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R e s e a r c h  on bas ic  isotopic hydrogen exchange of the methyl  groups and a r o m s t i c  r ing CH 
bonds in va r ious  c l a s s e s  of f ive -  and s i x - m e m b e r e d  he te rocyc l ic  compounds is examined. 
P r inc ipa l  at tention is d i rec ted  to the p rob lem of the appl icabi l i ty  of co r re l a t ion  and quantum- 
chemica l  approaches  to the e s t ab l i shment  of the in te r re la t ionsh ip  between CH acidi ty  and the 
pecu l ia r i t i es  of the e lec t ronic  s t r u c t u r e s  of the molecules .  The effect  of a solvent  on the 
change in the kinetic c h a r a c t e r i s t i c s  of the deuter ium exchange of n i t rogen-conta in ing  he t e ro -  
cyc les  is d i scussed .  

In the last decade several monographs [1-3] and reviews [4-8] in which the principles of basic iso- 
topic hydrogen exchange and its relationship to the CH acidic properties of organic compounds are ex8 m- 
ined have been published. The experimental and theoretical study of this area of problems was based chiefly 
on data pertaining to aliphatic compounds containing strong electron-acceptor substituents and also to aro- 
matic hydrocarbons and their derivatives. Insofar as heterocylic aromatic compounds are concerned, de- 
spite the peculiarity of their behavior during basic deuterium exchange and the considerable amount of data 
on the kinetics of the exchange reaction, there are practically no papers of review character that correlate 
the data of the available publications.* 

The increased interest observed in recent years in the investigation of the exchange capaeity ofhetero- 
cyclic systems has undoubtedly been stimulated by the similarity in the principles of the occurrence of 

the exchange reaction and many chemical [i, 9-13] and biological [14, 15] processes peculiar to hetero- 
cycles. In particular, it has been shown that the manifestations of mutual effects in deuterium exchange 

of methyl derivatives of heteroaromatic compounds are close in nature to those in reactions involving the 

condensation of a methyl group with electrophilic reagents or nucleophilic substitution of halogens, which 
proceeds via an SN2 mechanism, whereas basic deuterium exchange of the hydrogen atoms of an aromatic 
ring models processes of the "aryne" and other types. 

An attempt is made in the present review to make a systematic examination from a certain single 
point of view of the chief results of a study of the reactivities of five- and six-membered heteroaromatic 
compounds by the method of basic deuterium exchange. The results of investigations known from the litera- 
ture are discussed in connection with data obtained in the isotope laboratory of the State Institute of Applied 
Chemistry. In the first portion of the review the effect of factors of the electronic structure on the kinetic 

CH acidity of heterocycles classified according to the type of reaction center is analyzed thoroughly. More- 
over, chief attention is directed to research in which the experimental dat8 are discussed from the posi- 
tions of correlation analysis and quantum chemistry.~ The specific effects of intermolecular interaction 
that frequently mask the effect of structural factors on the change in the CH acidity are discussed briefly 
in the second portion of this review. 

*Only a brief summary of data on the exchange capacity of heteroaromatic compounds with "active" methyl 
groups has been published [9]. 
In conformity with the task in view, a number of studies, from the results of which only qualitative infor- 

mation can be extracted, are not included; moreover, research involving the deuterium exchang e of hetero- 
cycles in acidic media is not examined. 

State Inst i tute of Applied Chemis t ry ,  Leningrad.  Trans la ted  f r o m  Khimiya Getero ts ik l icheskikh  
Soedinenii, No. 12, pp. 1587-1612, D e c e m b e r ,  1974. Original  a r t i c l e  submit ted August  8, 1973. 

�9 Plenum Publishing Corporation, 227 West 17th Street, New York, N. Y. 10011. No part o f  this pubfcation may be reproduced, 
stored in a retrieval system, or transmitted, in any form or by any means, electronic, mechanical, photocopying, microfilming, 
recording or otherwise, without written permission o f  the publisher. A copy o f  this article is available from the publisher for $15. 00. 

1397 



TABLE 1. 
Nitrogen Heterocycles  in 0.57 N C2H5OK in C2H5OD 

Isotopic Hydrogen �9 of A Ikyl Groups of Six-Membered 

E, AETr, 
Compound -lg k*..s ~ kcal/rnole lg A I tt,] units PKaCIt'~ 

8,2 
11,0 
6,3 
5,1 
9,3 
5,4 
5,1 

11,1 
(9,5) 
11,8 
2,7 
7,4 
6,4 
5,1 
4,3 
3,5 
7,2 
3,8 
1,6 

(4,1) 
5,7 

(-2,0) 

( -  1,0) 

4~ 
5,7 
4,7 
2,9 
3,9 
1,8 

(15,9) 

24,7 
31,0 
20,3 
20,6 
25,5 
20,8 
18,3 
27,6 

31,0 
18,3 
26;2 
22,5 
20,9 

�9 17,0 
19,9 
26,2 
15,8 
17,6 

21;0 

9,5 
16,8 
10,4 
16,5 
23,5 
20:4 

9,8 
ll,7 
8,7 
9,4 
9,2 
9,8 
8,3 
9,1 

5 
9,7 

,1 ,8  
0,1 
0,2 
8,1 
1,1 
3,0 
7,8 
1.3 

95 

m 

2 ,6  
6,3 
2,9 
9,2 

13,3 
13,1 

4,56 
4,64 
4,57 
4,54 
4,58 
4,50 
4,47 
4,61 

4,58 
4,48 
4,51 
4,52 
4,41 
4,54 
4,41 
4,66 
4,45 
4,32 

w 

4,64 

2-Methylpyridine 
3 -Meth~,l~ridine 
4-Methylpyridine 
2-Methylpyrazine 
5-Methylpyrimidine 
2-Methylquinoline 
4-Methylquinoline 
6 -Meth~lquinoline 
3 -Methylquinoline 
8 -Methylquinoline 
2-Methylquinoxaline 
a -Napl~thoquinaldine 
8 -Naphthoquinaldine 
9 -Methylphenanthridine 
9 -Methylacridine 
2-Methylpyridine N-oxide 
8-Meth~lpyridine N-oxide 
4-Methylpyridine N-oxide 
2-Methylquinoline N-oxide 
4-Methylquinoline N-oxide 
1 - Methylisoquinoline 
1,2-Dimethylpyridinium 

iodide 
1,4-Dirne thylpyrid injure 

iodide - - 
2 -Benzylpyridine 
3 - Benz~,l~)~ridine 
4-Benzytpyridine 
2-Benzylpyridine N-oxide 
3- Benzylpyridine N-oxide 
4-Benz~lp~ridine N-oxide 
Toluene 

(27) 
(28) 
(25) 
(23) 
(28) 
(23) 
22,2 
(30) 
(28) 

(31) 
(20) 
(26) 
(25) 
22,8 
2],I 
22,3 

21,3 
25,0 

23,9 
24,9 
23,4 
22,0 
22,8 
22,0 
(36) 

* Here and subsequently, the experimental  ra te  constants in a number 
of cases  are  reconver ted  to standardized react ion conditions. 

The PKa CH values were determined by a "stepwise" method relat ive 
to indicator hydrocarbons (fluorene 20.5, 9-phenylxanthene 24.2, t r i -  
phenylmethane 27.2, and diphenylmethane 28.6) on the Steiner and Stark 
scale.  A solution of sodium ethoxide in dimethyl sulfoxide containing 
alcohol  was used for the lower portion of the scale of CH acidit ies,  a 
solution of sodium dimsyl  in DMSO was used for the middle portion of 
the scale,  and a solution of sodium amide in liquid ammonia was used 
for the upper portion of the scale.  The PKa CH values calculated f rom 
express ion (1) are  presented in parentheses .  

E L E C T R O N I C  I N T E R A C T I O N S  I N  H E T E R O A R O M A T I C  C O M P O U N D S  

1. B a s i c  D e u t e r i u m  E x c h a n g e  a s  a M e t h o d  f o r  t h e  S t u d y  

of  t h e  CH A c i d i t y  of  H e t e r o a r o m a t i c  C o m p o u n d s  

Although the ability of methyl derivat ives of he teroaromat ic  compounds to undergo deuterium ex- 
change react ions  has been known for quite some t ime [16-19], a sys temat ic  study of it on aquanti tat ive ~ 
basis was begun only in recent  years .  In a number of cases  it has been shown [20-25] that the exchange 
of a hydrogen of an alkyl group attached to a r ing proceeds  via a carbanion mechanism, the slow step of 
w h i c h  is  s t r i p p i n g  of a p r o t o n  by the  b a s e ,  and ,  c o n s e q u e n t l y ,  i t s  r a t e  m a y  s e r v e  a s  a m e a s u r e  of the  CH 
a c i d i t y  of c o m p o u n d s  of the  t y p e  u n d e r  c o n s i d e r a t i o n  h e r e :  

Her-  CH 3 '= ~- He'c-- C = Her-- CH2D 

A d i r e c t  c o n f i r m a t i o n  of t h i s  is  t h e  o b s e r v a n c e  of a l i n e a r  d e p e n d e n c e  b e t w e e n  the  l o g a r i t h m s  of the  d e u t e r -  
i u m - e x c h a n g e  r a t e  c o n s t a n t s  and  the  PKa CH v a l u e ,  wh ich  c h a r a c t e r i z e s  t he  a c i d - b a s e  e q u i l i b r i u m  of s i m i -  

l a r l y  c o n s t r u c t e d  h e t e r o a r o m a t i c  an d  a r o m a t i c  s u b s t r a t e s  in  p r o t o p h i l i c  m e d i a  [26]: 

Ig k= 14.26--0.84 pKa c•, ('1) 

1398 



TABLE 2. Isotopic Hydrogen Exchange of the Methyl Groups of Five-  
Membered Heterocyctes  in 0.57 N C2H5OK in C2H5OD 

Compound - E, kcal/mole 

2-Methylfuran [34] 
2-Methylthiophene [34] 
3-Methylthiophene [84] 
2-Methylbenzofuran [34] 
2 - Methy lbenz othiophene [34] 
1,2-Dimethylindole (2) [34] 
2,5-Dimethylthiazole (2)* 
4-Methylthzazole* 
5 -Methytthiazole* 
3 -Methylisothiazolel" 
4-Methy l~sothiazole'~ 
5 - Methy tisothiazote~" 
2 4,5-TrLmethyloxazole (2)* 
2,4,5-Trimethyloxazole (4)" 
2,4,5-Trimethyloxazole (5)* , 
1,2-Dimethylihaidazole (2)* 
1,3,5-Trimethylpyrazole (3)* 
1,3, 5-Trimethylp~razole (5)* 
2- Methylbenzotfifophene [34] 
2-Methylbenzothiazole [34] 
2-Methylbenzoselenazole IS4] 
1,2-Dimethylbenzimidazole [34J 
2-Methyl-A 2-thiazoline* 
1,2-Dimethyl-AZ-imidazoline (2)* 
1,3,4-Trimethyl-A 2-pyrazoline 

(3)* 
2-MethyI-A 2-imidazoline* 

m 

29,0 
25.4 
34,4 
25,2 
20,9 
23,4 

27,9 

17,1 

19,2 
18,0 
19,3 
28,5 
18,5 
10,4 

14,6 
21,3 

z~xE/r, 
I BI units 

4,66 
4,58 
4,80 
4,57 
4,52 
4,57 
4,46 
4,73 
4,59 
4,59 
4,76 
4,48 
4,55 
4.77 

4,70 
4,46 
4,40 

4,50 
4.39 
4,45 

4,53 

*According to the data of N. N. Zatsepina, I. F. 
Belyashova. 
I' Found by extrapolation of the data in [35]. 

Tupitsyna, and A. I. 

Express ion  (1) holds t rue over a range of PKa CH changes of ~ 15 units. It may be used for an approx-  
imate evaluation of the PKa CH values in those cases  in which direct  spect rophotometr ic  determination of 
the equilibrium CH acidity is difficult. 

