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Elect ronic  and 11l spec t roscopy were used to observe that 2 -methoxy-3-hydroxy-6-phenyl -  
azopyridine exists  in azo and hydrazo fo rms .  The tautomeric  equilibrium is shifted to 
favor the format ion of the hydrazo form on passing f rom aprotic to protic solvents.  The 
rat ios  of the tau tomers  in various solvents were es t imated.  The stabilit ies of both forms 
were determined by the MO method. 

It is known that p-hydroxyazo aromat ic  compounds can exist  in azo and hydrazo forms [1, ?]. The 
azo form is cha rac te r i zed  by an absorption band at 360-400 nm in the electronic spec t ra  of solutions of p-  

hydroxyazo compounds, while the hydrazo form is c h a r a c t e r -  
ized by a band at 440-480 nm. 
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Fig.  1. IR spec t ra :  1) 2 -methoxy-3-  
hydroxypyridine in CC14; 2) 2-methoxy-  
3 -hydroxy-  6-phenylaz opyr idine in 
CC14; 3) 2 -methoxy-3-hydroxy-6-pheny l -  
azopyridine in CHC13 . 

One should expect that 2 -methoxy-3-hydroxy-6-phenyl -  
azopyridine,  like p-hydroxyazo aromat ic  compounds, also 
exists  in two tautomeric  forms,  I and II. 
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The presence of a nitrogen atom in the ring should af-  
fect the position of the tautomeric  equil ibrium. If the concen-  
t ra t ion of tautomers  in solution is sufficiently high, both the 
electronic and IR spec t ra  can be used successful ly  for the 
study of the azo and hydrazo fo rms .  For  this end, we studied 
I in the crysta l l ine  state and in solutions by electronic and 
IR spec t roscopy.  

IR  S p e c t r a  

It follows f rom an examination of the IR spec t ra  of I 
(Table 1) that the absorption bands of this compound are ob- 
served  in the region of the stretching vibrations of the OH, 
NH, C ~-O, and C = N  groups (Fig. 1). The positions of the 
absorption maxima and the rat io of the intensities of the ob- 
served  bands {3540-3560, 3280-3293, and 1654 cm -~) do not 
change on success ive  dilution of solutions of I in carbon 
te t rachlor ide  and chloroform,  and no new bands appear.  The 
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T A B L E  1.  F r e q u e n c i e s  (v) ,  Ha l f  W i d t h s  (Avi/2), and  I n t e g r a l  I n t e n s i -  
t i e s  (I) of  the  A b s o r p t i o n  B a n d s  of 2 - M e t h o x y - 3 - h y d r o x y - 6 - p h e n y l a z o -  
p y r i d i n e  an d  2 - M e t h o x y - 3 - h y d r o x y - p y r i d i n e  in  S o l u t i o n s  and  i n  the  

C r y s t a l l i n e  S ta t e  

:omp.. Solvent 

I CC14 
I ; I1 CHCIs 

Ill I 
rysr, alline 
state 

CC14 
CHCIs 
rystaltine 
state . 

OH 

3547 
3535 

3556 
3545 

2500--3200 

v, cm -I 

NH C~O 
C=N 

1654 
1650 

1637--1656 

Av t/~,, C rn-I 

OH I NH 

I �9 10 -4, 
lite~/mole-cm 2 

coo L C=N OH NH 

0,90 
3293 
3283 
3235 

28 
42 28 

22 1,46 
3,71 

1,81 
2,1C 

C=O 
C=N 

0,90 

T A B L E  2. E l e c t r o n i c  S p e c t r a  of 2 - M e t h o x y - 3 -  
h y d r o x y - 6 - p h e n y l a z o p y r i d i n e  

Solvont ~,nax,nm (Ig e) 

CCI4 
CHCh 

Alcohol (95%) 
Alcohol (5%) 

0,001 N HC1 
0,01 N HCI 
0,05 N HCI 
O,l N HCI 
045NHCI 

Co~c. HCI 
0,001 N NaOH 
0,01 N NaOH 
0,05 N NaOH 
0,1 N NaOH 
0,45 N NaOH 

S h o u l d e r .  

