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S r n Y  

The non-catalysed H-D exchange i n  he te rocycl ic  
quaternary ammonium s a l t s  ( & - a )  - w a s  s tudied by 'H-nmr. 
Exchange occurs only a t  t h e  C-CH group, at a r a t e  3 
decreasing i n  t h e  order X = C(CH3l2 ,  Se, CH=CH, S, 
NCH3. I n  s u b s t i t u t e d  benzothiazolium salts t h e  ex- 
change r a t e s  decrease i n  t h e  s e r i e s  Y = NO2, C 1 ,  H, 
OCH3. Chemical s h i f t s  ( 6  ) of  C-CH3 and N-CH groups 
decrease i n  t h e  same sequence. Both exchange r a t e  
cons tan ts  and chemical sh i f t s  can be r e l a t e d  t o  Ham- 
mett W values  of t h e  Y subs t i tuents .  The mechanism 
of t h e  exchange reac t ion  i s  b r i e f l y  discussed. 

3 

P 

Keywords: 'H-nmr chemical s h i f t  8 ,  benzothiazolium, benzoselenazo- 
liwn, benzimidazolium, quinoliniwn and pyridinium salts. 

INTRODUCTION 

The i s o t o p i c  exohange of a c t i v e  methyl hydrogens was in-  

t e n s e l y  invest igated.  A review of t h e  l i t e r a t u r e  up t o  1970 was 

compiled by one of us (2 ) .  Hydrogen-deuterium exchange i n  hetero- 

c y c l i c  compounds was extensively s tud ied  (3-5) and r e c e n t l y  revie-  

wed by Zatsepina and Tupitsyn ( 3 ) .  Methyl s u b s t i t u e n t s  I n  a lpha 

pos i t ion  r e l a t i v e l y  t o  a ni t rogen h e t e r o a t m  i n  n e u t r a l  compounds 
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exchange t h e i r  hydrogens very slowly i n  non-catalyt ic  conditions.  

It was found, however, that the  corresponding quaternary ammonium 

s a l t s  exchange s i g n i f i c a n t l y  f a s t e r  than t h e  f r e e  bases (3,6).  

According t o  our knowledge no systematic study of t h e  exchange 

r a t e s  i n  quaternary he te rocycl ic  ammonium salts was published. 

I n  a previous paper (l), r e s u l t s  on H-D exchange i n  2.3-dimethyl- 

benzothiazolium iodide  ( U s )  were reported,  i s o t o p i c  compositions 

being determined by a d e s t r u c t i v e  method. I n  t h e  present work, 

H-D exchange r a t e s  were determined f o r  a s e r i e s  of  he te rocycl ic  

quaternary ammonium salts (&-2), using H-nmr measurements. 

--- 

1 - -  

EXPERIMENTAL PART 

Compounds (& -a )  were synthe t i sed  using well-known methods. 

N-Methylation was performed with dimethyl m l p h a t e ,  followed by 

metathesis ,  or  d i r e c t l y  w i t h  methyl iodide.  

'H-Nmr chemical s h i f t s  were measured i n  D 2 0  s o l u t i o n  with 

sodium 4,4-dimethyl-4-silapentane sulphonate as i n t e r n a l  reference,  

using a Bruker WP-60 FT-nmr instrument operat ing a t  60 me. Re- 

s u l t s  a r e  given i n  Table I;  as i t  may be seen, a l l  compounds could 

be f u l l y  character ized.  Chemical shifts a r e  accurate  within 20.01 

ppm and coupling cons tan ts  within ~ 0 . 1  He. The parameters calcula-  

t e d  f o r  t h e  ARX m u l t i g l e t  of t h e  benzenic protons i n  compound 

afforded a simulated 8pectrum with a l l  t r a n s i t i o n s  wi th in  20.1 He 
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Table I. 'H-Nmr chemical shifts ( 6, ppm) and coupling 
constants (J, Hz) of heterocyclic ammonium iodides. 