The available data on the equilibrium acidity of a romat ic  CH bonds in he terocycles  are  disjointed and 
frequently cont radic tory  [27, 28]. Although a cer ta in  correspondence exists between the measured log k 
and PKa CH values,  in view of the limited and unsystemat ic  charac te r  of the experimental  data, the question 
of the possibil i ty of the use of kinetic data for the evaluation of the equilibrium ionization constants of a ro -  
matic he teroeycles  as CH acids is present ly  an open one. 

2.  D e u t e r i u m  E x c h a n g e  of  M e t h y l  D e r i v a t i v e s  

of  F i v e -  a n d  S i x - M e m b e r e d  A r o m a t i c  H e t e r o c y c l e s  

Unsubstituted Heterocycles .  F rom a compar ison of the l i terature data on the kinetics of deuterium 
exchange, a port ion of which is presented ha Tables 1-3, it follows that, depending on the position of the 
heteroatom rela t ive  to the methyl group undergoing exchange, its effect on the CH acidity changes in the 
following o rder :  methylpyridines 4 > 2> 3 [24, 29-31], methylpyridine N-oxides 2> 4> 3 [24, 30, 31], 1 -methyl -  
picolinium iodides 2> 4> 3 [24, 30, 31], methylpyridazines 4>2 [32], methylpyridazine N-oxides 6>5>4> 3 
[32], methylquinolines 4> 2> 3> 6> 8 [2#, 29, 33], methylthiophenes 2 >3 [34], methylthiazoles and methylox- 
azoles 2> 5> 4 (Table 2), and methyl isothiazoles  ~.nd methylisoxazoles 5> 3> 4 [35, 36]. 

The activating effect of heteroatomic, groups in equivalent positions of the r ing dec reases  in the fol-  

lowing o rder :  for s ix -membered  rings [24, 30, 31, 37] \$//>\~//>\+//>\~4//>\N// ; for f i v e - m e m b e r e d r i n g s  
I I 

O- 
[25, 34] - S e - > - O - ~ - S -  > - N H - "  

On the whole, the observed trend of the change in the CH acidity is in agreement  with the concepts 
of c lass ica l  e lectronic theory regarding the cha rac te r  of t ransmiss ion  of e lectronic  effects of heteroatomic 
substituents through an aromat ic  ring. The fact that the method of isotopic exchange can be used to evalu- 
ate the prototropie activity of such unreaetive compounds as 3-methylpyridine,  3-,  6-, and 8-methylquino- 
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TABLE 3. Isotopic Exchange of the Hydrogen of the Methyl Groups 
of Py ry l ium,  Thiopyry l ium,  and Pyr id in ium Salts in Methanol* 

Compound type R' R" R"' E, kcal/ 
mole IffA 

R ' ~ R  ''t 
1 

i 
C~H~ C6Hs 
C~Hs ! C6Hs 
CeHs / C6H5 
C6Hs !CD3 
C~H~ ] CDa 
H IH 

i 

CDa 
cD3 I ~ 
CDa N--CH~ 
C6Hs 'O 
C6H5 IS 
CHa i N--CHa 

20,1 
20,5 
27,3 
18,6 
16,0 

Relative 
rate con- 
stants at 
30"C 

9,64 87 
9,64 i 48 

12,87 I 1 
9,851 1800 
7,41] 48o 

- -  I 0,01 

*Accord ing  to the data in [37]; see  also [9 ,40 ,  41] regard ing  the ex-  
change capaci ty  of py ry l ium sal ts .  

line, and methyl furan  and its isologs makes  it poss ib le  to conclude that  the concept of "ac t ive"  and " inact ive"  
methyl  groups is a quanti tat ive r a t h e r  than a quali tat ive o n e .  

The deu te r ium exchange of methyl  de r iva t ives  of m o n o - a n d p o l y c y c l i c  he t e roa roma t i c  compounds 
that do not contain po la r  subst i tuents  s e rve s ,  by v i r tue  of the s impl ic i ty  of the e lec t ronic  s t ruc tu re  of the i r  
molecules ,  as  a convenient model  for  the quan tum-chemica l  study of r eac t iv i t i e s  within the f r a m e w o r k  of 
different  va r i an t s  of the MO LCAO method.* As a r e su l t  of invest igat ions of this sor t ,  it was es tabl ished 
that within the l imits  of s e r i e s  of compounds of s i m i l a r  s t ruc tu re  (mono- and diazines and the i r  condensed 
analogs [24, 29, 38, 39], a r o m a t i c  N-oxides  [24], f i v e - m e m b e r e d  he te ro r ings  c o n t a i n i n g -  O - , - S - ,  and 
- N H  he t e roa toms  [34], azo les  [35], benzazoles  [34], azo l ines ,  etc.) the changes in the r a t e  constants  can, 
as  a rule, be co r r e l a t ed  by the magnitude of the delocal izat ion energy  of the ~ e lec t rons  [AEv = Ev(Het_CH~) 
- E~(Het_CH3) ] (Tables  1 and 2). The ~ - e l e c t r o n  charge  on the carbon a tom adjacent  to the methyl  group 
[qC(CHa)] has a l so  been used as  a quan tum-chemica l  index of the reac t iv i ty  [24, 34]. The quality of the c o r -  
re la t ion  d e t e r i o r a t e s  when a t tempts  a r e  made to unite he te rocyc les  of d ive r se  s t ruc tu re  in a single r e a c -  
tion s e r i e s ,  but in this case  the theory  conveys the gene ra l  tendency of the change in the CH-acid  p r o p e r t i e s  
(Tables 1 and 2). The conclusion of the poss ib i l i ty  of encompass ing  the kinetic data by means  of a single 
approximat ion  of the log k -  AE ~[qC(CH )] type cannot yet  be applied to compounds containing more  than 
one he te roa tom in the he te roa tomic  grou~ing (for example ,  to a r o m a t i c  N-oxides  and also to substi tuted 
toluenes in view of the fact  that quan tum-chemica l  calculat ion by means  of a sma l l  number  of re l iab ly  de-  
t e rmined  a ~  and flCX p a r a m e t e r s  cannot be rea l i zed  for  them. The indicated l imitat ions a r e  not a conse-  
quence of the inadequacies  pecul ia r  only to the H[tckel method. A s i m i l a r  difficulty is a l so  p r e sen t  in the 
case  of calculat ions made within the f r a m e w o r k  of m o r e  r igorous  methods.  Thus,  for  example ,  even the 
mos t  a ccu ra t e  va r i an t  of the s e m i e m p i r i c a l  MO LCAO c a l c u l a t i o n -  calculat ion by the CNDO/2 m e t h o d -  
pred ic t s  a ca rban ion-s tab i l i z ing  effect  not only for  e lec t ron  accep to r s  but a l so  for  such  typical  e lec t ron  
donors as the p -CH 3 or p-OCH 3 groups [45]. 

The appl icat ion of the method of co r r e l a t i on  analys is  for  the quanti tat ive descr ip t ion  of e lec t ronic  
in teract ions  detected in changes  in the kinetic CH acidi ty  of he t e roa roma t i e  compounds is based on the a s -  
sumption of the poss ib i l i ty  of consider ing the he te roa tom or he te roa tomic  grouping built into the a r o m a t i c  
r ing to be a n o r m a l  po la r  substi tuent .  Although there  a r e  ce r ta in  diff icult ies  in extending express ions  of 
the Hammet t  type to he terocycl ic  s y s t e m s  [46], apprec iab le  p r o g r e s s  was recen t ly  achieved he re  owing to 
the publicat ion of a number  of s tudies [30, 47-57] that  substant ia l ly  ref ine  data on the va r ious  f o r m s  of e 
constants  of he te roa tomic  groups.  Sets of a constants  (aI ,  aR ~ ~0, o - ,  and e +) that were  obtained on the 
bas is  of a c r i t i ca l  examinat ion of the r e su l t s  of invest igat ions of s e v e r a l  independent r eac t ion  s e r i e s  and 
di f ferent ia l ly  c h a r a c t e r i z e  the complex se t  of e lec t ronic  effects  of he t e roa toms  a r e  p resen ted  in Table  4. 

According  to [24, 25, 30, 34, 58, 59], the t rend of the change in the deu te r ium-exchange  r a t e  constants  
of an extensive  s e r i e s  of substi tuted toluenes and methyl  de r iva t ives  of he te rocyc les  c o r r e l a t e s  with the 

*A large number  of the calculation~ have been made by the Hiickel method (the hypereonjugat ion model  
for  the methyl  group) with the aid of a s tandard set  of p a r a m e t e r s  of he te roa tomic  a x a n d f l c x g r o u p s  [24, 
34, 42]. The calcula t ions  of the delocal izat ion energ ies  of i somer i c  methylpyr id ines  c a r r i ed  out by the 
SCF LCA O method within the P a r i s e r - P a r r - P o p l e  (PPP) ~r-eleetron approx imat ion  [43, 44] and the p a r -  
t i a l - n e g l e c t - o f - d i f f e r e n t i a l - o v e r l a p  (PNDO) approx imat ion  [44] give different  absolute  AE1r (or AE) values 
but the qual i ta t ive c h a r a c t e r  of the r e s u l t s  does not change. 
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T A B L E  4. C o n s t a n t s  of  H e t e r o a t o m i c  S u b s t i t u t e n t s  

Position 
i of the 

Compound type I reaction 
I center 

~ X 

~ X 

J _  �9 
,0  

C H  3 

- ~  x 

~ . X  

1 

C H  3 
} " 

* a I = a p  ~  a R  ~ 

O - -  

l ,O ~0' 48 

0,63o, ~3 
1,233~ 

(1,17) 48 

1,5730, 43 
1,183o, ~s 
1,5330, 43 

2,4948 

2,3248 

0,3 (0,4) 34 

--0,34 * *  

0,1 u 

O+ 

m 

0,2546 

- -  1,2232 
(-0,83)36, ~ 

- 0,623~ 
(_0,48) ~, 37 

-1,3232 
(--0,92)s~,37 
-0,74 ~2 

o ~ 

0~930, 47, 43 
0,530, 47, 49 
0,730, 4g 

1 ,030 ,  47, 49 

0,73o, 47, 4g 
0,730, 47, 49 

2,230 

0,552 

0,2632 

0,5752 

0,4232 

0,255o 
(0,28) 51 

-0,20 s' 

(/z 

0,45 ~ 

(_0,45)5s, 37 

- -  -- t,2852 

0,9 

0,3 s~ 1,0 

i 

-0,14 m 0,64'* 
(-0,17)2T (0,9) z:]: 

0,7 ss 

(0,7) s::l: 

-0,13 sl 
(-0,20)~. 

- -  - - 0 , 1 8 2 ~  " 

_ _  _ 0 , 2 3 ~ ' ~  

l 
i 

0,353 

We e s t i m a t e d  t h e s e  v a l u e s  f r o m  the  i n t e n s i t i e s  of t he  b a n d s  of 

r i n g  " s k e l e t a l "  v i b r a t i o n s  in  t h e  [R s p e c t r a .  

:~ T h i s  v a l u e  t a k e s  i n t o  a c c o u n t  the  c o n t r i b u t i o n  of t he  a, d e f f e c t  

[53]. 
* * F o u n d  f r o m  t h e  r e a c t i o n  s e r i e s  of d e u t e r i u m  e x c h a n g e  of 

m e t h y l  d e r i v a t i v e s  0 f h e t e r o e y c l e s .  

n u c l e o p h i l i c  a -  c o n s t a n t s .  In an  a l c o h o l  s o l u t i o n  of  p o t a s s i u m  a l k o x i d e  the  c o r r e l a t i o n  r e l a t i o n s h i p  has  t he  

f o r m  

lg k 2 s  ~  - i5.9+7.6u-. (2) 

T h e  p o s i t i v e  s i g n s  and  the  l a r g e  v a l u e  of t he  p c o n s t a n t  ( the l a t t e r  i s  p r a c t i c a l l y  e q u a l  to t he  p c o n s t a n t  in 

n u c l e o p h i l i c  s u b s t i t u t i o n  o f  h a l o g e n s  [48, 60] and  m o r e  t h a n  t w i c e  p in t h e  i o n i z a t i o n  of  p h e n o l s  and a n i l i n i u m  
i o n s  [54]) a t t e s t s  to  t h e  e x c e p t i o n a l l y  h i g h  s e n s i t i v i t y  of t he  C H - a c i d  p r o p e r t i e s  to  a c h a n g e  in  t h e  e l e c t r o n i c  

s t r u c t u r e  of t h e  m o l e c u l e s  and to  t h e  h i g h  p o l a r i t y  of t he  c a r b a n i o n  t r a n s i t i o n  s t a t e  of t he  e x c h a n g e  r e a c -  
t i o n .  

