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The dependence of the chemical  shifts of the protons of quinoxaline and quinoxaline and 
pyrazine N-oxides and N,N-dioxides on the acid concentrat ion was studied. The changes 
in the PMR spect ra  on passing from the neutral  bases  to the monocations were examined. 
The f i rs t  protonation of pyrazine and quinoxaline N-oxides occurs  at the N 4 nitrogen atom. 

The investigation of the protonation of aromat ic  azines and their  N-oxides,  which contain severa l  cat-  
ionoid centers  in their  molecules ,  is of considerable interest .  In this r e s e a r c h  we have studied the depen- 
dence of the chemical  shifts on the acid concentration in the PMR spect ra  of quinoxaline (I), its N-oxide and 
N,N'-dioxide (II and III), pyrazine N-oxide (iV),and pyrazine N,N'-dioxide (V). 
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An examination of the nature of the changes in the PMR spect ra  during p r ima ry  protonation of I, 111, and V 
was used to establ ish the s t ruc tures  of the monocations of II and IV. 

The protonation of quinoxaline (I) was studied in solutions of t r i f luoroacet ic  acid in methylene chlo-  
ride, while the protonation of pyrazine and quinoxaline N-oxides II-V was studied in aqueous {D20 ) solutions 
of deuterosulfur ic  acid.* The dependence of the chemical  shifts of the protons of the investigated com-  
pounds on the acid concentrat ion is presented in Figs.  1-3. 

Retention of s y m m e t r y  (singlet f rom the protons of the pyrazine ring and an AA'BB'  sys tem of p ro -  
tons of the benzene r ing)t  is cha rac te r i s t i c  for the PMR spect ra  of compounds with two equivalent cat ion-  
old centers  (I, III, and V) over  the entire range of acid concentra t ions .  This attests to the presence of rapid 
proton exchange in the cat ions.  
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All of the signals are shifted to weak field with increasing acid concentrat ion.  The la rges t  shifts of the s ig-  
nals in the spec t rum of I (see Fig.  1) are  observed when the t r i f luoroacet ic  acid concentrat ion changes from 
0 to 20%. Fur ther  increase  in the percentage of acid in the mixture up to 100~c t r i f luoroacet ic  acid leads to 

* The use of one protonating medium (solvent and protonating agent) for all of the substances proved to be 
impossible  because of their  different solubilities, basici t ies ,  and stabili t ies in these media.  
t The PMR spect ra  of bases  I-V and monocation Ib are descr ibed in [1-3]. 
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Fig.  1. Dependence of the chemical  shifts of the 
protons of quinoxaline (I) on the t r i f luoroacet ic  
acid: Oindicates  2-H, 3-H; �9 indicates 5-H, 8-H; 
[] indicates 6-H, 7-H. 
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Fig. 3. Dependence of the chemical  shifts of the 
protons of pyrazine N-oxide (IV) and quinoxaline 
N-oxide (II) on the deuterosulfur ic  acid concen-  
t ra t ion:  �9 indicates 2-H (II); O indicates 3-H (II); 
[] indicates 8-H (II); �9 indicates 2-H, 6-H {IV); A 
indicates 3-H, 5-H (IV). 
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Fig. 2. Dependence of the chemical  shifts of the 
protons of quinoxaline N,N-dioxide (iII) and pyra-  
zine N,N'-dioxide (V) on the deuterosulfuric  acid 
concentrat ion:  �9 indicates 2-H, 3-H (III); �9 indi- 
cates 5-H, 8-H (iII); [] indicates 6-H, 7-H (HI); A 
indicates 2-H, 3-H, 5-HI 6-H (V). 
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Fig. 4. Dependence of ASc ~--~ on ~ for  the 2-H 

proton in I-V (primary protonation curves) :  O in- 
dicates I; A indicates II; �9 indicates III; [] indi-  
cates  IV; m indicates V. 

re la t ively smal l  changes in the chemical  shifts; in this range all of the dependences obtained are close to 
l inear .  These resul ts  indicate that quinoxaline forms a monocation in t r i f luoroacet ic  acid while, in a mix-  
ture  containing 20% t r i f iuoroacet ic  acid and 80~ methylene chloride,  the minimum concentrat ion of acid (we 

will designate it by C H )  at which the compound is pract ica l ly  completely converted to the protonated form 

is reached.  