C-CH3 N-CH3 Aromatic protons 

6 6 6 J 
Compound 

2.76 

3.16 

3.17 

2.86 

3.10 

3.21 

3.16 

3.10 

2.78 

3.23 

2.96 

4.00 

4.18 

4.23 

3.96 

4.47 

4.31 

4.20 

4.17 

4.22 

4.34 

4.073 

4.100 

7.60 - 7.70 (IU) 

7.50 - 8.30 (m) 

7.50 - 8.30 (m) 

7.40 - 7.90 (m) 

( E )  8.87; (F)  7.91 

7.70 - 8.50 (m) 

( A )  9-09  

(MI 8.65 

( X I  8.41 

( A )  8.24 

(MI 7.79 

( X I  8.17 

( A )  7.55 

(B) 7.41 

(XI 8-04  

7.50 - 8.80 (m) 

( A )  8-32 

(MI 8.73 

( X I  9.15 

( A )  8.01 

(M) 8.54 

( X I  8.85 

(m) unassigned multiplet; Z = C(CH ) at 6 = 1.54 ppm; 

xx Y = OCH3 at 6 = 4.00 ppm; 
3 2  
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from those  of t h e  expe r imen ta l  spectrum. Hydrogen-deuterium ex- 

change r a t e s  were measured i n  0.015-0.030 M s o l u t i o n s  i n  D20, d i -  

r e c t l y  i n  t h e  nmr tube .  The pH-dependance of  t h e  exchange r a t e s  

w a s  n o t  i n v e s t i g a t e d ;  pH-values between 5.5-6.0 were measured both 

i n  t h e  s t o c k  D 2 0  and i n  the sample s o l u t i o n s .  Samples were kept  i n  

an u l t r a t h e r m o s t a t  and p e r i o d i c a l l y  t r a n s f e r r e d  i n t o  t h e  spec t ro -  

meter  f o r  measurement; zero-time exchange was measured f o r  a l l  

samples immediately a f t e r  d i s s o l u t i o n .  No exchange w a s  n o t i c e d  f o r  

t h e  N-CH group i n  any o f  t h e  compounds and a t  any exchange t ime ;  

3 t h e r e f o r e  i n t e g a t e d  s ignal  i n t e n s i t i e s  were taken  f o r  bo th  N-CH 

and C-CH3 groups,  t h e  former being used  as r e fe rence .  

3 

Exchange measurements f o r  compounds U g - U g ,  2 and 2d were --- --- - -- 
performed on a Varian A 60 A ins t rument .  R e s u l t s  are shown i n  Ta- 

b l e  11. A t  least  t h r e e  scans  of t h e  spectrum i n t e g r a l  were r eco r -  

ded f o r  each  data po in t .  Exchange i n  compounds &&-&I)$ and com- 

pound 2s was measured on a Bruker WP-60 FT-mlr i n s t rumen t ,  r eco r -  

ding one spectrum i n t e g r a l  per  d a t a  p o i n t ,  as spectrum i n t e g r a t i o n  

on t h i s  type  of ins t runien t  i n v o l v e s  on ly  computation. R e s u l t s  are 

inc luded  i n  Table  111. There i s  a s y s t e m a t i c  d i f f e r e n c e  between 

mean kl v a l u e s  ob ta ined  f o r  compound &&c_ on the two ins t rumen t s ;  

t h e  r e s p e c t i v e  a c t i v a t i o n  energy,  f requency  f a c t o r  and a c t i v a t i o n  

en t ropy  v a l u e s  a r e  however i n  f a i r  agreement. 

--- --- 
-- 

-_- 

Exchange exper iments  were a t ten tp ted  on t h e  similar benz- 

oxazolium d e r i v a t i v e  (1, 2 = 0 ;  Y = H) .  Although d e u t e r a t i o n  def i -  

n i t e l y  t a k e s  p l ace ,  no  a c c u r a t e  r e s u l t s  could  be ob ta ined  owing 

t o  r a p i d  decomposition of t h e  sample. 

