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I S O T O P I C  H Y D R O G E N  E X C H A N G E  IN M E T H Y L  D E R I V A T I V E S  

OF  F I V E - 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  

N. N. Z a t s e p i n a ,  I .  F .  T u p i t s y n ,  
A.  I .  B e l y a s h o v a ,  A. V.  K i r o v a ,  
a n d  E.  Y a .  K o n y a k h i n a  

UDC 547.72.77.78 : 541.127 : 543.422.25.4 

The kinetics of isotopic exchange of the hydrogen atoms of the methyl groups in an alcohol 
solution of potass ium ethoxide were studied for  an extensive ser ies  of methyl derivatives of 
azoles and di-,  t r i - ,  and te t razoles .  The electronic effect of one o r  severa l  heteroatoms and 
substituents on the rate of deuter ium exchange of f ive -membered  heterocycles  is sa t is fac-  
torily conveyed by the cor re la t ion  relationship previously established for a ser ies  of sub- 
stituted toluenes and s ix -membered  he teroaromat ic  compounds (P25o = 7.6). The limitations 
that exist  in a number  of cases  are  discussed in connection with the peculiari t ies  of the e lec-  
t ron-densi ty  distribution in f ive- and s ix -membered  heterocycles .  

In our previous r e s e a r c h  [1] we established that the trend of the change in the intensity of the bands of 
C - H  stretching vibrations in the IR spec t ra  (A~(~) and the chemical  shifts of the protons of the methyl group in 
the PMR s p e c t r a  (6CH3) of methyl derivahves-- of azoles and di-,  t r i - ,  and te t razoles  containing polar  substi tu- 
ents in the he te roaromat ic  ring is determined by the sum of additive contributions made to the A i/2 and 6 values 
by one or  severa l  heteroatoms and substituents.  The possibil i ty of their examination within the f ramework  of 
a single react ion ser ies  with the corresponding methyl derivat ives of s ix -membered  aromat ic  and he te roa ro -  
matic  compounds was demonstrated,  and, in addition, the applicability of a quantum-chemical  t rea tment  of the 
changes in the 6 and AI/2 values was investigated. 

In o rde r  to study the possibil i ty of the extension of a s imi la r  approach for  the descript ion of the e lec-  
tronic effects on the cha rac te r i s t i c s  of the react ivi t ies  of f ive -membered  aromat ic  heterocycles ,  in the p r e s -  
ent r e s e a r c h  we found comparable  (with one another) rate constants of basic deuterium exhcnage of an exten- 
sive se r ies  of methyl derivat ives of thiazole, oxazole, isoxazole, pyrazole,  imidazole, oxa- and thiadiazoles, 
tr iazole,  and tetrazole,  and we also made a cor re la t ion  analysis of the experimental  data obtained. In a subse-  
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T A B L E  1. K i n e t i c s  of  D e u t e r i u m  E x c h a n g e  of  t he  M e t h y l  G r o u p s  
in  F i v e - 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  

'~ Medi -  k-lo ~, ~cal /  I~A lek:~ ~b b o o ' 

Compound ~ uma t, oc see_t hOle ~ ~'1~ 
4 ~  ~ -. 

2 3 4 5 6 7 8 9 �9 I0 11 

Clfg-,,.~N 

l s~N CHa 

i 
A(0,57 N) 2 

4 .-X (0,57 N) 

5 a(0,57 N 

2 A(n.57 N., 

85 12.0 

55 0,46 
I 
160i 00:~ c 
140 0.02 

1501 4.e c 
I35 1,0 
2() 0,4 

I 
[ 

180 [ 0,5 -', f 

25,2 11,5 

20,9 4,8 

23,4 7,9 

. m  

7,0 1,22 13 

10,6 0,6 13 

9,3 0,9 13 

o.2,,1 - 

8 ~s~CH~ 3 

9 2 

CH~ ~ " ~ - N  

5 

11 4 

12 CH 3 3 

13 C tl3-"%,o.N o 

14 3 I,~_~,.CH~ 
15 Clfi""k'~ N 5 

~--C6H s 
1716 N...[]__.~C H a 5 3 

CH("4-.o~N 

18 ~CO3 

,h, 

I 
B 951 3.0 c 'g 

10.'5 12,0 
.\ t0 57 N) 92 -t,4 

�9 ' " 85 1.5 ] 
3 0  9.9 

C on' 3.2 
'~(~57m 18o 1.5 

10 C 11,0 
A(0.57 N) 180 

N) 200 I A(0,57 (~ 1.o}~ 
1801 (1,4); 
160 (0.27)" 

A(0,57N) 1201 15.0 
�9 951 1,9 

50 3.1 
a(0,57 N) 37 1:8 

21 0.83 

A (0.27 N) 180 
A(0,IN) 48 

A(0,57 N) 0,08 f 

135 5,9 
a(o,s7 N) 1o5 1,3 

8O 0,22 

27,9 t 19 ,~ I 0,9 

- -  (14,5) e 0,3 

No exchange 

5 

i0,75 

8,3 

- -  - -  (10.2) i 14 

21,7 lI.0 85'61 

0,92 15 

__N~ ~ ~change l j i6  

_ _ ( ~ 16'0)e - -  

17,1 4,9 17 
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TABLE 1 (continued) 

