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The ratio of azo and quinonehydrazone forms of 3-hydroxy-6-phenylazopyridine 
derivatives was determined by IR and electronic spectroscopy. The formation 
of two crystalline modifications of 2-methoxy-3-hydroxy-6-phenylazopyridine is 
explained by crystallization of the molecules either in the form of dimers of 
predominantly the quinonehydrazone form or in the form of polyassociates of 
the azo form, which are formed by a strong hydrogen bond. 

2-Methoxy-3-hydroxy-6-phenylazopyridine (I) exists in organic solvents in azo and 
quinonehydrazone forms [2]. It is interesting to ascertain the factors that affect the 
tautomeric equilibrium of 3-hydroxy-6-phenylazopyridine derivatives (I). With this end 
in mind, we investigated the derivatives of I in the gaseous and crystalline states and 
in various solvents by IR and electronic spectroscopy. 

In conformity with the Bronsted [3] and Kabachnik [4] concepts, the tautomerism of 
these compounds can be considered from the point of view of an acid--base equilibrium. 
Compound I is characterized by two "basic" groups (the azo group and the pyridine nitro- 
gen atom) and one "acidic" OH group. However, the ratio of the pK a values of the basic 
and acidic groups is insufficient for the formation of a zwitterion or a quinonehydraz- 
one tautomer. This is confirmed by the fact that 3-hydroxypyridine exists primarily in 
the phenol form in inert solvents [5, 6]. The form of the existence of I is demonstra- 
ted unambiguously by the IR absorption spectra in the gas phase. It is seen from Table 
i that a doublet band of stretching vibrations of a free OH group at 3612/3635 cm -~ is 
observed in the spectrum, and bands of the stretching vibrations of carbonyl and amine 
groups are absent. Consequently, in the absence of intermolecular interaction, in the 
gaseous state (at 140~ I exists in the azo form. This conclusion is confirmed by a 
comparison of the atomization energies (AH) and the total bond energies (E b) of the azo 
and quinonehydrazone forms of 3-hydroxy-6-phenylazopyridine, 2,3-dihydroxy-6-phenylazo- 
pyridine, and 2-phenyl-3-hydroxy-6-phenylazopyridine calculated by the quantum-chemical 
self-consistent-field (SCF) method (Table 2). 

As the concentration increases and the temperature is reduced, I, which has acid-- 
base properties, should associate strongly; this shows up in the tautomeric equilibrium. 
In order to exclude the effect of the solvent on association, we recorded the IR spec- 
tra of ~4-10 -2 M solutions in hexane (Table I). Under these conditions, vOH' ~NH, and 
~C=O+C=N bands, which characterize both tautomers, are observed in the IR spectra of I. 
The decrease in the frequency of the band by 50-90 cm -~ as compared with VOH in the IR 
spectra of I in the gaseous state and its independence on the degree of dilution attests 

*Communication VII from the series "Structures and Properties of Dyes," See [i] for 
communication VI. 

Scientific-Research Institute of Organic Intermediates and Dyes, Moscow. Transla- 
ted from Khimiya Geterotsiklicheskikh Soedinenii, No. i0, pp. 1364-1370, October, 1974. 
Original article submitted May 25, 1973. 

�9 1976 ~enum ~blishing Co~oration, 227 West 17th S~ee~ New York, ~ ~ 10011. No ~ r t  ~ this publication m ~  be repro~ce~ 
swred ~ a re~eval ~stem, or transmitted, in any ~rm or ~ a T  means, electron~, mechanical, pho~copyin~ microfilmi~, recor~ng 
or otherw~e, ~thout  written permission ~ ~e  publisher, A copy ~ ~is article ~ ava~ble ~om the publi~er ~ r  $15. 00. 

1192 



TABLE i. Frequencies of the Stretching Vibrations of the OH, 
NH, and CO Groups of 2-Methoxy-3-hydroxy-6-phenylazopyridine 

S o l v e n t  % = O + C = N ,  %'Ott, cm "1 ~NH' c m  " t  eOH/ENIt 
e m "  