- 

I n  some p re l imina ry  exper iments  CD30D was used as exchange 

pa r tne r .  Exchange proceeds  a t  a somewhat lower r a t e  t han  i n  D20. 

RESULTS AND DISCUSSION 

The g e n e r a l  equa t ion  o f  i s o t o p i c  exchange between a me- 

t h y l  group and D20 being  

2 R-CH3 + 3 D20 2 R-CD3 + 3 H20  , 
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Table 11. I so topic  exchange parameters f o r  heterocycl ic  

ammonium salts. 

Compound Temp. kl. lo4 MSD E l g  A ,#353% 

(OC) (sec'l) (kcal/mol) (cal/mol. 4r) 
14 5.14 

24 10.82 0.40 12.6 2 0.3 6.3 rf: 0.8 1Aa --- 
34 28.33 

80 321.30" -31.9 

70 2.01 

1Ab 80 5.44 0.08 23.9 2 0.2 11.6 0.5 -7.9 --- 
90 13.93 

70 1.66 

80 3.94 0.12 20.8 2 0.2 9.5 rf: 0.7 -17.3 

90 8.93 

I.& --- 

70 1.91 

LA!? 80 5.20 0.13 24.3 2 0.3 11.8 2 0.7 -6.9 --- 
90 13.60 

extrapolated;  
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Table 111. I s o t o p i c  exchange parameters for 2.3-dimethyl- 

benzot h iaz  olium iodides.  

Compound Temp, kl. lo4 MSD E Q3 A &43534r  

(OC) (sec'l) (kcal/mol) ( c a l h o l .  OK) 

70 34.40 

E E  80 71.60 0.16 17.6 2 0.3 8.8 2 0.9 -20.6 

90 143.10 

70 0.30 

LDG 80 0.92 0.27 27.2 2 0.3 12.8 2 0.9 -2.1 --- 
90 2.66 

70 68.20 

2s 80 118.25 0.13 13.2 2 0.5 6.3 2 1.3 -32.1 

90 198.82 

t h e  corresponding McRay r e l a t i o n  can be wr i t ten  as:  

1 - f  . . l g  - 2.303 3a . 2b r = -  
9 

t 3a + 2b 1 - fo 
where: a i s  t h e  t o t a l  concentration of t h e  compound bearing t h e  

exchanging methyl group, i n  our case t h e  quaternary ammonium iodi -  

de; b is the  t o t a l  concentrat ion of  water ;  f i s  t h e  f r a c t i o n  of 

exchange, defined as f = n/no3, n being t h e  procentual D-content 

o f  the exchanging methyl group a t  a given exchange time t and nm 

the  equilibrum value ( t  = 00 1. 
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O w i n g  t o  the very low molar 

nary ammonium iodide8 used, we have 

may be approximated as 

r = -  2 , 3 0 3 . 3 , .  

and t h e  exchange reac t ion  w i l l  obey 

a s  expressed by equation 2: 

t 

concentrat ions of t h e  quater- 

bz>a. Thus t h e  McKay r e l a t i o n  

(eq. 1) 1 - f  1g - 
1 - f o  

a pseudomonomolecular k i n e t i c s ,  

Accordingly, equations 1 and 2 were used f o r  evaluat ion 

of t h e  exchange data.  