There  are two inflection points on the graphs of the dependence of the chemical  shifts of the protons 
of quinoxaline N,N'-dioxide (III) and pyrazine N,N'-dioxide (V) (Fig. 27 on the acid concentrat ion.  The f i rs t  
points, which cor respond  to complete convers ion of these compounds to monocations IIIa and Va,are  ob- 

c c  c 
served  at D2SO 4 concentrat ions of 11.0 N~ H+ for  III) and 13.6 N (CH+ for V). In the interval  f rom 11-14 to 

25-27 N D~SO 4 both compounds exist  as monocations,  and relat ively small  changes are observed in the chem- 
i ca l  shifts, which depend approximately l inearly on the acid concentrat ion.  Above 25-27 N D2SO4, there is 
again a sharp increase  in the chemical  shifts that is associated with secondary  protonation of the III and V 

c 
molecules .  The relative CH+ values are in agreement  with the higher basici ty of quinoxaline N,N-dioxide 
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as compared  with pyrazine N,N'-dioxide.  The s imi lar i ty  in the cha rac te r  of the dependence of the chemical  
shifts of the protons on the acid concentrat ion during p r imary  and secondary  protonation is due to the p r e s -  
ence of two equivalent cationoid centers  in the III and V molecules .  

Changes of different magnitude in the chemical  shifts of the protons in different positions of the pyra-  
zine ring are  observed in the spec t ra  of quinoxaline N-oxide (II) and pyrazine N-oxide (IV) as the acid con-  
centrat ion increases .*  The protonation of these compounds leads to a g rea te r  shift to weak field of the 2-H 
signal as compared  with the 3-H signal.  The difference in the chemical  shifts of these protons (A52,3) de-  
c r e a s e s  in the cations as compared  with the neutral  bases  and changes sign on passing to the dications. 
Two inflections corresponding to complete convers ion of the molecules  to the monoprotonated form and the 
inception of secondary  protonation are also distinctly isolated on the graphs of the dependence of the chemi-  
cal shifts on the acid concentrat ion for II and IV (Fig. 3). P r i m a r y  protonation of quinoxaline and pyrazine 
N-oxides,  in accordance with the high basici ty  of these compounds, is complete at considerably lower con- 
centrat ions of acid (3-5 N D2SO4) than in the case of N,N-dioxides l-[I and V. The cha rac te r  of the changes 
in the chemical  shifts during the format ion of mono-  and dications of II and IV differs;  this is apparently a s -  
sociated with the presence  in them of two nonequivalent cationoid centers  - the oxygen atom of the N ~ O 
group and the N 4 atom. Depending on which of these centers  in quinoxaline and pyrazine N-oxides under -  
goes p r i m a r y  protonation, the IIa, IVa or  IIb, IVb s t ruc tures  should be ascr ibed to the corresponding mono-  
cations:  

H H 

' ' 'o o 

In this connection, a compar ison  of the experimental  curves  obtained for I -V in the intervals  of acid concen-  
t ra t ions corresponding to the formation of monocations is of in teres t .  

The changes in the chemical  shifts during p r imary  protonation are determined principally by a change 
in the position of the equil ibrium between the neutral and monoprotonated forms of the molecule as a func- 
tion of the acid concentration.* Consequently, the form of the ASCH + = f(CH+) function in the interval  0 -~ 

< C c should depend on the nature of the cationoid center .  This is confirmed by a compar ison  of the CH+ _ H+ 

experimental  curves  obtained for quinoxaline (I) and its N,N'-dioxide (III). For  a compar ison  of this sort ,  
it is convenient to express  the changes in the acid concentrat ion during p r imary  protonation of the compounds 

studied in percent  of the corresponding CH+ values.  If the change in the chemical  shift of the proton under 

considerat ion which cor responds  to complete conversion of the neutral  base to the monocation is designated 
by ASCCH +'$ the rat io A5 CH+/A5 CH + c  for  each 0 -< CH+ ~ C~+ value determines  the mole fraction of p r o -  

tonated form,  the value of which, in this case,  is independent of the select ion of the protonating agent. It fol-  
lows from Fig. 4 that a rapid increase  in the monocation concentration at low acid concentrat ions is cha r ac -  
te r i s t ic  for quinoxaline, which is protonated at the nitrogen atom. Thus, when CH+ = 0.5C~+, the equilib- 

r ium is shifted to favor the format ion of monocation Ib by ~8(f/c. In III and V, the protonation of which oc -  
+/AS c on /CH+ corresponds ,  cu r s  at the oxygen atom of the N ~ O group, the dependence of A5 CH CH + C H+ 

on the other hand, to a slow increase  in the fract ion of the monoprotonated form of the molecules  in the same 
c When c interval  of acid concentrat ions (0 -< CH+ < 0.5CH+). CH+ - = 0.5CH+ , no more  than 40~c of these mole -  

cules are  converted to the corresponding monocations Ilia and Va. 

A s imi lar  dependence found for quinoxaline and pyrazine N-oxides proved to be s imi lar  to that ob- 
served  for quinoxaline and corresponds  to protonation of these compounds at the N 4 nitrogen atom with the 
formation of monocations IIb and IVb. 

*The signals of the protons in the 2, 3, and 8 positions in the spec t rum of II are easi ly isolated; in the 
spec t rum of IV, this is t rue for the protons in the 2, 6, 3, and 5 positions. 