F r o m  the  t h r e e - p a r a m e t e r  c o r r e l a t i o n  d e p e n d e n c e s  e s t a b l i s h e d  f o r  o -  and p - s u b s t i t u t e d  t o l u e n e s  and 
h e t e r o c y e l e s  (t = 180 ~ 

l g kpara = - 6.3 + 6,9a, + 7,0G~ + 3,0(~R -, (2 a) 

l g kor tho= - 6.8 + 7.5a~ + 4.1 o~ + 2.5~n - (2 b) 

i t  i s  a p p a r e n t  t ha t  t h e  c h a n g e s  in t h e  f r e e  e n e r g y  of  a c t i v a t i o n  of t h e  e x c h a n g e  p r o c e s s  of t h e  p - C H  3 g r o u p  

a r e  a l m o s t  e q u a l l y  s e n s i t i v e  to  t h e  i n d u c t i v e  and r e s o n a n c e  e f f e c t s  of a s u b s t i t u e n t ;  t h e  c e r t a i n  i n c r e a s e  
in t h e  c o n t r i b u t i o n  of t h e  i n d u c t i v e  c o m p o n e n t  f o r  t h e  o r t h o  p o s i t i o n  i s  a c c o m p a n i e d  by a p r o p o r t i o n a l  d e -  

c r e a s e  in t he  c o n t r i b u t i o n  of  t h e  r e s o n a n c e  c o m p o n e n t ;  t he  o v e r a l l  e l e c t r o n i c  e f f e c t s  on t h e  r a t e  of t h e  e x -  

c h a n g e  r e a c t i o n  in  t h e  e a s e  of o r t h o  and  p a r a  s u b s t i t u e n t s  a r e  a l m o s t  i d e n t i c a l .  
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T A B L E  5. I so topic  Hydrogen  Exchange  of Methyl  Groups  of Sub- 
s t i tuted Methy lpyr id ines  and The i r  N - O x i d e s  in 0.57 N Solutions of 
C2H5OK in C2H5OD 

No. 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
I2 
13 

- - l g  k~5 ~ 

Compound 
,~ exptl., calc." 

2.6-Dimethylpyridine 9,4 8,6(9,4) 
2,4-Dimethylpyridine (2)1" 9.2 8,6(9,.4) 
2.4-Dimethylpyridine (4) , 7,7 7,2(7,7) 
2,4,6 - Trig1 ethylpyridine (2,6) 9,7 9,4 (10,0) 
2,4, 6 - Trimethylpyridine (4) &2 7,8(8,2) 
2,6-Dim ethyl-4-methoxypyridine 9,2 7,8(9,7) 
2-Amino-4-methylpyridine 8,8 7,6 (9,4) 
2 -Dimethylamino -4-methylpyridine 9,7 7,3(9,9) 
2,4-Dimethoxy-6-methyl~yfimidine 4,5 --3,0(4,8) 
2,4-Dimethoxy -5 -meth$1pyrimidine 10,0 8,4(10,7) 
2-Methyl-4-cyanopyridme 4,2 3,6(4,4) 

[~ 2,6-Dime~hyl-3-nitropyridin~..(2,6) 2,6 - 1,8(3,7) 
2, 6-DimethyI-4-meth0xypyr~dine 4,6 3.0 (5 4) 

N-oxide 
2-Me~hyl-4-nitropyr~dine N.oxide ~ 1,9 -1,3(2,2) 

E. I1~ A 
kcal/mole 

27,7 10,9 
27,6 11,0 
26,3 11,6 
28,4 11,1 
26,5 11,2 
26,1 9,9 
27,9 I 1,7 
30,1 12,4 

19,7 4.3 

22, I 11,6 

* Ca lcu la ted  f r o m  Eq~ (2) via  an  addi t ive s cheme .  The log k va lues  
ca lcu la ted  with a l lowance  for  " ind i r ec t "  i n t e rac t ions  a r e  indicated 
in p a r e n t h e s e s .  
t Pos i t ion  of the me thy l  g roup  undergo ing  exchange.  

C o r r e l a t i o n  r e l a t i onsh ip s  (2a) and (2b) s a t i s f a c t o r i l y  convey  the spec i f i c  p e c u l i a r i t i e s  of the m e c h -  
a n i s m  of e l ec t ron ic  ef fec ts  in h e t e r o a r o m a t i c  s y s t e m s .  In p a r t i c u l a r ,  it fol lows f r o m  e x p r e s s i o n s  (2a) and 
(2b) that  the s h a r p  i n c r e a s e  in the labi l i ty of the hydrogen  a t o m s  of the me thy l  g roup  dur ing  q u a t e r n i z a t i o n  
of the pyr id ine  n i t rogen  is caused  by an a p p r o x i m a t e l y  p r o p o r t i o n a l  i n c r e a s e  in the con t r ibu t ions  to the f r e e  
ac t iva t ion  ene rgy  of the r e a c t i o n  by the induct ive ef fec t  and the ef fec t  of d i r ec t  po la r  conjuga t ion  with r e t e n -  

t ion of the a p p r o x i m a t e  c o n s t a n c y  of the con t r ibu t ion  due to the m e s o m e r i c  effect  of the \ N / / a n d  \ ~ / / h e t -  
�9 

e r o a t o m s . . T h e  induct ive  and r e s o n a n c e  e l ec t ron ic  e f f e c t  of the N-ox ide  grouping  is mani fes ted  a l m o s t  as  

\ + ~  
s t rong ly  as  the effect  of the N h e t e r o a t o m .  However ,  in v iew of the " e l ec t ron i c  a m p h o t e r i c  c h a r a c t e r "  

I 

of the N-ox ide  g roup  [61], i ts m e s o m e r i c  effect  ( aR  ~ - 0 . 2 )  ac t s  in a d i r ec t i on  opposi te  to  t h e -  I and - C  
effec ts ,  and this  is r e f l e c t ed  in s lowing down of the r a t e  of d e u t e r i u m  exchange of a r o m a t i c  N-ox ides  as  
c o m p a r e d  with the c o r r e s p o n d i n g  py r id in ium sa l t s .  

In examin ing  the r e a s o n s  fo r  the changes  in the CH-ac id  p r o p e r t i e s  of f i v e - m e m b e r e d  m o n o c y c l e s  
one mus t  take  into accoun t  the effect  of two f a c t o r s :  the PoSsibi l i ty  of ac t iva t ion  of the exchange  p r o c e s s  
due to the - I  effect ,  and its deac t iva t ion  due to the e l e c t r o n - d o n o r  ef fec t  of the h e t e r o a t o m  via  a p, v - c o n -  
jugat ion m e c h a n i s m .  Judging  f r o m  the magni tudes  of the a I and a R  ~ cons tan ts  of the h e t e r o a t o m s  (Table 4), 
the compe t i t ive  in t e rac t ion  of the indicated f a c t o r s  should lead to a r e l a t i v e l y  s t r o n g  ac id i fy ing  effect .  In 
fact ,  this is not a lways  so.  The spec i f ic  c h a r a c t e r  of the mani fes ta t ion  of the CH-ac id  p r o p e r t i e s  in a s e r -  
ies of five-membered monocycles, which is reflected in reduced values of the nucleophilic a- constants 
(~- < G~ is probably associated with the fact that in the carbanion transition state, in which two potential 

donor centers - the heteroatom and the CH 2- group - are present, the electron-donor effect is expressed 
more strongly than in the starting state. The action of the effect of p, ~-conjugation in the 2 position of the 

thiophene ring (a- -~ a0) is evidently masked by the manifestation of the Plr, d~r orbital effect of the sulfur 
heteroatom, which has the same direction as the-I effect [62, 63]. Estimates of the quantum-chemical re- 
activity indexes lead to a similar conclusion regarding destabilization of the transition state due to p, ~- 
conjugation. As seen from the AEv values (Table 2), by virtue of their energy overload the.transition states 

of the exchange reaction of methyl derivatives offuranand thiophene are closer to the benzyl anion than to 

the typical carbanions of methyl derivatives of six-membered nitrogen heterocycles. 

For the benzo analogs of five-membered rings, in which the conditions of delocalization of the 7r-elec- 
tron density in the transition state of the reaction are more favorable, the changes in the CH-aeid proper- 
ties correspond to a "normal" (~--~ 0) manifestation of the -I and +~M effects of the heteroatd~i (0 > S > 
N--CH3). The fact that annelation df the benzene ring has a greater effect on the change in the rate constant 
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TABLE 6. Isotopic Hydrogen Exchange of the Methyl Groups of 
Substituted Methylquinolines and Their  N-Oxides in 0.57 N Solutions 

of C2H5OK in C2H5OD [75] 

Compound 

2-Methyl-4-methoxyquinoline 
2 - Me th~ 1-4 -chloroqui no line 
2.Methyl-4-cyanoquinoline 
2 -Methyl-5 -nirroquinoline 
2 -Methyl-6 .methoxyquinoline 
2-Methyl-6-fluoroquinoline 
2-Methyl-6-chloroquinoline 
2-Methyl-6-nitroquinoline 
2-Methyl-7-chloroquinoline 
4-Meth rl-6-methoxyquinoline 
4.Meth 11-6-fluoroquinoline 
4-Meth/1-6 -bromoquinoline 
4-Meth A-6-ehloroquinoline 
4-Meth A-6 -nitroquinoline 
2-Meth 1-4-methoxyquinoline N-oxide 
2-Meth 1-4-chtoroquinoline N-oxide 
2-Methyl-4-eyanoquinoline N-oxide 
2- Methyl-6 -methoxyquinoline N-oxide 
2-Methyl-6-fluoroquinoline N-oxide 
4-Methyl-6 -chloroquinoline N-oxide 
1 -Methy haaphthalene 
2 -Methylnaphthalene 

-lg k.~' kcal/mole 

6,4 22,8 
4,8 20,2 
3.5 18,7 
3,7 
7,2 24,1 
5,4 
5,2 20,5 
2,4 18,1 
4,8 20,9 
6,6 23,5 
5,6 19,2 
5,2 
4,5 21,8 
2,2 17,5 
2,1 16,1 
0,6 14,2 
0,2 
3,7 17,6 
2,5 
3,0 

12,3 31,2 
12,5 29,7 

l g A  

10,2 
10,0 
10,2 

10,5 

9,8 
10,9 
1_0,5 
10,6 
8,5 

11,5 
10,6 
9,7 
9,8 

9,2 

10,5 
9,3 

of deuter ium exchange of the methyl group in the furan r ing (A log k = 3.2) than in the thiophene ring (A log k = 
1.5), which has g rea te r  a romat ic  cha rac te r ,  is also in agreement  with the predictions of the MO LCAO 
theory.  

Azoles and Benzazoles .  The resul t s  of a study of the kinetics of deuter ium exchange of methyl de- 
r ivat ives  of thiazole, isothia-zole, oxazole, and benzazoles (Table 2) in conjunction with the above-examined 
data on the exchange capaci ty of the corresponding rings with one heteroatom attest  to approximately an 
additive charac te r  of the e lectronic  effects of two heteroatoms in such sys tems .  Deviations f rom the addi- 
tive cha rac t e r  occur only during deuter ium exchange of a methyl group in the 5 posit ion of isothiazole and 
in the 4 position of the thiazole r ing,  where the experiments 1 rate  constants a re  cor re la ted  by Eq. (2) when 
(r oN ~ is contrasted with their  sum in place of (aS-+  aN-  ). The reason  for  the observed disruption of 
the additive charac te r  may be the markedly nonequivalent cha rac te r  of the Ir bonds in f ive -membered  rings,* 
as a consequence of which the resonance  effect of the nitrogen heteroatom is t ransmit ted  through the 3 - 4  
bond less intensively than through the 2 - 3  bond. The situation is to a certain degree  analogous to that ob- 
served for nucleophilic substitution of halothiophenes [67]. 