Rate constant va lues  (kl)  were determined f o r  each tempe- 

r a t u r e  on a t  l e a s t  t h r e e  dupl ica te  samples, a minimum of f i v e  dif- 

f e r e n t  exchange t imes being measured f o r  each sample. These ind l -  

v idua l  kl values  were used i n  t h e  Arrhenius r e l a t i o n  

kl = A . exp(-E/RT), 

t o  compute t h e  a c t i v a t i o n  energy (E) and frequency f a c t o r  ( A )  va- 

lues ,  averaged by t h e  l e a s t  squares procedure, which a r e  included 

i n  Tables I1 and 111. The k l v a l u e s  from Tables I1 and 111 a r e  

ca lcu la ted  using these  averaged E and A values  i n  the Arrhenius 

r e l a t i o n .  Mean square deviat ion (HSD) values  were computed and 

a r e  given f o r  each compound. Activation en t ropies  were ca lcu la ted  

by t h e  following equation: AS' = 4.576 . lg(A/T) - 49.206. 

According t o  the  magnitude of the  exchange r a t e  cons tan ts  

(kl) t h e  compound8 i n v e s t i g a t e d  (Y = H )  may be roughly divided 

i n t o  three  ca tegor ies  (2-groups a r e  g iven) :  C(CH3)2>  S,Se,CH=CH= 

NCH3. This se'Nence e x h i b i t s  a s t r i k i n g  para l le l i sm w i t h  t h e  in-  

crease of de loca l iza t ion  I n  the r i n g s  bearing t h e  exchanging me- 

t h y l  group. Thus compound && I s  the  only one where no arcmatic 

de loca l iza t ion  i n  t h e  five-membered r i n g  i s  possible ,  as t h e  

C(CH ) group i s  unable t o  cont r ibu te  any o r b i t a l  t o  t h e  R-elec- 

t r o n i c  eystem. Aromatic de loca l iza t ion  i s  possible  i n  the f ive-  

membered r i n g s  of compounds &Ab --- and && t h e  two poss ib le  cernoni- 

--- 

3 2  
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c a l  s t r u c t u r e s  ( 4  - and 5 )  - a r e  however e n e r g e t i c a l l y  non-equivalent, 

a f a c t  which according t o  the valence-bond theory implies  low v8- 

l u e s  of t h e  de loca l iza t ion  energy. 

@ + C H 3  - Q J y C H j  

Y +  I 
\ 

CH3 CH3 

4 2 
Similar ly ,  compound &Le_ --- presents  two e n e r g e t i c a l l y  non- 

equivalent canonical s t r u c t u r e s  and 2 ,  t h e  l a t t e r  having an 

orto-quinoid p a t t e r n  of double bonds. 
- - 

Compound 2, - where the  energe t ic  d i f fe rence  between t h e  two benze- 

noid canonical s t r u c t u r e s  should be l e s s  important, e x h i b i t s  a 

slower exchange than any of the  compounds mentioned above. The 

exchange r a t e  d i f fe rence  found between compounds &fie_ --- and 2, - i s  not 

surpr i s ing  a s  i t  i s  known (2 )  t h a t  a condensed benzenoid r i n g  

w i l l  genera l ly  enhance t h e  exchange r a t e s  of the a c t i v e  methyl 

groups bound t o  heterocycles ,  

F ina l ly ,  no exchange w a s  de tec ted  i n  the  beneimidazolium 

compounds --- and 2d. These posess a symmetric %--electronic dia- 

t r i b u t i o n  i n  t h e  five-membered r ing ,  having two i d e n t i c a l  canoni- 

c a l  s t r u c t u r e s  8 and 2, corresponding t o  high va lues  of the delo- 

c a l i z a t i o n  energy, according t o  t h e  terms of the valence bond 
- - 

c Hg 
g 

C H j  
2 - 

Even in t roduct ion  of  a nitro-group a s  i n  23 does not  r e s u l t  i n  

measurable exchange r a t e s ,  although t h i s  subs t i tuent  g r e a t l y  en- 
-- 
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hances t h e  mobil i ty  of methyl hydrogens i n  2,3-dimethylbenzothia- 

zoliwn iodide,  as i t  r e s u l t s  from compariaon of kl va lues  f o r  com- 

pound &Ac_ with those f o r  1_Bc_ and e s p e c i a l l y  2:. --- --- 
Clearly,  measured exchange r a t e s  depend on t h e  energy con- 

