated, arises from a loss of delacalizatian energy near the 
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orthogonal intermediate state ((P= 90'). This last barrier is the only 

one which can be measured by NMR spectroscopy, as the rotation permutes 

the signals arising from A and B. 

190 
1 90 

.---- 0 ----- A@ - - - - - - - 0 
0 ,  

! 

In the case of the amides A, the main barrier has clearly a n-origin 

and thus can be obtained from NMR measurements; but i n  the case of 

compounds 0, the problem is to determine which barrier is the higher 
one. Except for compounds in which X=NR with a bulky R group ( a 

methyl for example), one may admit that the rotational barrier through 

a planar transition state, is equal or inferior to the biphenyl barrier 

for which AG;= 2.5 ~cal/mole (12). 
The following compounds belonging to class I, , 2 to 

10, have been chosen for the present NMR study: - 

NH 

N-CH 
3 

N-C H 
6 5 

NH 

N-CH 
3 

NH 

N 4 H 3  



The values of the proton chemical shifts are given in 

table 1. The four pyridinic protons always give rise to an AA'BB' system 

[the protons dto the nitrogen atom appear at higher frequencies and their 

signals are broadened by the quadrupolar relaxation of the adjacent 

nitrogen] : this shows that, either the rotation about the C-C bond is 

fast at room temperature [assuming that the non-equivalence produced by 
2 .  the sp nltrogen atom and the X group of the five-membered ring is 

sufficient to make the two protons H anisochronous when the two rings 
0 

are not orthogonal] or that the two rings are perpendicular. This problem 

is similar to thit of the atropoisimerism where the two phenyl rings 

become perpendicular only if the four ortho positions are substituted. 
The molecules described here have at most one ortho substituent, therefore 
the energy of the coplanar "configuration" must not be high enough to 

prevent the interconversion. This is in agreement with Bergmann et al. ( 1 3 )  

who assumed a fast rotation of the phenyl group in 8-phenylpurines at 

room temperature. Various factors may influence the value of the barrier 

to the rotation about the bond linking the two heterocycles: 

i- the conjugation between the benzazolic and pyridinic rings 

which leads to an increase of the barrier; chis conjugation depends on 

the electron-donating character of the benzazole ring and on the 

electron-accepting character of the pyridinic ring and thus on their 

substituents. However the existence of such a conjugation destroys the 

benzenic structure of the benzazole ring making it unfavourable. 

ii- the steric hindrance between the protons Ho and X, which 

decreases the barrier because of an increase in the energy of the planar 

state lif X is 0 or S, however, an attraction can occur between the 

lone pairs and the aromatic protons] 
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From the values of the Hammet o and 0 constants in 
I R 

2-phenylbenzazoles (14) it can be concluded that conjugation should be 

favoured in compounds 2, 5 and at a lesser extend in 2 as well as in 7 
in which the nitrogen in the fused benzene ring has an electron-with- 

drawing character (ll);unfortunatly these compounds are those for which 

the steric hindrance (factor ii) is more important. 
1 

We have undertaken a PMR study at low temperature of 

compounds 2 (in acetone-d down to -90°C and in THF down to-80°C), 3, 7, 
6 

5, 2 (in THE down to -lOO°C) and 10 (in a mixture ~~F/acetone-d down 
6 

to -10O0C): no changes in the spectra have been observed; however the 

spectrum of compound 2 starts to show a broadening of the signals which 
is more important for protons H than for protons H at -80°C in THF; 

0 m 
unfortunatly it was impossible to reach temperatures lower than -90°C. 

An attempt to observe this phenomenon on the 13c spectrum of compound 

2 in acetone-d6 failed because of its insolubility at low temperature - 
13 

( C chemical shifts are given together with those of compound 4, in 

the paragraph concerned with the exchange process occuring in NH 

benzimidazole derivatives). 

In the case of the quaternary salts 3 to 16, the 
possibility of conjugation between the benzazolic and pyridinic rings 

is higher than in the bases: 

X R 

11 - NH H 

The proton chemical shifts measured for these salts are given in table 2. 