470 (3,99),360 (4,05),275 (3,89) 
478 (4,52),356 (3,69),285" (3,91),275 (3,98) 
472 (3,90),370 (4,22),280 (3,87) 
483 (3,18),375 (4,10),280" (3,78),270 (3,83) 
480 (3,91),365 (4,28), 285 (3,86) 
480 (3,91),365 (4,27),277 (3,94) 
485 (4,03), 365 (4,24), 280 (3,83), 237 (4,06) 
480 (3,95),370 (4,26),282 (3,90) 
488 (4,24), 365 (4,04),260" (3,90) 
488 (4,60) 
450 (4,46),260 (3,96) 
450 (4,45),255 (3,13) 
451 (4,42), 282 (3,32) 
448.(4,44), 260* (3,13) 
451 (4,42),280" (3,68),255 (3,89) 

T A B L E  3. 
p h e n y l a z  o p y r i d i n e  

Compound 
i 8 units DE~,/n, form DE~, 8 units F~, B units 
J 

E n e r g y  C h a r a c t e r i s t i c s  of ? - M e t h o x y - 3 - h y d r o x y -  6-  

~ma~' um 

365 32,844 
472 32,906 

I &354 0,3177 1,532 
II 4,616 0,2308 0,992 

AE, B units 

T A B L E  4.  P a r a m e t e r s  U s e d  fo r  the  Q u a n t u m - C h e m i c a l  C a l c u l a t i o n  
of T a u t o m e r i c  F o r m s  of 2 - M e t h o x y - 3 - h y d r o x y - 6 - p h e n y l a z o p y r i d i n e  

atom 

(H~), 
O~ 
C4 
Cs 
06 
C9 
N1o 
Nt, 
Cl3 

hr 

-0,5 
1,8 
0,3 
o,3 

0,2 
0,5 
0,4 
0,1 

Azo form 
bond 

I--2 
2--3 
3--4 
5--6 
9--11 

11--12 

krs 

2 
0,5 
0,7 
0,7 
0,5 
1,4 

atom 

(H~) : 
O~ 
C4 
C5 
06 
C9 
Nn 
N~2 
C1s 

Hydrazo form 
h~ [ bond 

--0,5 1 1--2 1,8 2--3 
0~3 3--4 
0,2 4--5 
1,2 4--10 
0,1 5--6 
0,4 7--8 
1,0 9--10 
0,2 9--11 

t1--12 
12--13 

2 
0,5 
0,7 
0,8 
1,2 
2 
[,2 
0,8 
1,2 
0,7 
0,4 

2 0 8  
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Fig.  2. IR spec t ra  in the crysta l l ine  s tate:  
1) 2-methoxy-3-hydroxypyr id ine ;  2) 2- 
me thoxy-3 -hydroxy-  6 -phenylaz opyridine ~ 
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Fig.  3. Elect ronic  absorption spec t ra  of 2-  
methoxy-3-hydroxy-  6-phenylazopyridine:  
1) in CC14; 2) in 95% alcohol; 3) in CHCls; 
4} in 5% alcohol.  
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Fig. 4. Elect ronic  absorption spec t ra  of 2- 
methoxy-3 -hydr  oxy- 6-phe nylaz opyridine: 
1) in 0.001 N HC1; 2) in 0.05 N HC1; 3) in 
0.45 N HC1; 4) in 0.45 N NaOH. 

bands at 3550 cm -I should be assigned to the stretching v i -  
b r a t i o n s o f a h y d r o x y l  group (v OH) bonded by a weak in t ra-  
molecular  hydrogen bond (IHB) to the methoxy group. This 
is proved by the presence  of the same band in the spec t rum 
of 2-methoxy-3-hydroxypyr idine  (III) (Fig. 1 and Table 1). 
The bands at 1650 cm -I are related to the VC=O and UC= N 