Hexane 
CC14 
Benzene 

Toluene 

Xylene 

Dimethylnaphthalene 

Chlorobenzene 

Fluorobenzene 

Triehlorobenzene 

CHCla 

1661 
1662 
1653 
1664 
1648 
1663 

1665 

1666 

1665 
1649 
1662 
1642 
1654 
1646 
1638 b 

strong 
1639C 

weak 
1662 
1636 

3612~ ~ 
3635J 
3562 
3547 

3520 
3550 
3510 
3550 
3552 
3512 
3550 
3513 
3533 

3540 

3541 

2900+ 
3600 
3545 

3286 
3295 

3295 

3287 

3295 

3290 

3289 

3281 

3288 
3244 

3286 

5,0 
3,6 

2,5 

1,9 

1,8 

1,0 

1,2 

12 

1.0 

0,8 

a) The IR spectrum of the gas phase was recorded, b) The IR 
spectrum of the compound in the crystalline state (mp 135~ 
was recorded, c) The IR spectrum of the compound in the crystal- 
line state (mp 150 ~ ) was recorded. 

TABLE 2. Calculated z-Bond (E~b), o-Bond (Eob), Total-Bond 
(E b = Ewb + Eob) Energies and Atomization Energies (AH) of 
the Azo (A) and Quinohydrazone (QH) Forms of 2-Substituted 
3-Hydroxy-6-phenylazopyridines 

R Form E =b E o b Eb aH AnA-ASQH 

H 

OH 

%H5 

QAAH 
Q H  

25,224 
24,396 
25,935 
25,227 
35,227 
35,1.}8.~ 

55,533 
55,632 
59,542 
59j652 
81,551 
81,685 

80,769 
80,027 
85,477 

'84,879 
117,442 
H6,802 

120,706 
119,729 
125,417 
t24,582 
175,131 
174,254 

0,977 

0,835 

0,877 

to tying up of the OH group in an intramolecular hydrogen bond (IHB) with the methoxy 
group. The observed position of the ~NH band, which characterizes the quinonehydrazone 
form, is strongly depressed as compared with the expected value. In fact, the amino 
group in the quinonehydrazone form is in conjugation with the phenyl group and the quin- 
onehydrazone group~ This sort of environment of the amino group is to a great degree 
similar to its environment in diphenylamine, which absorbs at 3433 cm -I in CC14 solution 
[6]. The decrease in the ~NH frequency of the quinonehydrazone tautomer can be ex- 
plained by self-association. Inasmuch as the ratio of the ~NH and ~OH intensities does 
not change as the concentration changes and the appearance of new bands is not observed, 
while the ~NH band is sharp, it can be assumed that the associates have a dimeric struc- 
ture of the A or B type. 
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Dependence of the extinction 
coefficients of the azo form ( ~A ) on the 
extinction coefficients of the quinone- 
hydrazone form (~_) in the electronic 
spectra of the 2-~u~bstituted-3-hydroxy - 
6-phenylazopyridines: .) dioxane; • ace- 
tonitrile; D) benzene; A) toluene; �9 
CC14; T) CHCI~; O)chlorobenzene (R = 
CI, CH3, I, C6Hs, CH2C6H~, OCH3). 

Fig. i. IR spectra 
of 2-methoxy-3-hy- 
droxy-6-phenylazo- 
pyridine in solu- 
tions: a) in CC14; 
b) in toluene; c) in 
chlorobenzene; d) in 
o-dichlorobenzene. 

A 

�9 H i 
H 

The assumption regarding association is in agreement with the position of the ~NH 
band (3330-3370 cm -I) in the IR spectra of solutions of 4-arylazo-l-naphthols in CC14 
and CHCI3 [7]. Morgan [7] ascribes this band to the stretching vibration of the NH 
bond, but he does not explain its low value. As compared with the expected frequency 
(v ~. 3433 cm -~) it is reduced by 60-100 cm -I, and it should therefore be assigned to the 
vibrations of an associated NH bond. 

The concentration of the dimers should depend upon the nature of the solvent. It 
is apparent from the ratio of the intensities of the absorption bands in the IR spectra 
(s~/s~) that the concentration of the quinonehydrazone form of I increases in the fol- 
lo~ing~rder of solvents: hexane, CCI~, benzene, chlorobenzene, and CHCI3 (Table I, Fig. 
i). 

A similar regularity is also observed in the spectra of 3-hydroxy-6-phenylazopyri- 
dine derivatives (Table 3). 

The observed effect of the solvents should be explained by dissociation of the OH 
group of the p-hydroxyazo compounds in the above-presented series of solvents. In fact, 
the CC14 molecule, in contrast to hexane, has unshared pairs of electrons that are to a 
certain degree proton acceptors. It is also known that the OH group forms a stronger 
H bond with aromatic molecules than with CC14 molecules [8]. 