Conjugation should be most favourable in compounds 15 or 2 for which 
steric hindrance is minimum: however cooling a solution of 15 in liquid 
SO down to -70°C showed no change in the NMR spectrum. 2 

In all cases, a sharpening of the signals due to the H protons, is 
observed because of the increase of the nitrogen re~axatTon rate when 
the temperature is lowered (15). 



It therefore seems very difficult to reach the rotational 

barrier about the C-C bond of molecules of type g by NMR spectroscopy. 
However we can try to estimate its magnitude in assuming , as in the 
Hamett equation, that the logarithm of the rate of rotation about the 

2 
amidic bond (and thus the activation energy ) can be expressed as the 

product of two terms, d and p ,  each one corresponding to one part of 
the molecule,respectively electron-donating and electron-attracting. 

The simplified results obtained Erom experimental values using a non- 

linear regression are given in table 3 and they show that one can expect 

barriers of approximatively 4 ~cal/mole for compounds of type D. These 
values are thus too low to be reached by the method we used (proton NMR 

at 60MHz above -lOO°C). 

In that procedure we have supposed that the 4 values were similar in 

compounds 2 and 2 In order to get a more realistic estimation of 
the d coefficient in our compounds we have prepared the 2-fomylbenz- 
imidazoles 2 and 20 with the purpose of measuring their rotational 
barriers (their d coefficient would be equal to A ~*/5.5) 

17 - 18 - - 19, R = H - 20a 

20, R = CH - 3 
Unfartunatly the 2-famylbenzimidazole 19 could not be studied at low 
temperature as it exists as a dimer at ambient temperature (18). In 

order to observe the proton spectrum of the monomer we had to warm up 

to +llO°C in DMSO-d In the case of compound 20 even at -125°C in a 
6 '  

mixture CHCl F/CH C1 no change was observed on the signal due to the 
2 2 2  

formyl proton: this does not necessarily show that the barrier to the 

rotation of the C-CHO bond is low, but rather that this molecule exists 

mainly in the planar or near planar  conformation.^, because of the 
repulsion between the lone pairs of the oxygen and nitrogen ( N ~ )  atoms. 

For instance it has been shown (35a) that the rotation barrier of 

p-substituted benzamides correlates with Harmnett's constants. 

- $1 , i: 
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Exchange process. 

Usually the NH proton of a benzimidazole ring exchnnges 

rapidly between the two nitrogen atoms so that one can expect to observe 

in NMR spectroscopy, an AA'BB' or an A2 system for the benzenic protons 

of the benzimidazoles 1 and 5 respectively. However, this exchange has 
been slowed down at low temperature in THE in the case of the 2-chloro- 

benzimidazole and of its 6-methoxy derivative (19); moreover from 

proton and carbon-13 experiments it has been possible to observe a 

slow exchange at ambient temperature (20) in the case of the 2,2-di- 

methyl-3-(2'-benzimidazolyl) ethylpropanoate in CDCl and DMSO-d 
3 6 ' 

The proton spectrum of compound 5,  taken in DMSO-d 
6 

at 60 MHz, shows that the signal due to the protons H-4 and H - 7  is 

abnormally broadened even after decoupling of the methyl groups. The 

carbon-13 spectrum shows this phenomenon even more clearly (C-13 

chemical shifts are shown below, together with those of compound 2): 

2 in acetone-d - 6 - 1 in DMSO-d 6 
Carbons at positions 3a and 4a, 4 and 7 are anisochronous3 though still 

broadened as the exchange is not slow enough on the NMR scale; carbons 

at positions 5 and 6 are not anisochronous enough to give rise to two 

distinct signals but their peak is broadened. 

Thus it seems that the proton exchange between the two 

nitrogen atoms is easier to observe in a benzimidazole system than in 

other heteroaromatic rings (21-25). 

It can be noted that carbons rd to the pyridinic nitrogen as well as 

carbons pare isochronous showing that there is no restricted rotation 

about the C-C bond linking the two heterocycles. 