As seen f rom Table 2, passing f rom 2-methylazoles  t o the i r  part ial ly hydrogenated analogs is accom-  
panied, against  the background of the overal l  acce lera t ion  of the exchange reaction,  by r e v e r s a l  of the se-  
quence of changes in the rate  constants (CH3-N >O> S). The noted dispari ty is apparent ly associa ted  with 
additional stabil ization of the t ransi t ion state of the deuter ium exchange of 2-methylazol ines  due to the ef- 
fect of specific solvation, which a r i s e s  as a consequence of the appreciable increase  in their basic i ty  
(APKaNH--5 [68]). The considerable  increase  in the negative entropy of activation of the deuter ium ex- 
change of azolines as compared with azoles  constitutes evidence in favor of this assumption.  

Substituted H e t e r o c y c l e s .  Judging f rom the data obtained for a ser ies  of substituted methylbenzenes 
and s ix -membered  heterocycles  [58], the electronic effect of severa l  substituents on the exchange capacity 
of toluene derivat ives  is usually subject to the additivity principle,  whereas for many of their  n i t rogen-con-  
taining heteroanalogs the experimental  values of the ra te  constants differ appreciably  f rom the values cal-  
culated f rom the additive scheme (Table 5). T Let us point out the following pr incipal  sources  of the additive 
cha rac te r  of the electronic effects in s ix -membered  heterocyeles .  

* Calculations of the electronic s t ruc tu res  of thiophene [64, 65], furan [66], thiazole [64], and other azoles 
by the semiempi r i ca l  MO LCAO method with se l f -cons i s tency  conf i rm that the 2 - 3  and 4 - 5  bonds have in- 
c reased  7r o rders  (p2,3 = 0.8-0.9), whereas the 3 - 4  bond is markedly weakened (p3,4 = 0.3-0.5). 
T The prac t ica l ly  complete  absence of exper imental  data makes it impossible as yet to define concretely  the 
fo rm of the dependence of the free activation energy of deuter ium exchange of methyl groups in f i v e - m e m -  
bered rings on the e lectronic  nature of polar  substituents occupying nonequivalent positions in the hetero-  
a romat ic  ring. 
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TABLE 7. a Constants in Two-Ring Systems (according to Charton) 
[74] 

Reaction 
cellter 

55 .po((~p-)* 

* In the case of cor re la t ion  t rea tment  of the data with respec t  to 
deuter ium exchange [75]. 

1. If there  is a + M substituent in the meta position relat ive to the react ion center  but in the ortho 
or  para  position re la t ive  to the ni trogen heteroatom, the measured rate  constant,  as a rule,  proved to be 
less than the value calculated f rom Eq. (2). This m a y  be interpreted as a consequence of the s trong r e s o -  
nance interaction between the + M substituent and the heteroatom, which causes a propor t ional  decrease  in 
the  e lec t ron-accep tor  effect of the latter.  This is confirmed by the possibil i ty of a sa t i s fac tory  descript ion 
of the trend of the change in the ra te  constant of deuter ium exchange of the group of compounds under con- 
s iderat ion by means of Eq. (2) with the use of sum (ap_X~ ON- ) in place of (am_X + aN- ). The fact  t h a t s i m -  
i lar although not identical changes in the ra te  constants a re  observed also in some of the usual chemical  
react ions  of ni t rogen-containing he terocycles  [69-71] consti tutes evidence for the ra ther  general  cha rac te r  
of the mechanism of indirect  resonance  interact ions.  

The fundamental  possibi l i ty of the descr ipt ion of polysubstituted he terocycles  and toluenes by a single 
dependence [Eq. (2)] is in agreement  with the concept of a lmost  identical capacities of the pyridine and ben- 
zene r ings to t ransmi t  substituent electronic effects [69]. 

The available data a re  inadequate for  a solution of the problem of the extent to which the conclusions 
drawn above a re  valid for  substituted a romat ic  N-oxides.  However, judging f rom the fact  that the 4-OCH 3 
substituent f lecreases the rate  of deuter ium exchange of the CH 3 group in the 2 and 6 positions (No. 13 in 
Table 5), it can be assumed that the pecul iar i t ies  of the mechanism of the electronic interactions of a + M 
substituent with a heteroatom in the carbanion t ransi t ion state of the exchange react ion of ni trogen he te ro-  
cycles  are  also retained (probably in a less  sharply expressed form) in the case of their  N-oxides.  

2. The changes in the e lec t ron-dens i ty  distribution, which a r e  a consequence of the manifestation of 
the effect of specific soIvation, apparently lie at the basis  of the nonadditive charac te r  of the magnitude of 
log k during the deuter ium exchange of methyl de r iva t ives  of ni t rogen heterocycles  containing a s t r o n g - M  
substituent in the ring. An appreciable  dec rease  in the basici ty of the he te roaromat ic  subst ra te  (APKaNH- 
5) in this case leads to weakening of the solvating effect of the solvent, on which, as is well known, the de-  
gree  of manifestation of t h e - C  effect of a heteroatomic substituent depends [72]. 

3. In the case  of the data obtained for 4-ni tropicoline N-oxide  it is apparent  that the experimental  
ra te  constant a lso proves to be lower than the expected value (A log k= 3.6) when a - M substituent is in- 
troduced into the para  position of the N-oxide r ing and follows express ion (2) only when sum (ap_NO ~ + ONO ~ 
is used in place of ( a m _ N O ~  crNO- ). One of the possible explanations for this consists  in the fact that 
the capacity of the e lectronic  sys tem of the N-oxide r ing for type A polar izat ion is re inforced under the in- 
fluence of a,--M substituent [61] and, as  a consequence of this, its e lec t ron-donor  effect on the reac t ion  cen-  
t e r  increases .  • 

 c.3 
o 
A 

Substituted Methylquinolines and Their  N-Oxides. Up until now there has been no unified opinion r e -  
garding the optimum variant  of the '~, O analysis  of substituted two-membered  rings [73, 741. Recentiy [75], 
in the ease of methyl der ivat ives  of naphthalene, quinoline, and its N-oxide containing a var iable  snbstituent 
in var ious  positions of the a romat ic  ring (Table 6} the applicability for  descr ipt ion of the kinetic CH-acidi ty 
of two-membered  r ing compounds of two cor re la t ion  approaches  - different var iants  of the t radi t ional  ap-  
proach  of Dewar and Grisadle  [76] in which the effect of a substituent from. each nonoxllivaIent posit ion of 
a two-r ing sys tem is charac te r ized  by the eigenvalue of the aij constant,  and a modified Charton method 
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T A B L E  8. I s o t o p i c  E x c h a n g e  of a - H y d r o g e n  A t o m s  of T r a n s -  
S t i l b a z o l e s  and S i m i l a r  Compounds  in 0.6 N So lu t ions  of CH3OK in 

CH3OD* 

No. Compound - l g  k~ . . . .  i E, lg ,I 
kcal/mole 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 

2-Styrylpyridine 
4-Styrylpyridine 
2-Styrylquinoline 
4-Styrylquinoline 
1 -Styrylisoquinoline 
2-Sryryl-6 -methoxyquinoline 
2-Styryl-5,6-benzoquinoline 
9 - 8tyrylphenanthridine 
2-Styrylbenzothiazole 
2-St,/rvlbenzoxazole 
2-N~rbstilbene 
2-Styrylquinoline N-oxide 
4-St~rylpyridine N-oxide 
2-Styrylp~,ridine N-oxide 
2-(4-Methoxystyryl)pyridine N-oxide 
2-(2-Methox~s~ryl)p~ridine N-oxide 
2-(4-Dimethylaminostyryl)pyridine N-oxide 
2-(4-Iodostyryl)pyridine N-oxide 
12-(2-Fluorostyryl)pyridine N-oxide 
]2-(3-Fluor ost~r~l)p~ridine N-oxide 
2-(2-Chlorostyryl)pyridine N-oxide 
12-(3 -Chlorostyryl)pyridine N-oxide 

10,6 
8,7 
8,3 
7,6 
8,1 

10,5 
9,8 
7,4 
5,9 
5,4 
8,2 
4,2 
7,1 
6,1 
6,5 
6,4 
7,2 
5,2 
5,5 
5,1 
5,4 
5,2 

27,0 
21,6 
22,9 
23,6 
18,8 
29,3 
19,7 
17,1 
18,3 
18,9 
24,0 
15,7 
21,3 
19,7 
21,0 
18,4 
20,8 
14,4 
20,5 
15,8 
17,9 
17,8 

9,2 
7,2 
8,5 
9,7 
5,7 

11,0 
5,6 
5,2 
7,5 
8,5 
9,4 
7,3 
8,5 
8,3 
8,9 
7,1 
8,0 
5,4 
9,5 
6,5 
7,7 
7,9 

* A c c o r d i n g  to  t he  d a t a  of N. N. Z a t s e p i n a ,  I. F .  T u p i t s y n ,  and 
A .  I. B e l y a s h o v a .  

[74], wh ich  r e c o m m e n d s  the u s u a l  a m and ap c o n s t a n t s ,  the  c h o i c e  b e t w e e n  which  is  d e t e r m i n e d  onty by the  
r e l a t i v e  o r i e n t a t i o n s  of the  s u b s t i t u e n t s  and the r e a c t i o n  c e n t e r ,  a s  the  c h a r a c t e r i s t i c  of the  e l e c t r o n i c  e f -  
f e c t  of s u b s t i t u e n t s -  was  i n v e s t i g a t e d .  A s  shown in [75], the  a p p l i c a t i o n  of the  D e w a r - - G r i s d a l e  method  in 
i t s  u s u a l  f o r m  does  not  g ive  a s a t i s f a c t o r y  c o r r e l a t i o n .  The  d e p e n d e n c e  of log k on ai j  b e c o m e s  l i n e a r  only  
in the  c a s e  of i n t r o d u c t i o n  into the  ai j  c o n s t a n t  of the  c o n t r i b u t i o n  due to  the  e f f ec t  of d i r e c t  p o l a r  c o n j u g a -  
t ion.  R e p l a c e m e n t  of the  14 crij c o n s t a n t s  of the  D e w a r - - G r i s d a l e  method  by  two u m and Up {up-) c o n s t a n t s  
does  not  r e d u c e  the  a c c u r a c y  of the  c o r r e l a t i o n  c a l c u l a t i o n .  In the  c a s e  of the  s e l e c t i o n  of u c o n s t a n t s  i n d i -  
c a t e d  in T a b l e  7 and wi th  a l l o w a n c e  fo r  the  p o s s i b i l i t y  of t r a n s m i s s i o n  of the  e l e c t r o n i c  e f fec t  of the  + M s u b -  
s t i t u e n t s  v ia  a m e c h a n i s m  invo lv ing  i n d i r e c t  r e s o n a n c e  i n t e r a c t i o n s  ( s ee  above) ,  the  r a t e  c o n s t a n t s  of d e u -  
t e r i u m  e x c h a n g e  of a r o m a t i c  and h e t e r o a r o m a t i c  t w o - r i n g  s y s t e m s  g e n e r a l l y  fo l low the  s a m e  c o r r e l a t i o n  
d e p e n d e n c e  a s  m e t h y l  d e r i v a t i v e s  of m o n o e y c l e s ;  the  e l e c t r o n i c  e f fec t  of the  naphthy l  g r o u p i n g  is  d e s c r i b e d  
by the  v a l u e  z ~  = 0.3. The noted s i m i l a r i t i e s  in the  m e c h a n i s m  of e l e c t r o n i c  i n t e r a c t i o n  fo r  o n e - r i n g  and 
t w o - r i n g  s y s t e m s  i s  not s p e c i f i c  fo r  b a s i c  d e u t e r i u m  exchange  but  i s  a l s o  o b s e r v e d  fo r  a n u m b e r  of o t h e r  
r e a c t i o n  s e r i e s  [75, 77]. 