The type of substituent in the 2 position of the pyridine ring has a substantial 
effect on the tautomeric equilibrium (Tables 3 and 4). The explanation of this effect 
requires additional investigations. 
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A similar effect of solvents on the ratio of the azo and quinonehydrazone forms 
was detected by PMR spectroscopy for p-hydroxyazobenzenes [9]. 

Compound I crystallizes in two modifications (la and Ib) with mp 135 and 150 ~ , 
respectively. Modification la is considerably more soluble in organic solvents. The 
IR spectra of these modifications in the regions of absorption of OH and NH groups dif- 
fer markedly. One narrow band at 3244 cm -I, which can be assigned to the stretching 
vibrations of the NH group of the quinonehydrazone form tied up in a hydrogen bond in 
dimers of the A type, is observed in the spectrum of the crystal phase of la in the re- 
gion of the absorption of OH and NH groups. This is confirmed by the presence of a 
very intense ~C=O+C= N band of the quinonehydrazone tautomer in the spectrum. Conse- 

quently, modification la is formed by crystallization of molecules of I primarily in the 
form of dimers. A broad band characteristic for intermolecular hydrogen bonds of the 

~OH..,N~andOH...N=N type appears in the IR spectra of the crystalline phase of modifi- 
cation of lb. A band of medium intensity is observed in the ~C=O+C= N region, and this 

is evidence for a certain percentage of the quinonehydrazone form in this modification. 
Consequently, modification Ib crystallizes primarily in the form of hydroxyazo tauto- 
mers linked by intermolecular hydrogen bonds. 

The shift in the tautomeric equilibrium to favor the formation of the quinonehydra- 
zone form in 3-hydroxy-6-phenylazopyridine derivatives is much greater than in the cor- 
responding p-hydroxyazobenzene derivatives. Thus absorption bands that characterize 
the quinonehydrazone form cannot be observed for the latter in the electronic spectra 
of solutions in various solvents. This difference in the position of the tautomeric 
equilibrium is due to the effect of the ring-nitrogen atom, which has a strong inductive 
effect on the hydroxyl group; this promotes dissociation of the OH group with subsequent 
conversion of the molecule to the quinonehydrazone form. 

A linear relationship between the extinction coefficients of the maxima of the ab- 
sorption bands of the azo (e.) and quinonehydrazone (gnu) forms (Fig. 2), which is ex- 
pressed by the following equation, is observed as a re~Hit of an examination of the 
electronic spectra of the investigated compounds: 

~A = KeOH+ eA~ (i) 

Under the assumption that the linear relationship between r and eQH is retained on ex- 

trapolation of the lines to intersection with the coordinate axes, the concentrations 
of the tautomers in solution can be determined. When this is done, the intersection of 

o and o the lines with the coordinate axes gives the s A ~QH values for 100% concentrations 

of the azo and quinonehydrazone forms, respectively. When the indicated dependence is 
used, the concentrations of the tautomers in solution are determined (Table 3). It fol- 
lows from Table 3 that the conclusions regarding the tautomeric equilibrium of the in- 
vestigated compounds in Solution that were drawn from an analysis of the IR spectra are 
in agreement with the results of electronic spectroscopy. Thus the concentrations of 
quinonehydrazone=tautomers (CON) of 3-hydroxy-6-phenylazopyridine derivatives in dioxane 
do not exceed 23%; as indicat~ above, this attests to cleavage of dimer A by the sol- 
vent with subsequent conversion of the monomer of the quinonehydrazone form to the azo 
form tied up in intermolecular hydrogen bonds with the solvent molecules. 

Correlation of the slopes of the lines (K) with the Hammett ~ constants was accomp- 
lished from the linear dependence of r on CQH for each substituent [i0]. 