, I  2 31 ,, 

391 !.N-L., 
~6H5 

2qA (o,I hi) 

5 6 

50 22,0 
35 3,9 
25 0,93 

7 8 

25,0 13,2 

9 10 

4,3 2,1 

aThe following symbols  were  adopted: A is C2HsOK + C2HsOD (the 
concentra t ion  of the base  is indicated in parentheses) ;  B is 0.4 N 
tert-C4HsOK + d6-DMSO; C is 0.1 N C2H5OK + C2H5OD + d6-DMSO; 
D is NaOD + ds-DMSO + D20 (90 : 10). 
bin 0.57 N C2H5OK + C2H5OD. 
CA co r r ec t i on  fo r  deuter ium exchange in the ring 2 and 5 pos i -  
t ions p r i o r  to exchange of the hydrogen of the CH 3 groups  ~yere 
introduced. 
dObtained by ext rapola t ion of the data in [2]. 
eEs t ima ted  by compar i son  with the CH acidity of 2 ,5 -d imethy l -  
thiazole (No. 1) with al lowance fo r  a co r r ec t i on  for  the dec r ea se  
in the sensi t iv i ty  of the r a t e  constants  to the e lec t ronic  effect  as 
the t e m p e r a t u r e  r i s e s .  
fMeasured  in 0.57 N C2HsOK + C2H5OH [5]. 
gThe m e a s u r e m e n t s  we re  made jointly with Yu. L. Kaminski i .  
hEs t imated  by compar i son  with the CH acidity of toluene: the 
r a t e  constants  (in medium B) at 25, 50, and 95~ a re ,  r e s p e c -  
tively, 1.6 �9 10 -5, 1.2 �9 10 -4, and 2.6 �9 10 -3 sec-1; in medium A 
(0.57 N) at 25~ log k = - 1 5 . 9  [7]. 
iThis is the ave rage  value of the ra te  constant  for  the 3 and 5 
posi t ions .  
J Es t imated  by compar i son  with the ra te  of deuter ium exchange of 
1 , 3 , 5 - t r i m e t hy l -4 -n i t r opy razo l e  (No. 30). 

quent communica t ion  [2] the re la t ive  ra te  constants  we re  compa red  with the quan tum-chemica l  indices of CH 
acidity. 

The data in the l i t e r a tu re  on the labili ty of the hydrogen a toms  of methyl  groups  in f i v e - m e m b e r e d  one-  
ring s y s t e m s  a re  l imited to disconnected m e a s u r e m e n t s  of the ra te  of deuter ium exchange of i somer i c  methy l -  
isothiazoles  [3], 5 -methyl i soxazole  [4], and 2 -me thy l fu ran  and 2-methyl th iophene [5, 6]. 

We made mos t  of the kinetic m e a s u r e m e n t s  in an alcohol solution of po tass ium ethoxide; solutions of the 
ethoxide in alcohol containing d6-dimethyl sulfoxide (d6-DMSO) and po tass ium ter t -butoxide  in ds-DMSO were  
used as the exchange medium in individual cases .  The r e su l t s  of the kinetic invest igat ion a re  p resen ted  in 
Table 1. 

It follows f r o m  the data obtained that depending on the mutual or ienta t ion of the he t e roa toms  and the 
methy l  group undergoing exchange, the CH acid p r o p e r t i e s  of the la t te r  change in the o r d e r  2 > 5 > 4 fo r  methy l -  
thiazoles and methyloxazoles ,  5 > 3 for  methyl i so th iazo les  and methyl i soxazoles ,  and 5 > 3 for  1 ,2 ,4 - t r ime thy l -  
t r iazole .  The labil i ty of the hydrogen of the methyl  groups  in the 1 ,2 ,3-oxadiazole  ring is lower  than in its 
1 ,3 ,4 - i somer .  The act ivat ing effect  of the he te roa tomic  groups  in equivalent  ring posi t ions d e c r e a s e s  in the 
o r d e r  S > O > N(CH3). 

If one takes into account  some  of the below-noted specif ic  (for f i v e - m e m b e r e d  rings) pecu l ia r i t i e s  of the 
mechan i sm of t r a n s m i s s i o n  of e lec t ronic  effects ,  it is seen  f r o m  Fig. 1 that the trend of the change in the ki-  
netic acidity of the overwhelming ma jo r i ty  of the invest igated compounds is sa t i s fac tor i ly  descr ibed  by the 
s ame  cor re la t ion  express ion  (1), which was prev ious ly  es tab l i shed  as applied to the bas ic  deuter ium exchange 
of the methyl  groups of subst i tuted toluenes and the i r  n i t rogen-containing analogs [6, 7]: 

lg k25o = - 15.9 + 7.6~.~-. ( 1 )  

Analysis  of the conditions that de te rmine  the applicabil i ty of express ion  (1) to the CH acidity of f i v e - m e m -  
b e r e d  he te rocyc les  makes  it poss ib le  to point out the following distinguishing f ea tu res  of the la t ter .  
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Fig. 1. Corre la t ion  of the rate of basic 
deuter ium exchange of the methyl de- 
r ivat ives of f i ve -membered  heterocycles  
by means of Eq. (1) (the numbering of the 
points cor responds  to that in Table 1). 