3 .  D e u t e r i u m  E x c h a n g e  o f  T r a n s - S t i l b a z o l e s  

a n d  S i m i l a r  C o m p o u n d s  

A c o n s i d e r a b l e  s i m i l a r i t y  to  the  c o r r e s p o n d i n g  m e t h y l  d e r i v a t i v e s  of a r o m a t i c  h e t e r o c y c l e s  i s  ob-  
s e r v e d  wi th  r e s p e c t  to  the a c i d i f y i n g  e f f ec t  of s t r u c t u r a l  f a c t o r s  on the a - h y d r o g e n  a t o m  of t r a n s - s t i l b a z o l e s  
t ha t  d i f f e r  wi th  r e s p e c t  to  the  s t r u c t u r e  of the  h e t e r o a r o m a t i c  f r a g m e n t  of the m o l e c u l e  ( c o m p a r e  T a b l e s  1 
and 8). 

lg k~.c~I = -2..8+ Ig kCH ~. (3) 

The  o b s e r v e d  s i m i l a r i t y  in the  m a n i f e s t a t i o n  of the  e l e c t r o n i c  e f fec t s  p r o v i d e s  a b a s i s  fo r  the  c o n -  
c l u s i o n  tha t  in the  v i n y l  an ions  of the  t y p e  u n d e r  c o n s i d e r a t i o n  the d e g r e e  of d e l o c a l i z a t i o n  of c h a r g e  ove r  
the  a r o m a t i c  r i n g ,  which  is a c c o m p a n i e d  by p r o g r e s s i v e  s t a b i l i z a t i o n  of the t r a n s i t i o n  s t a t e  a s  the  a c c e p t o r  
p r o p e r t i e s  of the  h e t e r o a t o m i c  g r o u p i n g  i n c r e a s e  ( - I ,  - M ,  and - C  ef fec ts )  is  c o m p a r a b l e  to tha t  o b s e r v e d  
d u r i n g  a r o m a t i z a t i o n  of the  sp  3 h y b r i d  c a r b o n  a t o m  in an ions  of the  b e n z y l  type .*  

* In t e r m s  of the  me thod  of v a l e n c e  s c h e m e s ,  the  s t a b i l i z a t i o n  of the  t r a n s i t i o n  s t a t e  of d e u t e r i u m  exchange  
of s t i l b a z o l e s  v i a  a con juga t i on  m e c h a n i s m  is  d e s c r i b e d  a s  an i n c r e a s e  in the weight  of the  l i n e a r  s t r u c t u r e  
of the  a l l e n e  in the  r e s o n a n c e  hyb r id  of the  a n i o n s  [78]. 
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T A B L E  9. I so top i c  H y d r o g e n  E x c h a n g e  of A r o m a t i c  CH Bonds  of 
S i x - M e m b e r e d  N i t r o g e n  H e t e r o c y c l e s  in 0.6 N Solu t ions  of CHaOK 
in CHaOD 

Atoms 
No. Compound undergoing -lz k,,o o i E, kcal/mole i lgA change 

1 

2 
3 
4 
5 
6 

7 
8 
9 

1'0 

12 

13 
14 
15 
16 
17 
18 
19 

20 

21 . 

Pyridine 

3 -Aminopyridine 
3 -Fluoropyridine* 
3-Brom@)ridine 
3 -Methox~,pvridine 
3 -Nitropyrqd~ine ~ 

4-Methoxypyridine 
2-Methoxyp}~ridine 
4-Dimethylaminopyridine 

Pyrazine 

Pyrimidine 

Pyridazine 

2 -Amino -5 -nitropyridine 
3,5-Dibromopyridfne* 
3,5 -Dimethoxypyridine* 
3,6-Dimethoxypyridazine 
2,4 -Dime thox~p~,rimidine 
2,4, 6 -Trime thoxypyrimidine 
Quinoline 

Isoquinoline 

Quinoxaline 

2 
3 
4 
4 
4 
4 
4 
2 
4 
3,5 
3 
2,6 
3,5 
2 ,3 ,5 ,6  

2 
4,6 
5 

3,6 
4,5 
4 
4 
4 
4,5 
5 
5 
2 

l 
4 
2,3 

6,7 
6,3 
6,1 
5,7 
2,9 
4,4 
4,5 

3,4 
5,2 
5,3 
6,0 
5,7 
5,0 

(4,7) 88 
(5,1) 8~ 
(4,5W 
4,0 

(3,5) ~ 
(4,1W 
(2,9) as 
3,9 
1,7 
2,9 
2,6 
3,9 
3,1 
6,3 
5,8 
6,0 
5,2 
5,0 

20,3 l 4,6 
28,6 9,4 
15,3 5,2 
18,7 5,5 
34,0 13,5 

No exchange 
23,2 I 8,9 
31,6 11,5 

21,9 6,6 

25,7 

14,8 
24,0 
30,2 

20,4 

[ - -  
14,1 

4,5 
8,8 

12,9 

i --  

* In a 0.1 N s o l u t i o n  of CHaOK in CH3OD. 

The e f fec t  of s u b s t i t u e n t s  f r o m  a benze ne  r i n g  tha t  is  not  d i r e c t l y  connec t ed  with  the  r e a c t i o n  c e n t e r  
(Nos.  15-22 in T a b l e  8) is  d e t e r m i n e d  by  t h e i r  i nduc t ive  and m e s o m e r i c  e f f ec t s .  The  e l e c t r o n i c  e f fec t s  in 
th i s  c a s e  a r e  t r a n s m i t t e d  m o r e  w e a k l y  by a f a c t o r  of a l m o s t  t h r e e  than  f r o m  the  h e t e r o a r o m a t i c  p o r t i o n  
of the  m o l e c u l e  (p~  and p - =  8.1, r e s p e c t i v e l y ) .  

4 .  D e u t e r i u m  E x c h a n g e  o f  A r o m a t i c  C H  B o n d s  

S i x - M e m b e r e d  H e t e r o c y c l e s .  A l a r g e  a m o u n t  of r e s e a r c h  [13, 72, 79-98] has  been  devo ted  to  the s tudy  
of e l e c t r o n i c  i n t e r a c t i o n s  in the  i so top i c  h y d r o g e n  exchange  of the  a r o m a t i c  r i n g  in s u b s t i t u t e d  b e n z e n e s  
and h e t e r o c y c l e s ,  but  the  p r o b l e m  of the  q u a n t i t a t i v e  e v a l u a t i o n  of the  e f f ec t  of v a r i o u s  f a c t o r s  on the r a t e  
of the  exchange  p r o c e s s  to t h i s  v e r y  day  r e m a i n s  i n a d e q u a t e l y  exp la ined .  In the  c a s e  of s e v e r a l  r e l a t i v e l y  
n a r r o w  r e a c t i o n  s e r i e s  i t  has  been  shown [72, 76-84,  86] tha t  in many  c a s e s  the  e l e c t r o n i c  e f fec t  of o r t h o  
s u b s t i t u e n t s  in m o n o s u b s t i t u t e d  b e n z e n e s  can  be d e s c r i b e d  by m e a n s  of o'[ induc t ion  c o n s t a n t s ,  w h e r e a s  the  

e f fec t  of m e t a  and p a r a  s u b s t i t u e n t s  can  be  exp l a ined  by m e a n s  of a m  ~ and ap ~ c o n s t a n t s .  The  a p p r o p r i a t e  
c o r r e l a t i o n  equa t ion  for  d e u t e r i u m  exchange  in a l c o h o l  s o l u t i o n s  of p o t a s s i u m  e thox ide  has  the  f o r m  [86] 

o ortho ~_ o " [g/e~40 =--9,1+7,2or -, 4,8%~.p. (4) 

F o r  d e u t e r i u m  exchange  in a s o l u t i o n  of NH2-+NH 8 (l iq),  p i = l l  [80], and P m , p ~  [72]. 

In add i t i on ,  s u b s t a n t i a l  d i s c r e p a n c i e s  b e t w e e n  the  r a t e  c o n s t a n t s  m e a s u r e d  e x p e r i m e n t a l l y  and t h o s e  
c a l c u l a t e d  f r o m  o n e - p a r a m e t e r  c o r r e l a t i o n  d e p e n d e n c e s  a r e  o b s e r v e d  f o r  s o m e  s u b s t i t u t e d  b e n z e n e s  and,  
in p a r t i c u l a r ,  f o r  n i t r o g e n - c o n t a i n i n g  h e t e r o c y c l e s  [86, 96]. An  ex tended  c o r r e l a t i o n  a n a l y s i s  of the  k ine t i c  
da ta  p e r t a i n i n g  to  a l a r g e  s e r i e s  of s u b s t i t u t e d  b e n z e n e s  [86] and s i x - m e m b e r e d  n i t r o g e n  t~e te rocyc le s  and 
t h e i r  N - o x i d e s  ( T a b l e s  9 and 10) w~ts m a d e  r e c e n t l y  in o r d e r  to  a s c e r t a i n  the  r e a s o n  f o r  the  o b s e r v e d  d e -  
v i a t i o n s .  F r o m  a c o m p a r i s o n  of the  p a r a m e t e r s  of the  m u l t i p l i c i t y  c o r r e l a t i o n s  (t = 140 ~ 

lg korth o = (-9.4+0,2) + (7,3-0,2)(rl + (0.6-0.2) trR- + (0.6+0,6) o~ _ (5fl) 

Ig kmeta = (--9.4--+0.2) + (4~3-+0.4)a~+ (1.6-+0.4}oa-+ (--0.3--+0.3) o~ (5b) 

lg kpara = (-9.4• + (2.9• + (2.8• (0.03•176 (5C) 
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T A B L E  10. I s o t o p i c  H y d r o g e n  E x c h a n g e  of A r o m a t i c  CH Bonds  of 
Subs t i t u t ed  N - O x i d e s  in 0.1 N So lu t ions  of CH3OK in CH3OD [84-86] 

Compound 

Pyridine N-oxide 

3-Fluompyridine N-oxide 
3 - Bmrnopyridine N-oxide 
3-.Nitmpyridine N-oxide 
2-Methoxypyridine N-oxide 
3 -Methoxypytidine N-oxide 
4-Methoxypyridine N-oxide 

4-Chloropyridine N-oxide 

4 -Dime thylaminopyridine N-oxide 

3,5-Dibromopyrid/ne N-oxide* 

3,5-Dimethoxypyridine N-oxide 
Pyrazine N -oxide'~ 

Pyrimidine N-oxideT 

Quinoline N-oxide 
Isoquinoline N-oxide 

Quinoxaline N,N'-dioxide 

AcQrns 
unaergoing 
exchange 

2 
3 
4 
2 
2 
2 
6 
2 
2,6 
3,5 
2,6 
3 
2,6 
3 
2,6 
4 
4 
2 , 6  
3,5 
2 
4 
6 
2 
1 
3 
2, 3 

* In a 0.0! N solution of CH~OK in CH3OD. 