All the assignments have been made from off-decoupling or selective 
decoupling experiments or by comparison with attributions already made 
on similar systems (20). 



Torsion angle between t h e  pyr id ine  r i n g  and t h e  benzazole p lane .  

Some authors  (13) have r e c e n t l y  at tempted t o  c a l c u l a t e  

t h e  angle between t h e  p lanes  of the  phenyl and pur ine  r i n g s  of a  s e r i e s  

of 8-phenylpurines. They used the  d i f f e rence  i n  chemical s h i f t s  of t h e  

o r tho  and =a phenyl protons assuming t h a t  i t  was only  due t o  t h e  - 
4 

pur ine  r i n g  c u r r e n t  e f f e c t  . In a l l  t h e i r  c a l c u l a t i o n s  they neglected  
2 .  the  anisot ropy e f f e c t s  of t h e  sp  n l t rogen  and of t h e  N-R group i n  t h e  

imidazole r ing .  

I n  t h e  case  of our systems t h e  d i f f e rence  i n  chemical 

s h i f t s  between ortho and meta protons of t h e  pyr id ine  nucleus a r i s e s ,  

on t h e  one hand from t h e  p y r i d i n i c  n i t rogen ,  and on the  o t h e r  from t h e  

benzazole e f f e c t  ( r i n g  cu r ren t  and s u b s t i t u e n t  e f f e c t s ) .  

From a  comparison wi th  t h e  chemical s h i f t s  of pyr id ine  i t s e l f  [ S  = 
H-2,6 

8.60 ppm, -7.25 ppm i n  CDC13 (26))  i t  can be observed ( see  
H-3,5- 

t a b l e  1) t h a t  meta protons H a r e  s l i g h t l y  s h i f t e d  (Sm = 0.00-0.20 ppm) 
m 

whereas & p r o t o n s  H a r e  more s t rong ly  s h i f t e d  (S = 0.40-1.05 ppm) 
0 0 

towards high f requencies  by t h e  in t roduc t ion  of a  benzazole r ing .  The 

e f f e c t  on protons has t h e  same o rde r  of magnitude a s  t h a t  observed 

f o r  t h e  a r y l  protons when an azole  is introduced i n  N-arylazoles (27);  

f o r  t h e  ortho protons t h e  s h i f t s  due t o  t h e  benzazole r i n g  ( t h i s  work) 

a r e  more important than those  produced by an azole  r i n g  [ N-arylazales 

(27))  . I n  both cases ,  compounds can be c l a s s i f i e d  i n t o  t h r e e  c l a s s e s :  
2 .  Class a  : -0 protons f ace  two sp  n l t rogen  atoms a s  i n  

compound 10 (S = 1.05 ~ p m ) .  
0 2 .  Class  b  : ortho protons f ace  one sp  n i t rogen  and a  group 

bear ing no bulky s u b s t i t u e n t  a s  i n  compounds 3 8  and 2 (0.60(S0(0.78 ppm). 

It is  i n t e r e s t i n g  t o  n o t i c e  t h a t  a  sulphur atom, i n  compound 2, s h i f t s  

t h e  & p r o t a n s  l e s s  towards high f requencies  than an NH group o r  an 

oxygen atom. 
2 .  Class  c  : oreho protons f ace  one s p  n l t rogen  and a  NR group a s  

i n  2, 2 and 1 ( 0 . 4 0 ( ~ ~ ( 0 . 5 0  ppm). 
5 

-- 

The authors  (13) have ca lcu la t ed  t h a t  t h e  e f f e c t s  expected from changes 
i n  t h e  carbon charges should be very small .  

The differe.:ce between s e r i e s  b  and c appears a l s o  i n  carbon-13 spec t ros -  
copy: carbon 2 '  of compound 2 resonates  a t  120.1 ppm whereas t h a t  of 
compound 2 resonates  a t  123.1 ppm; t h i s  s h i f t  occurs c e r t a i n l y  because of 
a  no t i cab le  inc rease  of the  d ihedra l  angle i n  compound 2 ( c l a s s  c ) .  