t e n t  of t h e  ground s t a t e  of the  exchanging molecule: the higher 

i t s  d e l o c a l i s a t i o n  energy, the l a r g e r  w i l l  be t h e  a c t i v a t i o n  bar- 

r i e r  necessary t o  reach t h e  intermediate  1_B of the  exchange pro- 

cess. 
_- 

For t h e  s e r i e s  of t h e  2,3-dimethylbenzothiazolium iod ides  

( Z  = S), l A c - Q c _ ,  t h e  logarithms of the measured rate conatants  

could be l i n e a r l y  r e l a t e d  t o  t h e  corresponding Hammett cons- 

t a n t a  of t h e  Y aubs t i tuents ,  a8 shown i n  Fig. 1. From t h e  slope of 

the l i n e a r  p l o t s  i n  Fig. 1, a value 9 = +1.96 was obtained. Fur- 

ther ,  the  measured r a t e  cons tan ts  kl, a r e  proport ional  t o  t h e  che- 

mical shif ts  of both N-CH3 and C-GH3 groups i n  the benzothiazolium 

compounds &Ag-&gc_ and 2c_. The l i n e a r  dependance between t h e  Ham- 

=== --- 
P 

--- --- -- 

Fig. 1. .Exchange r a t e  constant6 kl v6. Hanunett G' conatantrs of 
P 

the Y eubst i tuente .  
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mett @ constants  of t h e  Y s u b s t i t u e n t s  and the  chemical shif t  of 

t h e  exchanging C-CH3 group i s  shown i n  Fig. 2. The chemical s h i f t 8  

being inverse ly  proport ional  t o  the e l e c t r o n  d e n s i t i e s ,  we may 

oonolude that the measured exchange r a t e s  are inverse ly  proportio- 

nal w i t h  t h e  e lec t ron  d e n s i t i e s  at the  exchanging methyl group. 

Similar  conclusions were drawn by o ther  i n v e s t i g a t o r s  ( 3 ) .  The 

exietence of a l i n e a r  r e l a t i o n s h i p  between the measured r a t e  cons- 

tants and t h e  Hammett parameters of t h e  Y s u b s t i t u e n t s  a l s o  

proves t h a t  the exchange r a t e  depends on the e lec t ron  densi ty  a t  

t h e  reac t ion  center  and t h a t  t h e s e  d e n s i t i e s  a r e  determined by me- 

8omeric e l e c t r o n i c  e f f e c t s  of t h e  Y 8UbStitUent8. The pos i t ive  

value ind ica te8  t h a t  t h e  e lec t ron  dens i ty  at t h e  r e a c t i o n  center  

i s  g r e a t e r  i n  t h e  t r a n s i t i o n  a t a t e  than i n  t h e  i n i t i a l  reactant, 

a f inding cons is ten t  with a proton donation aa  the ra te -de temi-  

ning s t e p  f o r  t h e  exchange prooess. 

P 

P 

y 

X 
340 1 Y= ocl+ 

C I * 

0.2 0.L 0 -6 0.8 G;; -0.2 0 

Fig. 2. Hammett G cons tan ts  of t h e  Y s u b s t i t u e n t s  v8. 'H-chemical P 
s h i f t 8  ( 8 )  of  t h e  exchanging C-CH group i n  benzothiazo- 

lium compounds, Ug-l..c,. 
3 
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Thus our data mentioned so f a r  support an exchange mecha- 

nism a s  out l ined  below, t h e  formation of the  methylene base 29 -- 
with a non-aromatic five-membered r i n g  being t h e  rate-determining 

s t e t .  Analogous exchange mechaniems were advocated f o r  related 

a c t i v e  methyl-bearing c a t i o n s  such a8 pyrylium (2,7-9) and pyri-  

dinium (9,101 salts. 
+ - HOD2 

+ OD2 a i k G - H + O D 2  - 
I I 

Y 

CH3 
10 

CH3 CH3 
- - 

# Activation entropy valuee ( A  S ) ca lcu la ted  from our kine- 

t i c  data, although l a r g e l y  d i f f e r e n t  from compound t o  compound, 

a r e  throughout negat ive,  with one notab le  exception (E:). Similar  

a c t i v a t i o n  entropy va lues  can be ca lcu la ted  from l i t e r a t u r e  data 