-,g ksr E, kcat/ I~ A 
mole 

5,3 
7,3 1~6 5,3 
8,0 24,0 7.6 
0,3 22,0 [4,6 
2,0 23,0 [3 6 

- -  0 , 3  ! 4,3 8,9 
5,2 - -  
3,9 23,7 l 2.2 
5,2 --  - -  
5,8 
4,3 --  - -  
4 , 5  , : - -  
6,5 I 26,3 11.2 
8.~ I [-9,6 10.9 
% 3  ~ " 26 ,2  14,4 
5.7 ] 27,9 13,2 
3,2 12,2 
7,4 i 23,0 [ 9,5 
2,4 } 20.5 i !1.7 
7,4 , 
3,s i 2G I![~7 
5.5 1 i 4,2 --  - -  
6,[ I - 1 - 

I : 3,5 t _ .  ~ - -  

See [93,  94] for  the  e x c h a n g e  c a p a c i t y  of s u b s t i t u t e d  p y r a z i n e  
N - o x i d e s .  

i t  fo l lows  tha t  a l t hough  the  i nduc t ive  e f f ec t  of the  s u b s t i t u e n t s  d o m i n a t e s  in a l l  of t he  i n v e s t i g a t e d  c o m p o u n d s ,  
the  e l e c t r o m e r i c  r e s o n a n c e  c o m p o n e n t  p l a y s  a d e f i n i t e  r o l e  d u r i n g  d e u t e r i u m  exchange  of the  me ta  and,  in 
p a r t i c u l a r ,  the  p a r a  p o s i t i o n s  of the a r o m a t i c  r i n g ;  a s  a r u l e ,  the  c o n t r i b u t i o n  of the  m e s o m e r i c  e f fec t  
p r o v e s  to be  n e g l i g i b l y  s m a l l .  The  p h y s i c a l  s i g n i f i c a n c e  of the  l a t t e r  c o n s i s t s  m o s t  l i k e l y  in the  fac t  t ha t  
the  e l e c t r o n  p a i r  of the a r o m a t i c  CH bond l i e s  in the  n o d a l  p l a n e  of the  ~ s y s t e m ,  and the  p o s s i b i l i t y  of t r a n s -  
m i s s i o n  of the  e f fec t  of a s u b s t i t u e n t  (he te roa tom} to the  r e a c t i o n  c e n t e r  v i a  a 7 r - e l ec t ron  m e c h a n i s m  is fo r  
t h i s  r e a s o n  a l m o s t  e x c l u d e d  in the  s t a t i c  s t a t e  of the  m o l e c u l e .  Howeve r ,  th is  r e p r e s e n t a t i o n  is not  a s a t i s -  
f a c t o r y  a p p r o x i m a t i o n  of the  a c t u a l  p i c t u r e  of the  e l e c t r o n i c  i n t e r a c t i o n s  in the  t r a n s i t i o n  s t a t e  of the r e a c -  
t ion :  a s  in o t h e r  " c h a r g e d "  o r g a n i c  s y s t e m s ,  in a c a r b a n i o n  t r a n s i t i o n  s t a t e  of the  p h e n i d e  t ype  the  c a p a c -  
i ty  for  i n t e r a c t i o n  b e t w e e n  the a f r a m e w o r k  of the  m o l e c u l e ,  inc lud ing  the  r e a c t i n g  a r o m a t i c  CH bond,  and 
the  7r e l e c t r o n s  of the  benzene  r i n g  should  i n c r e a s e .  In t e r m s  of c o r r e l a t i o n  a n a l y s i s ,  t h i s  g e n e r a l  r e s u l t  
of quan tum c h e m i s t r y  i s  e x p r e s s e d  in the  f a c t  t ha t  the  PI and PR-  c o n s t a n t s  b e c o m e  c o m p a r a b l e  in m a g n i -  
tude .  I n a s m u c h  a s  low a R -  v a l u e s  a r e  c h a r a c t e r i s t i c  fo r  m o s t  s u b s t i t u e n t s ,  the  c o n t r i b u t i o n  of ~ G  R -  # 
to  the  change  in f r e e  e n e r g y  AAG# i s ,  a s  a r u l e ,  much  l e s s  than  the c o n t r i b u t i o n  of A A G I # .  It is  e v i d e n t l y  
fo r  t h i s  r e a s o n  tha t  the  e l e c t r o n i c  e f fec t  of a l l  such  s u b s t i t u e n t s  i s  s a t i s f a c t o r i l y  t r a n s m i t t e d  by c o r r e l a -  
t ion r e l a t i o n s h i p s  tha t  d i s r e g a r d  the  c o n t r i b u t i o n  of t h e - C  ef fec t .  The  A A G R - #  t e r m  t a k e s  on s u b s t a n t i a l  

va lue  only  in the  c a s e  of h e t e r o a t o m i c  g r o u p i n g s  ( \ N / /  \ + 1 /  o - )  o r  s t r o n g - C  s u b s t i t u e n t s .  
7 

A n  e x a m i n a t i o n  of the  p o s s i b i l i t y  of the  e x t e n s i o n  of e x p r e s s i o n  (5) to  compounds  wi th  t h r e e  o r  m o r e  
s u b s t i t u e n t s  ( h e t e r o a t o m s }  in the  a r o m a t i c  r i n g  showed tha t  i t  s a t i s f a c t o r i l y  d e s c r i b e s  the  t r e n d  of the  
change  in the  r a t e  c o n s t a n t s  in t h o s e  c a s e s  in which  the  r e l a t i v e  o r i e n t a t i o n  and type  of s u b s t i t u e n t  e x c l u d e  
i n t e r a c t i o n  b e t w e e n  t h e m  v ia  a r e s o n a n c e  m e c h a n i s m .  A t  the  s a m e  t i m e ,  the  t o t a l  e l e c t r o n i c  e f fec t  fo r  c o m -  
pounds  c o n t a i n i n g  s u b s t i t u e n t s  of o p p o s i t e  p o l a r i t i e s  in i n t e r c o n j u g a t e d  p o s i t i o n s  of t he  h e t e r o a r o m a t i c  r i n g  
(Nos.  13 and 16-18 in T a b l e  9) does  not  c o r r e s p o n d  to the e f fec t  e x p e c t e d  f r o m  the  a d d i t i v e  s c h e m e .  The  
r e s u l t  c o n f i r m s  tha t  d i s r u p t i o n  of the  a d d i t i v i t y  of the  e l e c t r o n i c  e f f ec t s  in d e u t e r i u m  e x c h a n g e  of a r o m a t i c  
CH bonds  is  a l s o  a s s o c i a t e d  p r i m a r i l y  wi th  the  p e c u l i a r i t i e s  of the  m e c h a n i s m  of t r a n s m i s s i o n  of the  r e s o -  
nance  e f fec t .  

M o r e o v e r ,  the  c o r r e l a t i o n  e x p r e s s i o n  d o e s  not  p r o v i d e  a p o s s i b i l i t y  for  a q u a n t i t a t i v e  d e s c r i p t i o n  of 
the  e l e c t r o n i c  e f f ec t  of a n i t r o g e n  h e t e r o a t o m  on the  r a t e  of d e u t e r i u m  e x c h a n g e  of a d j a c e n t  CH bonds  in 
m o l e c u l e s  of n i t r o g e n  h e t e r o c y c l e s .  T h i s  c i r c u m s t a n c e  and the  unusua l  o r d e r  of change  in the  l a b i l i t i e s  of 
the  h y d r o g e n  a t o m s  in the  h e t e r o a r o m a t i c  r i n g  tha t  is  c h a r a c t e r i s t i c  fo r  p y r i d i n e  and i t s  d e r i v a t i v e s  (4 > 
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TABLE 11. Isotopic Hydrogen Exchange of Aromat ic  CH Bonds of 
F ive-Membered  Heterocycles  in 0.57 N Solutions of C2H5OK in 
C2H5OD [25, 102] 

Compound 

Furan 

Thiophene 

1 -Methylpy~role 

8etenophene 
Benzofuran 

Thionaphthene 

1 -Methylindole 

3-Methylthionaphthene 
1-Methylimidazole 
1-Methylbenzimidazole 
Benzothiazole 
Benzoselenazoie 
Benzoxazole 

Atoms ~ / E, kcal/ 
undergoing | - Igkl40 ~ 
exchange | i mole 

2,5 
3,4 
2, 5 
3, 4 
2,5 
3,4 
2,5 
2 
3 
2 
3 
2 
3 
2 
2 
2 
2 
2 
2 

3,6 

1,9 

6,0 

5,9 
2,1 
4,5 

: 1,6 
4,6 
4,6 

5,4 
4,7* 
4,2* 
2,1" 
1,8" 
1,3" 

lg A 

* - log ks0 ~ 

3814 16,7 

29,7 13,8 

29,1 9,4 
No exchange at 180 ~ 

29,0 9,4 
29,4 13,4 
28,9 l 1,3 
26,5 12,4 
37,1 15,0~ 
21,9 7,0 

No exchange at 180" 

2L8 102. 
25,7 13,2 
18;7 10,5 

I8;2: 11,0 

3>2) [13, 83, 98] serve  as a ref lect ion of the complicat ions in ~he mechanism of electronic interactions,  
which a re  associa ted with the relat ive re tardat ion of the ra te  of deuter ium exchange in the ortho positions 
caused by superimposi t ion of an oppositely directed"c~ effect" of the unshared pai r  of the nitrogen hetero-  
atom on the e l e c t r o n - a c c e p t o r - I  and - C  effects [83, 86, 88, 92].* The unshared pair  of nitrogen is located 
in the plane of the a romat ic  r ing in di rect  proximity  to the electron pai r  of the adjacent CH bond that is 
cleaved during the react ion:  

RO- @~.~ ROD 
1"I . . . . . . .  H4"- - - 2 0  R ~ D  

The orbital  of the unshared pair  of the nitrogen heteroatom is sufficiently diffuse that the effect of 
mutual repulsion between it and the electrons of the react ion center  can effectively oppose the tendency 
to separat ion of the posit ive and negative charges  of the CH bond caused by the high e lec t ron-accep tor  ca-  

pacity of the \ N / /  heteroatom. In good agreement  with the proposed interpretat ion is the fact that the 
"\+// 

formation of a semipolar  N--O-  bond in the pyridine N-oxide molecule, which causes  a shift of the un- 
shared pair  of nitrogen toward the oxygen atom or quaternization of nitrogen, leads to disappearance of the 
indicated anomaly. The same r eason  is the basis  for the distinctly expressed dependence of the magnitude 
of the "a  effect" on the solvating capacity of the solvent. Accord ing  to [86], the influence of the "a  effect" 
is re la t ively smal l  (oi e f f -  0.3) when deuter ium exchange is car r ied  out in hydroxyl-containing solvents 
(CH3OD + CH30-), in which specific solvation of the he te roaromat ic  subst ra te  occurs  and reaches  a. maxi-  
mum value (aieff-~ 0) when protophilic solvents [NH 3 (liq)+ NH2- , DMSO+tert-C4H9OK] are  used as the ex- 
change medium. 

At the conclusion of this section, it should be noted that the information set forth above regarding  the 
mechanism of electronic interactions was obtained by a, p analysis .  The latter is today one of the pr inc i -  
pal working instruments  by means 'of which a sufficiently large amount of experimental  mater ia l  on deu- 
ter ium exchange of a romat ic  CH bonds can be treated.  Insofar as quantum-chemical  calculations,  par t icu-  
larly those made within the r - e l ec t ron  approximation, a re  concerned,  they a re  poorly adapted for modeling 

* See [50, 99-101] for the manifestation of an "c~ effect" in the chemical  react iv i ty  and spect roscopic  cha r -  
ac te r i s t i cs .  
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TABLE 12. Fac to r s  of the Par t i a l  Rate of Deuterium Exchange of 
F ive-Membered  Rings* in Solutions of DMSO+tert-C4H90- (25~ [128] 

Compound f2 f~ 

2D -thiophene 
Thieno[2, 3 -b] -2]:) -thiophene 
Thieno[3,2-b]-2D-thiophene 
Benzo -21) -thiophene 
3D -thiophene 
Tfileno[2,3 -b] -3D -thiophene 
Benzo-3D -thiophene 
Thieno[3,2 -b] -3D -thiophene 
2D-furan [103] 
3D-furan [103] 
2D-selenophene [103, 104, 125] 
3D-setenophene [103, 104] 

1 
to 
9 
4 
(3.1o -~) 
(3.1o -4 ) 
(2.1o -4 ) 
0,036 

(2.10 -3) 
(3- 10 -6) 
1,5 

1 
94 
65 

1 

8 

* Relative to the ra te  constants of deuter ium exchange in the 2 and 3 
positions of thiophene (f2, fa). 

the changes in the f ree  energy of activation of an exchange react ion in view of considerable polarizat ion of 
the a f r amework  in the transi t ion state and the associated peculiari t ies  of the manifestat ion of the r e s o -  

nance effect [45, 85, 102]. 

F ive-Membered  Rings. An interest ing and diversified area  of study of the CH-acidity of a romat ic  
f ive -membered  rings commenced with the r e s e a r c h  of A. I. Shatenshtein and co-workers ,  who measured 
the ra te  of basic  deuter ium exchange in the furan ring and in its isologs [103, 106]. The resul t s  of investi-  
gations of the exchange capacity of a romat ic  CH bonds of f ive-membered  rings with one heteroatom [102- 
106], mono- ,  di- ,  and te t razoles  [107-115], benzazoles [25, 115-117], azolium cations and s imi lar  compounds 
[15, 118-123], substituted furans,  thiophenes, and selenophenes [104, 124-127], thienothiophene [128], and 
polyazaindenes [129, 130] have been published. 