The calculated [by the Pariser--Parr--Pople (PPP) method] characteristics of the 
long-wave absorption bands of the azo and quinonehydrazone forms of the investigated 
compounds are in good agreement with the experimental data (Tables 3 and 5). The band 
at 350 nm, which characterizes the azo tautomer, is due to excitation of the 2p elec- 
trons of the entire w-conjugated system with a small amount of participation of Zcharge 
transfer of the unshared electron pair of the oxygen atom (%max 370 nm, f m 1.074). The 
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TABLE 4. 
C=N, OH, and NH Bonds in the IR Absorption Spectra of 2-Sub- 
stituted 3-Hydroxy-6-phenylazopyridines 

CH2CGHs 

OCH3 

I 

CI 

C6H5 

p-C6H~CHa 

p-C6H4OCHa 

p CoH4C1 

Br 

Frequencies of the Stretching Vibrations of the C=O, 

u 

3521 
3595m ! 
3547 

3472 
3590 w 
3530 
3590 
355O 
3590 
3548 
3595 
3550 
3 5 9 0 w  
3552 
3590 w 
3548 
3590,w 

CC14 

%'NtI . %'C=O+C=N 

1662 
1653 
1632 

1640 

1630 

t635 w 

1630 w 

CHCIa 

~011 VNH 

i 
3522 i 
3594 m = 
3545 3286 

3473 , 3255 
3612 w I 
3530 i 3260 
3612 

3540-- 
3590 w 
3549 
3590 
3550 
3590 w 

32701 
34521 w 
3260 w 

%'C =O+C= N 

[662 

1630 

I635 

1630 

1635 w 

1632 w 

3295 

3265 

3270 

3268 w 

3270/ 
3452] w 
3268~w 
3442J 

TABLE 5. Calculated Wavelengths (%, nm) and Oscillator Forces 
(f) of the Long-Wave Absorption Bands of the Azo (A) and Quin- 
onehydrazone (QH) Forms of 2-Substituted 3-Hydroxy-6-phenylazo- 
pyridines 

R Form x, nm(D 

. & 
A 

OH , oH 
A 

C~Hs QH 

364 (1,293) 
485 (0,886) 
387 (1,074) 
488 (0,870) 
372 (1,382) 
486 (1,118) 

232 (0,179) 
304 (0,224) 
271 (0,189) 
283 (0,660) 
297 (0,315) 
335 (0,133) 

227 (0,204) 
265 (0,456) 
239 (0,201 ) 

267 i0(191) 
286 (0,255) 

228 (0,165) 

246 (0 272i-, 
28l (0,415), 

transition is polarized parallel to the long axis of the molecule. The band that char- 
acterizes the quinonehydrazone form (%max 486 nm, f m 0.886) pertains to 30% transi- 

quinoidti~ withringChargedof thetransfermolecule.~ theThe 2pztransitionelectr~ Ofpolarizedthe bridged-nitrogenparallel to theat~ axisthe of 

the molecule. The long-wave absorption bands were assigned on the basis of an analysis 
of the type of MO between which the transition occurs, the magnitudes of the coeffi- 
cients of expansion of the MO and AO, and the redistribution of the electron density 
during the electron transition. 

In [2] it was shown by electronic spectroscopy that in acidic media the percentage 
of the azo form initially increases as the pH decreases, after which the concentration 
of the quinonehydrazone form increases sharply as the pH is lowered further. On the 
basis of the reasoning above, it might be assumed that in moderately acidic media dimer 
A decomposes, and the monomer is converted to the azo form. As the acidity is increased 
further, the molecule undergoes monoprotonation and diprotonation at the ring-nitrogen 
atom and at the azo group. As a result, the following equilibrium of the mono- and di- 
protonated molecules may be realized. 

H H 
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H H 

The acidity of the OH group of the mono- and diprotonated molecule increases sharply, 
and the equilibrium is shifted to favor the formation of the quinonehydrazone form. 

Thus, it has been shown by IR and electronic spectroscopy that the ratio of the 
azo and quinonehydrazone tautomers of 3-hvdroxy-6-phenylazopyridine derivatives is de- 
termined by the aggregate state of the compound, the electron-donor, and electron-accep- 
tor properties of the organic solvent, and the acidity of the medium. 

EXPERIMENTAL 

The investigated compounds were obtained by previously described methods [ii]. 
The IR spectra were recorded with a UR-20 spectrometer. The IR spectra in the gas phase 
were recorded with aUR-10 spectrometer. The accuracy in the measurement of the frequen- 
cies in the range of an NaCI prism was • cm -I, while the accuracy in the range of an 
LiF prism was • cm -I. The electronic spectra were recorded with SF-4A and SF-14 spec- 
trophotometers. The calculations by the PPP method within the "approximation of a var- 
iable 8" were made from programs composed by G.I. Kagan [12]. The interaction of 25 
singly excited confugurations were taken into account in the calculations. The inter- 
nuclear distances were optimized with respect to the atomization energies (AH) from a 
program that realizes the Dewar algorithm with the use of an M-220 computer. 
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