9 1 8 -  
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shiftsA=J - 5  
Hm Ho 

same classification i 

If we now consider the differsnce of chemical 

in every 2-(4'-pyridyl) benzazole (se table I ) ,  the 

s obtained: 

Class a : compound 10; = 0.45 ppm 

Class b : compounds 1, 4, 6, 4 and 9; 0.66 < h (0.85 ppm 

Class c : compounds 2, 5 and 1; h = 1.06 ppm 

First,one can notice that ortho protons in compounds 8 and 2 though 
facing two lone pairs behave like protons of NH derivatives. 

Going from class a to classes b and c, o a  protons are shifted towards 

low frequencies: this arises because of the enhanced steric hindrance 

which changes the dihedral angle between the two heterocyclic planes 

in the favoured conformation and thus makes the ring current effect less 

important. Two other factors can influence the ring current itself: the 

loss of conjugation between the .two heterocyclic moieties when the steric 

hindrance increases, and the introduction of a substituent (28). Besides 

the effect of the ring current on the o= protons of the pyridinic 

nucleus, one must also consider the influence of the lone pairs of the 

benzazole heteroatom and of the N-substituent. At this stage it is 

impossible to separate all these effects but studies are in progress to 

do so, especially in order to reach the value of the torsion angle 

between the heterocyclic rings in the three classes of Compounds. 

If our estimations of OG* ( IV 2 ~cal/mole) and 
I 

AGZI ( N  4 ~cal/mole) are correct, the potential energy curve as a 

function of the torsional angle,will have the following feature for 

compounds of class b : 



Table : - 
'ompound 

I : proton ma data for a resier of 2-(44-py~idyl) benrazoless 

I b b 
Hm S, Ho $0  - 

NH CX CH ! DMSO-d6 
3 
THF 

UCH3 M CH3 CE13 

o c 1 J I w  

NH N H DMSO-d6 

THF 

NCH3 N H CDCl3 

0 CH H m 1 3  
THF 

rr o i  :!le mulCiplec. 
inr the sme posir~on in the 2-(4'-pyriayl) benraroles 



~ a b h  2 - ~rotan NHR dacn f o r  a series o f  2- (4'-pyridyl) benrarole salt,. 

H L 

- 5 (HJ - 3 (\) - difference of chemical shifts berueen .era and orrho protons. 
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Therefore one can expect that l? GTI could be measured by NMR spectros- 

copy using either the proton resonance at high field, or the 1 3 ~  

resonance at temperatures around -150°C. 

This is not valid for compounds belonging to class c in which G* can I 
be higher than AG* because of the steric effects due to the nitrogen 

11 
substituent. 

Acknowledgment: We are grateful to Professor J. Sandstriim (Chemical 

Center, University of Lund) for having e'aken several proton NMR spectra 

at low temperature. 

EXPERIMENTAL PART 

Proton NMR spectra have been recorded on a Varian A60 

spectrometer equipped with a variable temperature controller. The carbon 

NMR spectra have been recorded on a Briicker WP60 operating at 15.08 MHz, 
2 the field being locked on the H resonance of the solvent . 

2-(4'-pyridyl) benzim dazole 1 
This compound was prepared by two different ways: 

- by heating o-phenylenediamine with isonicotinic hydrazide 
at 250°C for 8 hours. This is a modification of che process used by 

Hideg and Hankovsky (30) which did not give the described yield. 

Yield 50 %. 

- by condensation of 0.1M of o-phenylenediamine with 0.1M of 

isonicotinic acid at 150-160°C in a bomb with 10 ml 35% HC1 for 7 hours. 

The solid product was washed thoroughly with water, dried and washed 

with chloroform. Yield 75%. 

rn.p.(aqueous ethanol) = 224-225O [=it., 225-226" (30)] 

2-(4'-pyridyl)-5,6-dimethylbenzimidazole 4 
This compound was obtained by heating the 1,2-diamino- 

4,5-dimethylbenzene with isonicotinic hydrazide at 250°C for 7 hours. 