According to the resul ts  obtained (Tables 11 and 12), all of the hydrogen atoms in the furan, thiophene, 
selenophene, and N-methy lpyr ro le  r ings undergo exchange react ions at higher ra tes  than in the case of ben- 
zene. The lability of the hydrogen atom in the ~ position is higher than that of the hydrogen in the /3 posi-  
tion, whereas  the activating effect of the heteroatom changes in the order  S e - S  > O > N - C  H 3 for  the c~ posi -  
tion and O> S> N - C H  3 for the /3 position. The introduction into the a romat ic  r ing of two or more  he tero-  
a toms,  par t icu lar ly  a nitrogen heteroatom with a posit ive charge,  causes  a sharp increase  in the rate  of 
the exchange process  (Tables 13 and 14). 

F r o m  the kinetic data presented in Table 11 for  benzofuran, benzothiophene, and N-methylindole,  it 
follows that the general  charac te r  of the activating effect o fhe te roa tomie  groups is identical in one-r ing and 
two-r ing sys tems ,  but the lability of the hydrogen atoms in the 2 and 3 positions of two-r ing sys tems is 
higher than in the corresponding one-r ing  s y s t e m s .  

The trend of the change in the ra te  constants  of deuter ium exchange in one-r ing compounds is sa t i s -  
factor i ly  descr ibed by equations obtained for substituted benzenes and s ix -membered  he te rocyc les ;  this 
conf i rms the co r rec tnes s  of the concept of the dominant ro le  of the inductive effect of heteroatoms during 
basic deuterium exchange in ' the c~ position of f ive-membered  rings and regard ing  the appreciable mani-  
festation of a positive effect of p, 7r conjugation during deuter ium exchange of a romat ic  CH bonds in the /3 
position. The applicability of the same relat ionships to data on the exchange capacity of th ree-  and f ive-  
substituted thiophenes [124] and azoles  (except for  the positions adjacent to the ni trogen heteroatom, the 
exchange in which is complicated by the above examined "c~ effect" of the unshared pair) [124] at test  to 
the approximately identical abilities of the thiophene and benzene (pyridine) r ings to t ransmi t  electronic 
effects in deuter ium exchange and, in addition, to the additivity of the effects of the substituent and here to-  
atom (or two heteratoms) in the investigated ser ies  of compounds. 

It follows from the resul ts  of comparat ive  studies [125, 126, 128, 131-134] of the ra te  of basic (proto- 
philic) and acidic (electrophilic) deuter ium exchange of furan, thiophene, and selenophene that, as a rule,  
the exchange capaci ty of a romat ic  CH bonds in both react ion se r ies  changes in the same order .  This sor t  
of specific cha rac te r  in the manifestation of e lect ronic  effects in f ive-membered  rings is associated with 
the fact that the O, S, and Se heteroatoms a re  a r a r e  example of substituents that have simultaneously large 
positive a ~ values and large negative a + constants (Table 3). For  the indicated reason,  they considerably 
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TABLE 13. Isotopic Hydrogen Exchange of Aromatic CH Bonds in 
Thiazole and Similar Compounds at 31 ~ [!07] 

i ka" I0 ~, 
Reaction' hter "mole "~ �9 sec-I Relative 

Thiazole 

Compound 
center  j +CH3oDCHzO-+ OD-+D,O 

/ 

T 

Isothiazole 3 
5 

4-Methylisothiazole 3 

5-Methylisothiazole 5 
4-Phenylisothiazole 

1,3,4-Thiadiazole 2 
1,2,3-Thiadiazole I 4 

3-Phenyl-l,2,4-oxadiazole 5 
2-Phenyl-l,3,4-oxadiazole } 5 
1-Ethyl-l,2,3,4-tetrazole i 5 

I 

5,6 !5,8 
No exchange 
5,1 I 4 ~  

No exchange 
39 ! - 
N o  exchange 
97 ] 9~7 

la i - -  
N o  exchange 
59 t - -  

- -  ! 3,6.10 4 L 
No exchange 

I 4 , 8 - 1 0 6  

t 

rate 

1 
10-6 
0,8 

I~1-7 
7 

10-7 
1,7 
2,3 . 

1 0 - 7  
10,5 

6 ,2  - I 06~ 

(3, t - 10 ~ ) 
(3,5-104) * 

(1,24.104) * 
(I.95. I04) * 

* Est imated f rom data on the rate  of deuter ium exchange with a 
0.4 N solution of piperidine in CH3OD. 

acce le ra te  both react ions that a re  promoted by e lec t ron-donor  substituents (p < 0) and reactions that are  
promoted by e lec t ron-accep tor  substituents (p > 0) (see [52] for  more details). 

The problem of the role of the d-orbi ta l  effect in the activation of the exchange process  of positions 
adjacent to sulfur and selenium is deserving of special  discussion.  

The mechanism of filling of the vacant d orbitals  of S and Se heteroatoms by electrons during deu- 
ter ium exchange of a romat ic  CH bonds - the md effect [15, 63. 102] - differs f rom the usual mechanism of 
p,d conjugation real ized in sys tems in which the sulfur (selenium) atom and the e lec t ron-donor  grouping 
a re  not adjacent and interect  only through the conjugated system. The essence of the a,d effect consists  
in " lateral"  overlapping between the 3d orbital  of suitable symmet ry  and the p component of the unshared 
pair  of e lectrons of the adjacent atom. Considering the different trends of the change in the rate  constants 
of deuter ium exchange of oxazolium, thiazolium, and imidazolium cations and the s p i n - s p i n  coupling con- 
stants that r ecord  the change in the s cha rac te r  of the CH bond in the ~ positions of the r ing [121], it can 
be concluded that the cT, d effect is manifested mainly in the t ransi t ion state of the reaction.  The concept 
of the possible re inforcement  of the inductive effect of a heteroatom by the effect of d-orbi ta l  stabilization 
has been used to explain the increased e lec t ron-accep tor  effect of sulfur (selenium) during deuter ium ex- 
change of thiophene, selenophene [102, 106], azoles [107], and azolium salts [15, 118, 121]. The influence of 
the a,d effect is responsible ,  in par t icular ,  for the considerably s t ronger  stabilization of the negative charge 
ar i s ing  at the instant of the exchange react ion in the fi positions of the thiophene (selenophene) ring as com-  
pared with the furan ring. On passing to the fl positions, where the o,d effect is not substantial,  the ac t i -  
vating effect of a sulfur (selenium) heteroatom is smal le r  than in the case of oxygen. 

If the magnitude of the ks /k  o ra t io  is taken as an approximate measure  of the part icipation of the d 
levels of sulfur in an exchange react ion,  it follows f rom the data presented in [102] that the d-orbi ta l  inter-  
actions in the he teroaromat ie  earbanions under considerat ion play a lesser  role than in carbanions in which 
the heteroatom is included in the composition of the al iphat ic  f ragment  of the molecule (ks/ko= 102-10 -2 
and 10~-10 ~, respect ively) .  The probable reasons  for this are  the great  s cha rac te r  of the unshared pair  of 
electrons of the carbanion carbon atom, the possibil i ty of its delocalization via a mechanism of a, d in ter -  
action, and the geomet r ica l  factor ,  which reduces  the effectiveness of a,d-overlapping in the heteroaromat ic  
r ing [102]. 

EFFECT OF A SOLVENT ON THE KINETIC CH-ACIDITIES 

OF HETEROAROMATIC COMPOUNDS 

The problem of the effect of a solvent on the CH acid properties of organic compounds in genersl and 
heteroaromatic compounds in particular has been the subject of intensive investigations [i, 6, 135-142]. 
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T A B L E  14. 
Sa l t s  of A z o l e s  a t  31 ~ [118] 

I so top i c  H y d r o g e n  E x c h a n g e  of A r o m a t i c  CH Bonds  in 

Atom un-t k2, liter" Relative 
!detgoing : mole-*- pD* rate 

Compound lexehange] sec-* 

3-Ethylthiazolium iodide 9,8-10 ~ 

7,3.102 
2,6.109 
1,8-103 

4,2.103 
4,6- 10 5 

5,07 

~T-lo 
lO 
8,20 
1,66 
5,81 
7,44 
5,40 

2-Methylisothiazolium iodide 

3-Ethyl-l,3,4-thiadiazolium chloride 

3 -Ethyl-l,2,3-thiadiazolium tetra- 
fluoroborate 

1 
1 .1o  -4 
1-1o -4 

7.10 -4 
3.103 
2.10-t 
4.10-3 
5.10-1 

* When T1/2 = i0 min. 

Within the framework of this paper, it does not seem possible to illuminate the various aspects of this com- 
plex problem. We will dwell briefly only on the specific character of the interaction of a heteroaromatic 

substrate with the medium, which is responsible for the ambiguous nature of nitrogen-eontaining hetero- 

c y c l e s .  I t  is w e l l  known tha t  the  l a t t e r  d i s p l a y  a c a p a c i t y  to r e a c t  as  b a s e s  of m e d i u m  s t r e n g t h  as  w e l l  a s  
C H - a c i d  p r o p e r t i e s .  Th i s  d e t e r m i n e s  the p o s s i b i l i t y  of the  p a r t i c i p a t i o n  of h e t e r o c y c l e s  in d e u t e r i u m  e x -  
change  in the  f o r m  of n e u t r a l  m o l e c u l e s ,  c a t i o n s ,  o r  an ions  f o r m e d  d u r i n g  the  r e a c t i o n  of the so lve n t  wi th  

the  k u / /  or -NH- g r o u p i n g s .  

i .  I n v e s t i g a t i o n  of the So lva t ion  I n t e r a c t i o n s  

by A n a l y s i s  of the A c t i v a t i o n  P a r a m e t e r s  

The role of the solvation interaction, which is concealed during an analysis of the changes in the rate, 
shows up more distinctly during an examination of the activation parameters of an exchange reaction. It 
has been shown [143] that the exchange process is a type of reaction series in which correlations of the 
Hammett type are satisfied, but changes in the AH# and AS# values are not correlated by the isokinetic 
expression. A compensation dependence occurs only for the "external" activation parameters.* 

The general tendencies of the change in the 6AHext # and 6AS # values depend substantially on the 
peculiarities of the electronic structure of the substrate. The decrease in the 5AHext # and 6AS # values 
for a series of substituted benzenes and nitrogen-containing heterocycles occurs in conformity with the in- 
crease in the electron-aceeptor strength of the substituents in the heteroaromtic or benzene ring. Rein- 
forcement of the degree of solvation of the transition state, which causes a decrease in both the entropy 
and the enthalpy of activation, is reflected in the observed relationship between the external activation pa- 
rameters. 

In a s e r i e s  of a r o m a t i c  N - o x i d e s  the  t r e n d  of the  change  in the e x t e r n a l  a c t i v a t i o n  p a r a m e t e r s  is  the  
d i r e c t  o p p o s i t e  of t h i s :  r e i n f o r c e m e n t  of the  a c c e p t o r  p r o p e r t i e s  of the s u b s t i t u e n t s  in the  r i n g  is a c c o m -  
pan i ed  by an  i n c r e a s e  in the  6 A H e x t  # and '  5AS#  v a l u e s .  Judg ing  f r o m  the f ac t  tha t  fo r  N - o x i d e s  c o n t a i n -  
ing  the  e l e c t r o n - a c c e p t o r  s u b s t i t u e n t s  the  t o t a l  6AH#  va lue  i s  a l m o s t  equa l  to  the  5AHin t  # va lue ,  s o l v a -  
t ion  s t a b i l i z a t i o n  of the c a r b a n i o n s  p l a y s  a s e c o n d a r y  r o l e  in  th i s  c a s e .  