stretching vibrat ions;  this is in agreement  with the position 
of these bands in the spec t ra  of keto imines [3]. The band 
at 3296 cm -1 is related to the v NH stretching vibrat ions.  
The decrease  in the absorption maximum of this band is 
probably due to the specific environment of this group. The 
vOH band in the IR spec t ra  of I attests to the presence in 
solution of tautomeric  form I. The UNH , uC=O, and vC= N 
bands charac te r i ze  hydrazo form II. The rat ios  of the in- 
tensit ies of the absorption bands that charac te r ize  the two 
tautomers  change markedly  on passing from solutions in 
carbon te t rachlor ide to solutions in ch loroform (Fig. 1). 
Thus the intensity of the VOH band dec reases  markedly,  
while the intensities of the v NH and uC= 0 bands increase ;  
this indicates a shift in the tautomeric  equil ibrium to favor 
the format ion of hydrazo form II. Using the dependence of 
the intensity of the absorption band on the concentration, 
one can determine the ra t io  of tautomeric  fo rms  in solutions. 
For  this, it is necessa ry  to know the absolute intensity of 
the absorption bands of each of the indicated forms .  The in- 
tensity of the u OH band in the s p e c t r u m o f  III was adopted 
as the absolute intensity of the absorption band of azo form 
I. It should be noted that the intensity of the v OH band of I 
should be somewhat higher than that of III because of con-  
jugation of the pyridine ring with the azo group. The de ter -  
mination of the rat io of tautomeric  forms is therefore  by 
nature an approximate one. By measur ing the area  under 
the absorption curve of the hydroxyl group (AoH) of solu-  
tions of I in carbon te t rachlor ide  and ch loroform and by 
substituting the AOH values found into formula  (1), we can 
calculate the concentrat ion (C I) of the azo form in solution: 

CI= Ao~ 
dloH ' 

where IOH is the integral  intensity of the ~ OH band of III, 
and d is the layer  thickness.  

As a resul t ,  it is found that the rat io of tautomeric 
forms (CI/CII) in solution in carbon te t rachlor ide  is 1.411, 
compared  with 0.563 in chloroform.  Consequently, the 
tantomeric  equil ibrium is shifted markedly  to favor the 
formation of hydrazo form II on passing from solutions of I 
in carbon te t rachlor ide  to solutions in chloroform.  

One narrow band (3?35 cm -~) and a ve ry  intense band 
at 1637-1656 cm -~ are observed in the IR spec t ra  of c r y s t a l -  
line I in the region of absorption of NH and OH groups.  How- 

ever ,  a diffuse band at 2500-3200 cm -I and two narrow intense bands at 161.1 and 1583 cm -~ are observed 
in the spec t rum of III in the region of absorption of an OH group (Fig. 2). Consequently the spec t ra  of I and 
III differ markedly .  The nar row band at 3235 cm -~ is charac te r i s t i c  in a number of cases  for the secondary  
amine group in the crysta l l ine  state.  The intense band at 1637-1656 cm -t in the spec t rum can most  likely 
be assigned to vC= O of the hydrazo form.  Consequently, I probably exists in the hydrazo form in the 
crys ta l l ine  state.  
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E l e c t r o n i c  S p e c t r a  

It is apparent f rom an examination of the electronic spec t ra  of I in various media and soIvents that 
the compound is charac te r i zed  by absorption maxima at 480 and 365 nm, which are related to the hydrazo 
and azo forms ,  respect ively  (Figs. 3 and 4 and Table 2). The rat ios of the intensities of the bands that c h a r -  
acter ize  tautomers  I and II change in analogy with the rat ios of the intensities of the absorption bands of 
these forms in the IR spec t ra  on passing from solutions in carbon te t rachlor ide to solutions in chloroform.  
Thus bands of both forms with about the same intensity are observed in the spect rum of a solution of the 
compound in carbon te t rachlor ide .  The intensity of the absorption band of the azo form decreases  sharply 
on passing to solutions in chloroform,  while the intensity of the hydrazo form increases .  This attests to a 
shift in the tautomeric  equil ibrium to favor the formation of the hydrazo form.  In alcohol solutions, the 
equilibrium is shifted to favor the formation of form I, The absence of model compounds makes it impos-  
sible to quantitatively determine the tautomer rat io in solution. The absorption bands in the short-wave r e -  
gion cor respond  to the e lect ronic  spec t ra  of III (~ max 280 nm, log 8 3.76) [4]. 

In acidic media the tautomeric  equilibrium depends on the pH of the medium. Thus the intensity of 
the absorption band of the hydrazo form Q max 480 nm) increases  as the acidity of the medium increases ,  
while the intensity of the azo band (~ max 365 nm) dec reases .  An isosbest ic  point that cha rac te r i zes  the 
presence of both tautomeric  fo rms  is observed in the spec t ra  of solutions of I in hydrochlor ic  acid. An in- 
c rease  in the intensity of the absorption band of the hydrazo form (k max 488 nm, Iog~ 4.60) is initially ob- 
served in solution in concentrated hydrochloric  acid. The absorption spec t rum of I in alkaline media ~s 
charac te r i zed  by absorption bands that are related to the anionic form of this compound (~ max 450 nm). 
The absorption bands in the short -wave region cor respond  to the spec t rum of the anionic form of III at pH 
12 Q m a x  242 nm, loge  3.95; Xmax 296 am, loge  3.83) [4]. A yellow precipitate that turns red  in air  p re -  
cipitates immediately on protonation of an orange solution of I in chloroform.  The precipitate turns red in 
air because of decomposit ion of the hydrochloride of I. 