(3) on t h e  correeponding n e u t r a l  non-quaternieed heterocyclee a8 

w e l l  a8 f o r  some alkylpyryllum (8,9)  and alkylpyrldinium (9,101 

salts. Our t e n t a t i v e  i n t e r p r e t a t i o n  of  them negative a c t i v a t i o n  

entropy va lues  i s  tha t  they a r e  at l e a e t  i n  par t  due t o  the  hin- 

dered f r e e  r o t a t i o n  of  t h e  methylenic r e a c t i o n  center  both i n  the  

n e u t r a l  transiticm s t a t e  1,. involved i n  t h e  exchange o f  c a t i o n i o  

compounds, a8 w e l l  i n  t h e  anionic  t r a n s i t i o n  state & ~ & 2 ,  invol- 

ved (3)  i n  the exchange of the  n e u t r a l  heterocycles.  

- 

12 $4 == 

The important v a r i a t i o n s  of t h e  a c t i v a t i o n  entropy measu- 

r e d  f o r  compounds of apparent ly  similar s t r u c t u r e  revea l  the in- 
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f luence o f  some u n i d e n t i f i e d  f a c t o r s  on this k i n e t i c  parameter. 

ACKNOWLEDGEMENTS 

Thanks a r e  expressed t o  t h e  A.v.Humboldt Foundation, Bonn, 

Bad Godesberg, W.Germany for awarding a Bruker WP-60 FT-nmr spec- 

trometer t o  the I n s t i t u t e  of  Chemistry, Cluj. Helpful discussion 

of the manuscript is acknowledged t o  Dr.A.Olariu. 

REFERENCES 

1. Bologa M., Olar iu  A., DBnes V.I. and Fik.c&3an M. - J. Labelled 

Compds. 2 : 398 (19671, pa r t  I. 

2. Bologa M. - S t u d i i  g i  c e r c e t b i  chim. Acad. R.S.Romania 2 : 
1069 (1971); Bologa Id. and GBrd E. - i b id .  2 : 1329 (1971). 

3 .  Zatsepina N.N. and Tupitsyn I.F. - Khim. Getaroteikl .  Soed. 

- 1974 : 1587. 

4. Parham W.E. and Oleon P.E. - Tetrahedron L e t t e r s  1973 : 4783. 

5. Clementi S., Forsythe P., Johnson D., Ka t r i t zky  A. and Terem B. 

- J. Chem. SOC., Perkin T r a n s .  I1 1974 : 399. 

6. Abramovich T.I. ,  Gragerov I.P. and Perekal in  V.V. - Dokl. Akad. 

Nauk SSSR 121 : 295 (1958). 

7. Gdrd B., Bally I., Vasi lescu A . ,  Arsene A. and Balaban A.T. - 
J. Labelled Comp. 1_ : 182 (1965). - 

8. Gdrd E., Chiraleu P., S t h o i u  1.1. and Balaban A.T. - Rev. 

Roumaine Chim. 18 : 257 (1973). 

9. Zatsepina N . N . ,  Kaminski L.Yu. and Tup i t syn  I . F e  - Organic 

Reac t iv i ty  (Reakts. Sposobnost. Org. Soed.) 6 : 442 (1968). 

10. Zatsepina N . N . ,  Kirova A.V. and Tupitsyn I.F. - Organic Reac- 

t i v i t y  (Reakts. Sposobnost. Org. Soed.) 2 : 70 (1969). 