An  e x p l a n a t i o n  of the  o b s e r v e d  c h a n g e s  in the  s o l v a t i o n  e f f ec t s  can  be  g iven  on the b a s i s  of the  a s -  
s u m p t i o n  tha t  the  m e a s u r a b l e  a c t i v a t i o n  e n t r o p y  is the  a l g e b r a i c  s u m  of two p r i n c i p a l  c o n t r i b u t i o n s :  1) a 
n e g a t i v e  c o n t r i b u t i o n  due to  t he  m o r e  p o l a r  s t r u c t u r e  of the  c a r b a n i o n  t r a n s i t i o n  s t a t e  as  a whole  a s  c o m -  
p a r e d  with  the  s t a r t i n g  s t r u c t u r e ;  2) a p o s i t i v e  c o n t r i b u t i o n  a r i s i n g  f r o m  d i s s i p a t i o n  of the  c h a r g e  of the  
t r a n s i t i o n  s t a t e  on t r a n s f e r  of a p r o t o n  f r o m  the  e a r b o  a c i d  to the  CH30-  ion. I n a s m u c h  a s  the  a l k o x i d e  ion 
is  s o l v a t e d  to  a much  g r e a t e r  ex ten t  than  the c o n s i d e r a b l y  b u l k i e r  a r o m a t i c  c a r b a n i o n s ,  i t s  n e u t r a l i z a t i o n  
d u r i n g  the e x c h a n g e  p r o c e s s  i s  a c c o m p a n i e d  by a p o s i t i v e  e n t r o p y  change .  M o r e o v e r ,  the  g r e a t e r  e a s e  wi th  
which  the c h a r g e  i s  d e l o e a l i z e d  f r o m  the  r e a c t i o n  c e n t e r  due to the  " i n t e r n a l "  s t a b i l i z a t i o n  of the  i n t e r -  
m e d i a t e  c a r b a n i o n  by e l e c t r o n - a c c e p t o r  s u b s t i t u e n t s ,  the  h i g h e r  the  d e g r e e  of the  i n d i c a t e d  e f fec t  of d i s -  
r u p t i o n  of the  s o l v a t e  s h e l l  of the  CH30-  ion. 

* A c c o r d i n g  to [144], ~aHex t  ~ =6AH ~ +2.3RTpa and 6 A S e x t # =  6AS # ,  w h e r e  the  s y m b o l  6 i n d i c a t e s  an in -  
c r e m e n t  c a u s e d  by  the s u b s t i t u e n t  e f fec t .  
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It follows from the mater ia l  presented above that the f i rs t  factor  - the effect of "order ing" of the sol-  
vent molecules about the t ransi t ion s t a t e -  makes the principal contribution to the entropy change during 
deuterium exchange of compounds of the f i r s t  group. On the other hand, predominance of a disorder ing ef- 
fect over an order ing effect is peculiar  to exchange react ions of compounds of the second group. This dif- 
ference may be the resu l t  of both the weaker resonance  stabilization of the earbanion of unoxidized nitrogen 
heterocycles  as compared with the carbanions of the corresponding N-oxides,  for which this sor t  of stabil i-  
zation is ext remely  considerable,  and also to the grea te r  capacity of the nitrogen he te roa tomfor  associat ion 
with solvent molecules,  which is responsible  for the distinctly expressed basic proper t ies  of nitrogen het-  
erocycles .  

2.  C h a n g e s  in  t h e  R a t e  of  I s o t o p i c  E x c h a n g e  

C a u s e d  b y  V a r i a t i o n  of  t h e  C o m p o s i t i o n  

of  t h e  A l c o h o l  M e d i u m  

Effect of the Alkoxide Ion on the State of a Heteroaromat ic  ~ubstrate in Solution. A general  feature 
of the exchange p rocess  of nitrogen heterocycles  is the fact  that the activation energy in "pure" alcohol is 
3-10 kca l /mole  lower than in an alcohol solution of potassium alkoxide, although the exchange rate  in the 
latter case is two to five o rde rs  of magnitude g rea te r  [140, 141]. This constitutes evidence for complica-  
tions in the mechanism of deuter ium exchange, which can be explained by assuming that the addition of po- 
tass ium alkoxide to alcohol leads to the development in solution of two types of hydrogen bonds: 

CH30-. . . . . .  HOCH 3 ,-,,- \ N / /  . ,.- CH30-- + CH3OH . . . . . .  \ -~ / /  

The possibil i ty of the part icipation of the heteroaromat ic  molecule in the exchange process  in the 
"free" or par t ia l ly  protonated (more exchangeable) form depends on the position of this equilibrium. P r o -  
tonation of ni t rogen-containing heterocycles  promotes  labilization of the CH bond, which involves a decrease  
in the magnitude of E. Inasmuch as the ease of protonation is determined by the basici ty of the heteroeycle,  
the observed s imi lar  trend of the PKa NH and log k values for deuter ium exchange of heterocycles  in "pure" 
alcohol (for e::ample, 1-methyl imidazole  > 1-methylbenzimidazole  > 2-methylbenzothiazole > 2-methylben-  
zoxazole) becomes understandable [25]. Judging f rom the fact that " co r r ec t "  tendencies in the changes in 
the activation p a r a m e t e r s  (EROD > D RO- +ROD) a re  observed for N-oxides,  the N-oxide group is inclined 
to a much lesse r  degree to specific interactions with alcohol molecules.  The latter conclusion is in ag ree -  
ment with the fact of the sharp decrease  in the basic proper t ies  of a romat ic  N-oxides as compared with the 
corresponding unoxidized he terocycles  (A.pK a NH _ 5). 

Studies of the dependence of the rate of deuter ium exchange of thiazole [108], benzimidazole [116], 
imidazole [113], etc. on the pH of the medium confi rm the presence  of two mechanisms of deuterium ex- 
change of nitrogen he terocycles  in hydroxyl-containing solvents. According to the resul ts  obtained, a mech-  
anism in which the he te roaromat ic  substrate  acts as a f ree  base in the exchange react ion is real ized for 
pH values _> 11, as a rule. A mechanism including pre-equi l ibr ium protonation is charac te r i s t i c  for solu-  
tions with low and intermediate  pH values. 

Effect of an Aprot ic  Dipolar Solvent on the Rate of Deuterium Exchange. The addition of dimethyl-  
formamide  (DMFA) - a solvent with a c lear ly  expressed capacity for the formation of a hydrogen bond with 
hydroxyl-containing solvents and a low solvating capaicty with respec t  to anions - to an alcohol solution of 
potassium alkoxide has a distinct differentiating effect on the rate of exchange react ions of n i t rogen-conta in-  
ing he teroaromat ic  subs t ra tes  [141]. The latter is due to the fact that d~esolvation of both the alkoxide ion 
and the heterocycle  molecule occurs  in the presence  of DMFA: 

RO'-. . . . . .  HOR + DMFA ~ R O - - +  ROH . . . . . .  DMFA 

\ ~ / /  HOR -4- Div[FA ~ \ N / /  + ROH DMFA , , . . .  ~ . . ~  �9 �9 

Moreover, whereas desolvation of the alkoxide ion increases its nucleophilicity and thereby the reaction 
rate, desolvation of the substrate leads to opposite results. The role of the first equilibrium is~more sub- 
stantial, the higher the basicity of ~he substrate, and the accelerating effect of DMFA is therefore minimal 
for the most basic compounds (nitrogen heterocycles with PKaNH- 5) and maximal for the least basic com- 
pounds (substituted benzenes and five-membered heterocyeles that do not contain a nitrogen heteroatom) ; 
in this sense, aromatic N-oxides (pK a <_ 1.5) and benzazoles (pK a ~ 3) occupy an intermediate position. 

Solvent Secondary Isotope Effect (SSIE). According to [141], a distinct relationship between the ki- 
netic characteristics of an exchange process and the SSIE (determined as the kCH3OD/kCH30 H ratio) is not 
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observed ,  although the l a t t e r  a l so  displays  a tendency to i nc rea se  as the CH acidi ty  of ni t rogen containing 
he te rocyc les  i n c r e a s e s .  Thus,  for  example ,  the SSIE values  during the exchange of 2 -methy lpyr id ine  
(PKaCH = 27), 2-methylquinol ine  (PKa CH = 23), and 2-methylquinoxal ine  (PKa CH = 20) a r e ,  r e spec t ive ly ,  2.0, 
6.7, and 7.3. The SSIE changes over  a cons iderab ly  na r row in t e rva l  during exchange of a r o m a t i c  N-oxides  
and subst i tuted benzenes :  a va r ia t ion  in the deu te r ium content in a lcohol  f r o m  20 to 95 a tomic  % inc rea se s  
the r a t e  constants  of deu te r ium exchange by a fac tor  of 1.5 to 3. The detected changes in the SSIE a r e  ap-  
pa ren t ly  a ssoc ia ted  with d i f fe rences  in the m e c h a n i s m  of solvat ion of comparab le  he t e roa roma t i c  molecules .  
In the deuter ium exchange of a r o m a t i c  N-oxides ,  in which desolvat ion of the RO- ion makes  the pr inc ipa l  
contr ibution to the in terac t ion  of the medium with the subs t ra te ,  the isotopic d i f ference  in the energ ies  of 
convers ion  of the assoc ia ted  alcohol  molecu les  that  solvate  the RO- ion (the s ta r t ing  state) to ROD or ROH 
molecu les  (the t rans i t ion  state) is r e spons ib l e  for  acce le ra t ion  of the exchange p r o c e s s  in "heavy" alcohol.  
In the ca se  of exchange of ni t rogen he te rocyc les  that mani fes t  an inc reased  tendency to specif ic  solvation,  
a t tack  of the reagen t  (ROH or ROD) on the n i t rogen he te roa tom r equ i r e s  addit ional c leavage  of the hydrogen 
bonds in chain a s s o c i a t e s :  

(CH3OH)n -I- \ N / /  . '~ CH3OH . . . . .  \ N / /  + (CH3OH)n-1 

(CH3OD)n -4- \ N / /  . CH3OD . . . . .  \ N / /  -t- (CH3OD)n-1 

Inasmuch as the energy  of c leavage  of O - H . . . - O -  bonds in ~light" alcohol  is g r e a t e r  than the energy of 
c leavage  of O - - D . . . - O -  bonds in "heavy"  alcohol,  deu te r ium enr ichment  of the solvent f avors  specif ic  so lva -  
t ion of the subs t ra te ,  the reby  p romot ing  acce l e r a t i on  of the exchange p r o c e s s .  The selvat ion interact ion 
thus makes  an addit ional  contr ibution to the m e a s u r e a b l e  SSIE. 

3. P e c u l i a r i t i e s  of the Exchange of H e t e r o c y c l i c  Compounds 

Con ta in ing  a S e c o n d a r y  N i t r o g e n  Atom 

A comparison of the rate of deuterium exchange of pyrrole, indole, and their N-methyl derivatives 
shows [102, 145] that in alkaline media the N-methyl analogs undergo exchange more slowly by a factor of 
103-105 . Moreover, whereas substitution of hydrogen by deuterium in N-methyl derivatives is directed ex- 
clusively to the 2 position, the exchange of compounds containing an NH group occurs in the 3 position (in- 
dole and its 2,5,6-substituted derivatives) or 2 and 3 positions (pyrrole). These facts serve as an indica- 
tion of the change in the mechanism of the exchange process. The reasons for the change may be explained 
if one takes into account the "acidic" character of the NH group of pyrrole and indole (pK a-- 17), which is 
responsible for the presence in solution of appreciable amounts of anions capable of undergoing exchange 
via an electrophilic mechanism with greater ease than the neutral molecules: 

H 

In conformi ty  with the e lec t rophi l ic  na ture  of the exchange p r o c e s s ,  e l ec t ron-donor  subst i tuents  i nc r ea se  
whereas  e l e c t r o n - a c c e p t o r  subst i tuents  d e c r e a s e  the r a t e  of deu te r ium exchange of the he t e roa roma t i c  r ing 
of indole and i ts  de r iva t ives  [145-148]. 

It has been shown [146-148] that  an e lec t rophi l ic  mechan i sm is a lso  rea l i zed  during bas ic  deuter ium 
exchange of hydroxy der iva t ives  of pyr idine,  quinoline, and isoquinoline. 

1. 

2. 
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