Q u a n t u m - C h e m i c a l  C a l c u l a t i o n  

It is of interest  to est imate the relative stabilities of the isoelectronic tautomeric  forms and to ob- 
tain data on the distribution of the v - e l ec t ron  density in them. For  this purpose,  we calculated the ~-  
e lect ron energies  (E~r), the delocalization energies (DEv) , the v - e l e c t r o n  densities on the atoms (qr), and 
the bond orders  (Prs) by the H~ickeI Me method. 

It is apparent f rom Table 3 that the overal l  v - e l e c t r o n  energies  of the tautomers  are close in magni-  
tude. The DE v and D E v / n  values are l a rger  for the azo form than for the hydrazo form.  Consequently, 
the a z o f o r m i s e n e r g e t i c a l l y m o r e  favorable.  The differences in the energies  of the upper occupied and lower 
vacant Me cor re la te  with the long-wave bands in the electronic spec t ra  of both tautomers .  
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Fig. 5. Molecular d iagrams of 2 -methoxy-3-hydroxy-6-phenylazo-  
pyridine: I) azo form;  II) hydrazo form.  
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It follows f r o m  an examinat ion of the molecu la r  d i ag ram (Fig. 5) of the azo f o r m  that the o rder  of 
the N ~ N  bond is 0.963; i .e. ,  it approaches  Prs  of the double bond. This is in agreement  with the x - r a y  

o 

s t ruc tu r a l  data on the length of this bond in azobenzene (1.23 A [5]). The o rde r s  of the exocycl ic  C - N  and 
C - O  bonds, which range  f r o m  0.191 to 0.246, a t tes t  to the mul t ip l ic i t ies  of these bonds (about 20~). The 
dec rea se  in the ~ - e l e c t r o n  densi ty  on the exocycl ic  oxygen a toms is evidence for  the i r  in teract ion.  The 
o rde r s  of the bonds of the benzene and pyridine r ings are c lose  to one another;  this explains thei r  high de-  
g ree  of a roma t i c  c h a r a c t e r .  

It is seen  f rom an examinat ion  of the molecu la r  d i ag ram of the hydrazo fo rm that the o rde r s  of the 
exocycl ic  C = O  and C = N  bonds in the p a r a  posi t ion and of the cyclic  C - C  and C - N  bonds in the pyridine 
r ing c o r r e s p o n d  to a quinoid s t ruc tu re  of the bonds. In fact ,  the o rde r s  of the conjugated exocycl ic  and 
cycl ic  C : N ,  C ~ O ,  and C ~ C  bonds are  close to double (0.825-0.905), while the Prs values  of the bonds 
adjacent to the ca rbonyl  and imine groups are  0.253-0.342. The PC=O and PC=N values of the exocycl ic  
bonds c o r r e l a t e  with the f requencies  of the s t re tch ing  vibra t ions  of these bonds in the IR spec t r a .  Since 
the o rde r  of the N - N  bond (0.378) is twice the PC=N value (0.172), one can conclude that conjugation of the 
amine ni t rogen is r ea l i zed  predominant ly  with the quinoid s y s t e m .  

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

Compound I was synthes ized  v ia  the method in [6] in 91% yield and had mp 135-136 ~ The IR s p e c t r a  
of solutions and c r y s t a l s  of I were  r e c o r d e d  with a UR-20 spec t ropho tome te r  (Table 1 and Figs .  1 and 2). 
The in tegra l  intensi t ies  were  m e a s u r e d  by the Bourgin method, and the accuracy  in the determinat ion of 
the f requencies  in the reg ion  of a NaC1 p r i s m  was • 2 cm -1, compa red  with • 5 cm -t in the region of an 
LiF p r i s m .  The e lec t ron ic  s p e c t r a  were  obtained with an SF-4A spec t ropho tomete r  (Table ? and Figs .  3 
and 4). The calculat ions were  made by the H~ckel method with the p a r a m e t e r s  p resen ted  in Table 4. 
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