An examination of the l inear  portions of the graphs makes it possible to assume that the contributions of the 
effects of the medium at low acid concentrat ions that cor respond  to p r ima ry  protonation are relat ively smal l .  

c $ The 5 CH+ value is determined at the inflection point (or maximum) of the investigated curve.  

792 



T A B L E  1.  C h e m i c a l  Shi f t s  of  the  P r o t o n s  i n  the  P M R  S p e c t r a  of 

the  B a s e s  (B) a n d  C a t i o n s  (C) of S o m e  M o n o -  and  D i a z i n e s  and  

T h e i r  N - O x i d e s  
,,,,, 

/ Chemical shift, 

Compound Form Iridium / Posi~on ppm 
6 A6* 

Pyridine [4] 

Pyridine N-oxide [4] 

Pyrazine [5]  

Pyrazine N-oxide 

lct4-p•zrazine N,N'- 
ioxlkte 

Quinoline [6,7] 

Quinoxaline 

Ouinoxaline N-oxid~ 

t ,4-  Quinoxaline- 
N,N'-dioxide 

( 

B: 

C 

D20 

18 N D2SO4 

D20 

18 N D2S04 

D~O 
64,4% • 2 S O 4  
D20 

20 N D2SO4 

D~O 
20 N D2SO4 
CCI4 

CFaCOOH 

CH2Ct~ 

CH2CI2/CFaCOOH 

D20 

20 N D=SO4 

D20 

20 N D2SO4 

2, 

[ 
!, 
5, 
1 

3, 5 
.~, 
}, 

.~, 5, 
2, 5, 
2, 
3, 
2, o 
3, 
2,0,5, 
2 ,0 ,5 ,  
2 
3 
4 
5 
6 
7 
8 
2 
3 
4 
5 7 
2 
5 
6 
2 
5 
6 
2 
3 
5, o, 7 
8 
2 
3 
5.6,7 
8 
2.3 
5.8 
6,7 
2.3 
5. o 
6,7 

8,58 
7,47 
7,88 
8,84 
8,19 
8,73 
8,42 
7,7 
8,81 
8,10 
8,49 
8,58 
9,01 
8,38 
8,69 
8,77 
8,79 
8,44 
8,79 
8,81 
7,27 
8,00 
7,69 
7,44 
7,62 
8,06 
9,11 
8,1w 
9,2g 

;,05--8.40 
8,8~ 
81{ 
7,7( 
9,3{ 
8,4{ 
8,2~ 
8,5~ 
8,74 

7.7--7,c 
8,2~ 
8,9~ 
9,0, ~ 

8,1~8,~ 
8,64 
8,6~ 
8,4, ~ 
8,0~ 
9,0{ 
8,6, ~ 
8;3( 

0,26 
0,72 
0,85 

0,39 
0,4 
0,8 

0,43 

0,39 
0,10 

0,35 

0,30 
0,92 " 
1,29 

0,54 
0,36 
0,47 

0,40 
o,2s 

0,4l 

0,35 
0,20 
0,23 

* T h e  d i f f e r e n c e  i n  the  c h e m i c a l  sh i f t s  of the  p r o t o n s  i n  the  c a t i o n  
c _  6H) and  b a s e  (AS i = 5 i 

t C h e m i c a l  s h i f t s  c o r r e c t e d  f o r  the  e f f ec t s  of the  m e d i u m .  
$ C h e m i c a l  s h i f t s  found  by  e x t r a p o l a t i o n  to z e r o  ac id  c o n c e n t r a t i o n .  

T h e  a d d i t i o n  of a s e c o n d  p r o t o n  to I Ib  and  IVb,  j u s t  l i ke  the  a d d i t i o n  to  I I Ia  and  Va,  s h o u l d  p r o c e e d  at 
t he  oxygen  a t o m  of  the  N ~ O g r o u p .  In  a c c o r d a n c e  w i th  t h i s ,  a s i m i l a r i t y  i s  o b s e r v e d  in  the  c h a r a c t e r  of 
the  d e p e n d e n c e  of the  c h e m i c a l  s h i f t s  on the  a c i d  c o n c e n t r a t i o n  d u r i n g  s e c o n d a r y  p r o t o n a t i o n  of t h e s e  c o m -  
p o u n d s  ( f rom c o m p a r i s o n  of the  g r a p h s  in  F i g s .  2 and  3 i n  the  i n t e r v a l  f r o m  25 to 36 N D2SO4). 