The product was taken up with water, filtered, dried and washed with 

ether. Yield 81%. 

m.p.(ethanol) = 241-243O 



2-(4'-pyridyl) benzoxazole 8 and benzothiazole 2 
The method described by Hideg and Hankovsky (30) was 

used. 

8 m.p. (ethanol) = 139-14O0  i it., 137-138O (30)] - 
9 m.p. (acetone) = 135-136O  i it., 136-137" (30)] - 

2-(4'-pyridy1)-4-azabenzimidazole 5 
This compound was synthetised by heating at 210-230° 

d: 
for 3 hours a mixture of 2,3-diaminopyrb?ie and isonicotinic hydrazide. 

The product was taken up with water, filtered and dried. Yield 80%. 

m.p. (ethanol) 260-262O 

N-methylation of the 2-(4'-pyridyl) benzimidazoles 

The NH compound (Imole) was heated at 55-6O0 for 1 

hour in methanol (20 ml) with two pellets of sodium hydroxide. The 

mixture was stirred and dimethylsulphate (1.5 mole) was added dropwise. 

The product was tipped into 500 ml of water, extracted with chloroform, 

dried (K SO ) and evaporated. Chromatography on alumina gave the expected 2 4 
product: 

2 (eluent:CHC13) m.p. = 105-106" (yield 30%) - 
5 (eluent: ether-petrol 50/50) m.p. = 216-217O (Yield 20%) - 

The same procedurewas used to methylate the 2-(4'-pyridyl)-4-azabenz- 

imidazole. But by chromatography on alumina two products could be 

separated: 

7 (eluent: c~~l~/ether 50/50) m.p. = i15-116° (Yield 10%) - 
10 (eluent: CHC13) m.p. = 209O (Yield 20%) - 

Direct synthesis of compound 2 
N-methyl o-phenylenediamine (0.01M) and isonicotinic 

hydrazide (0.01M) were heated under reflux with a gas outlet, at 230- 

240° for 3 hours. The crude product was cooled, dissolved in acetone 

and evaporated; the residue was triturated with ether-petrol to remove 

traces of the diamine and then with water to remove the hydrazide 

giving a solid which was filtered and dried. 

m.p. (aqueous ethanol) = 105-106" (Yield 80%) 

N-phenyl 2-(4'-pyridyl) benzimidazole 2 
N-phenyl o-phenylenediamine (0.01M) and isonicotinic 

hydrazide (0.01~) were heated at 210-230° for 6 hours. The product was 

cooled, taken up in hot ethanol and evaporated. Trituration with water 

gave a solid which was filtered and dried. 
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Chromatography on alumina (eluent: ether) gave: 

3 m.p. = 142-143O (Yield 20%) - 
Quaternization of 2-(4'-pyridyl) benzazoles 

The benzazole (I mole) was heated under reflux for 

2 hours with methyl iodide (3 moles) in acetone (10 ml). The solution 

was cooled and filtered; the solid was washed with cblorofom and re- 

crystallized from ethanol: 

11 m.p. = 270-271° - (Yield 82%) 

12 m.p. = 283-284O - (Yield 70%) 

13 m.p. = 233-234O - (Yield 74%) 

14 m.p. = 303-304" - (yield 92%) 

15 m.p. = 320-322O (Yield 95%) 

16 m.p. = 311-31Z0 - (Yield 90%) 

2-Formylbenzimidazole 2 
The 2-hydroxymethylbenzimidazole (31) was oxidised by 

SeO according to the method reported by Campaigne, Thompson and Van 2 
Werth (32) to give the 2-formylbenzimidazole. Yield 41%. 

19 m.p. = 234-23S0 Lit., 235O (33) - 
1-methyl-2-formylbenzimidazole 2 

The procedure described by Le Bris and Wahl (34), 

starting with 1,2-dimethylbenzimidazole, was used : 

20 m.p. = 121-12Z0 Lit., 123.5- (18) - 
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