1. As a rule, the e lectronic  effects of the - - O - ,  - S - ,  and - N ( C H 3 ) -  heteroatoms in azoles and dlazoles 
make additive contributions to the change in the f ree  energy of activation of the exchange p rocess  and can be 
cor re la ted  by the effective values of the or- constants  [6] (cry_ S = 0.4, ~3-8  = - 0 . 3 ,  ~2-O - 0.1, ~3-O '  
cr~_N(CH3) = --0.1, o'~_N(CHs) = --0.6, o'~_ N = 1.0, 0"3_ N = 0.6, and cry_ N = 1.23). 

In conformity with the adopted concepts,  the electronic effect of the examined heteroatomic groups on 
the C type react ion center  is determined by two principal  fac tors :  the possibil i ty of activation of the exchange 
p roces s  due to the - I  effect, and its deactivation due to the e lec t ron-donor  effect of the he teroatom via a p,~- 
conjugation mechanism [5, 6, 8-10]. Proceeding f rom this, in the case  one should have expected cor re la t ion  of 
the electronic effects of the he teroa toms with the ~0 constants (cr ~- ~0). The specific cha rac t e r  of the mani-  
festat ion of the CH acid proper t ies  in the se r ies  of the investigated compounds, which is ref lected in the de- 
c reased  nucleophilic cr- constants (~- < or~ indicates that the e lec t ron-donor  effect of the heteroatomic groups 
is expressed  more  strongly in the carbanion transi t ion state of the f ive -membered  heterocycles  than in the 
s tar t ing state. The effect of p,~ conjugation in the 2 position of the thiophene ring (or- ~- ~0) is apparently pa r -  
tially masked by the manifestat ion of the effect of p~r-d~ conjugation of the sulfur heteroatom, which is in the 
same direct ion of the - I  effect [5, 6, 9, 10]. Judging f rom the a -  constants,  the e lec t ron-donor  effect of p,~" 
conjugation of the - O - ,  - S - ,  and - N ( C H 3 ) -  he teroatoms with the a romat ic  ring is manifested more  strongly 
in the 3 position than in the 2 position. 

2. The nonequivalent c h a r a c t e r  of the ~ bonds in the f ive -membered  rings has little effect on the mech-  
anism of t ransmiss ion  of the inductive and mesomer i c  effects of the substituents but has a substantial effect on 
the intensity of the interaction of the react ion center  with the e lec t ron  acceptors  and te r t ia ry  nigrogen hetero-  
atom {-N~) built into the ring via a mechanism of d i rec t  polar  conjugation (the - C  effect). According to the 
data obtained, t ransmiss ion  of the - C  effect along the 2 - 3  (or 4 - 5 )  bond occurs  just  as effectively as in the 
benzene ring, while the 3 - 4  bond blocks it prac t ica l ly  completely.  A consequence of this is the necessi ty  for  
the application of ~ -  constants  in the f i r s t  case  and or0 constants in the second case  for  the corre la t ion  of the 
e lectronic  effects of the - C  substituents with Eq. {1). The situation is to a cer tain degree analogous to that 
which is observed for  nucleophilic substitution of halogens in the thiophene derivat ives containing a nitro group 
as a substi tuent [11]. 

3. As seen f rom Fig. 1, the experimental  values of the rate  constants for  deuter ium exchange of the 
methyl der ivat ives  of t r iazole (No. 37) and te t razole  (No. 39) are  four to five o rde rs  of magnitude lower than 
those expected f rom corre la t ion  express ion (1). At p resen t  it does not seem possible to give an unambiguous 
interpretat ion of the origin of the observed effects, and one can only state that violation of the principle of 
additivity of the electronic effects in compounds of this type is not specific for  the p rocess  that we studied. 
A s imi la r  resu l t  was noted during a study of the piperidine debromination of t r i -  and te t razoles  [12]. 

E X P E R I M E N T A L  

The bulk of the s tar t ing compounds were  synthesized by known methods (the citations to the selected 
method of synthesis  are  given in Table 1). The method used to c a r r y  out the exchange react ion has been p re -  
viously descr ibed [27]. The deuter ium content in the molecules was determined by the usual method of low- 
-voltage mass  spec t romet ry .  An IR spect roscopic  method based on measurement  of the integral absorption of 

* The o -~ constants of the heteroatomic groups in the f ive -membered  rings are,  respect ively:  r  = 0.57, 
-- 0 . 4 2 ,  = 0 . 5 0 ,  -- 0 . 2 6 ,  -- 0 9 ,  0 . 5 ,  a n d  -- 0 . 7  
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the band of the deformation vibration at 1090 cm -1 (for a 0.5 M solution in chloroform and a layer  thickness of 
100 #m) was used for  the isotopic analysis of 1-phenyl-2-methyltetrazole (No. 39). The positions of the ex- 
changed hydrogen atoms in the molecules were established by analysis of the PMR spectra of solutions of the 
deuterated substances. 
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