A further confirmation of the structures of monocations lib and IVb follows from an examination of 
the changes in the chemical shifts of the protons (A6 i) in the investigated compounds on passing from the 
neutral bases to the monocations. In Table 1 these values are compared with the chemical shifts of the pro- 
tons of the bases and cations of pyridine [4], pyrazine [5], quinoline [6, 7], and pyridine N-oxide [4]. The 
chemical shifts of the protons of the quinoxaline monocation are determined by extrapolation of the linear 
portions of the graphs (Fig. I) to zero acid concentration, which makes it possible to exclude the contribu- 
tions of the effects of the medium (the effect of the volume magnetic susceptibility and polarization of the 
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solvent) to the A5 i values.  Because of the more  complex cha rac t e r  of the dependences of the chemical  
shifts on the acid concentrat ion for quinoxaline and pyrazine N-oxides, this sor t  of extrapolation cannot be 
ca r r i ed  out. The 5 i and A5 i values presented in Table 1 for II-V were measured  in 0.20 M solutions of the 
compounds in D20 and 20 N D2SO 4 and include the effects of the medium. It can be assumed,  however, that 
the effects of the medium can be d is regarded when comparing the A5 i values for the investigated N-oxides 
with the analogous values for pyridine and pyridine N-oxide measured  under s imi lar  conditions (0.17 M 
solutions of the compounds in D20 and 18 N D2SO 4) [4]. 

Protonat ion of pyridine and quinoline leads to deshielding of the protons of the pyridine ring in the 
o rder  ~ 2 < A63 < A64- The rela t ively small  changes in the chemical  shifts of the protons in the ~ position 
relat ive to the cationoid center  in the azines are usually explained by the magnetic anisotropy of the n i t ro -  
gen atom [8, 9]. As a resul t  of the proton exchange observed in the pyrazine and quinoxaline monocations,  
the (~ and fi positions relat ive to the cationoid center  in these compounds become indistinguishable. How- 
ever ,  the changes in the chemical  shifts of the 2-H and 3-H protons {AS 2 = A53) on protonation of these c o m -  
pounds (0.43 and 0.54 ppm) are close to the average values between the A62 and A53 values in pyridine (0.49 
ppm) and quinoline (0.61 ppm), respect ively .  Consequently, the addition of a proton to the nitrogen atom of 
the "pyridine" type in azines leads to g rea te r  deshielding of the fl protons of the he te roaromat ic  ring than 
is observed for the ~ protons.  

The protonation of pyridine N-oxide, in cont ras t  to pyridine, induces about the same changes in the 
chemical  shifts of the protons in the ~ and fl positions relat ive to the cationoid center  (AS 2 ~ A53 ~ 0.4 
ppm). In accordance with this,  the chemical  shifts of the protons of the pyrazine ring change by about the 
same amount (0.35 ppm) on passing f rom the neutral  pyrazine and quinoxaline N,N'-dioxides to their  mono-  
cat ions.  

On the basis of these resul ts  it can be assumed that the protonation of pyrazine and quinoxaline N- 
oxides at the oxygen atom of the N --~ O group to form cations IIa and IVa should have been accompanied by 
about the same shift to weak field of the 2-H and 3-H signals,  so that the difference in the chemical  shifts 
of these protons should not have changed substantially.  On the other hand, the addition of a proton to N 4 
should lead to a considerably g rea te r  shift of the 2-H signal (the ~ position relative to the N 4 cationoid 
center) as compared  with 3-H and to a decrease  in the difference of the 52 and 53 values for cations IIb and 
IVb as compared  with the neutral  bases ;  this is actually observed.  Fur the rmore ,  it should be noted that on 
passing from IIb to IIIa, just  as on passing from IVb to Va, the position of the 3-H signal (the ~ proton r e l a -  
tive to the N 4 cationoid center) is pract ical ly  unchanged; this is in good agreement  with the close values of 
the chemical  shifts of the ~ protons (2-H) in pyridine and pyridine N-oxide cations.  

The conclusions regarding the s t ruc ture  of the pyrazine N-oxide cation (iVb) that flow out of an 
examination of the PMR spect ra  are in complete agreement  with the resul ts  of an investigation of the UV 
spec t ra  of neutral  and protonated pyrazine N-oxides [10]. 

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

The PMR spect ra  of the compounds were measured  with a JNM-4H-100 spec t romete r .  The m e a s u r e -  
ments  were made from 0.20 M solutions of the compounds in methylene ch lo r ide - t r i f luo roace t i e  acid mix-  
tures  (for quinoxaline) and D20-]:)2SO 4 mixtures (for pyrazine and quinoxaline N-oxides and N,N'-dioxides). 
The CF3COOH concentration in the solvent was expressed in volume percent, while the D2SO 4 concentration 
was expressed in terms of normality. 

The chemical shifts were measured in the 5 scale. Tetramethylsilane was used as the internal stan- 
dard for the solutions in CH2C12-C F3COOH , while sodium 4,4-dimethyl-4-silapentane-l-sulfonate, the signals 
of which are taken as zero in the 5 scale, was the internal standard for solutions in D20-D2SO 4. 
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