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On the basis of calculations of the basicities of possible protonation sites, elec- 
tronic spectra, and potentiometric titration, it has been shown that 6- and 2-(aryi- 
azo)-3"hydroxypyridines exist in nitromethane and acetonitrile in the hydroxyazo- 
form, and are protonated at the pyridine nitrogen atom. 

A number of dyes have recently been developed both for natural and synthetic fibers, 
derived from 3-hydroxypyridine [i, 2]. Dyeing of synthetic fibers presupposes working in 
nonaqueous solvents, and it is therefore of great importance to examine the tautomerism of 
arylazo-3-hydroxypyridines in such media. The scattered reports in the literature on this 
topic, especially for aprotic solvents, are contradictory. For instance, in acetonitrile and 
dimethylformamide azo-3-hydroxypyridines exist as tautomeric mixtures of the azo- and hydra- 
zono-forms [3, 4], whereas in nitromethane (which is similar to acetonitrile in its proper- 
ties), they exist in the hydroxyazo-form [5]. To resolve this contradiction, we have carried 
out further studies with 6- and 2-(arylazo)-3-hydroxypyridines in aprotic polar solvents (ni- 
tromethane and acetonitrile), by examination of the acid--base properties and UV spectra of the 
compounds. 

The 6- and 2-(arylazo)-3-hydroxypyridines (Tables i and 2) were obtained by azo-coupling. 
Earlier workers [6] have shown that reaction of 3-hydroxypyridine with p-nitrophenyldiazonium 
chloride gives a mixture of the 6- and 2-isomers, coupling in the 4-position not occurring [7]. 
It is known that the chromatographic mobility of 2-(p-nitrophenylazo)-3-hydroxypyridine is 
much higher than that of the 6-substituted compound, and by analogy with [6] we have tenta- 
tively regarded the compounds with low Rfvalues as the 6-azo-compounds (lla-f) (Table i), 
and those with high Rf values as the 2-derivatives (IXa-f). The assignment of compounds with 
high Rf values to the 2-azo series is supported by the presence in their IR spectra of a broad 
absorption band in the region of stretching of the hydroxyl group involved in intramolecular 
hydrogen bonding (2700-3200 cm-1), and by identification of the reduction product of one of 
them (IXb) as 2-amino-3-hydroxypyridine. 

To confirm the structure of the second series of isomers (lla-f), diazotized 2,4,6-tri- 
methyl-3,5-dinitroaniline was coupled with 3-hydroxypyridine to give the isomer with a low Rf 
value (llg), the structure of which was proved by PMR. Actually, the spectrum of the 2-substituted 
compound should contain signals of different multiplicity, and the 4-substituted compound, from 
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Fig. i. Protolytic and tautomeric interconversions in 
substituted 6-arylazo-3-hydroxypyridines. The struc- 
tures which predominate in nitromethane solution are 
underlined. The calculated 'values for pKttA, PKBH +, and 
log K T for (lib) (X = H) are shown. 

results for pyridines [8, 9], would be expected to possess much lower coupling constants (~J = 
5j = 0, 3j = 5 Hz). 

Figure i shows the acid--base and tautomeric interconversions which are possible in solu- 
tions of substituted 6-arylazo-3-hydroxypyridines (II). The anion (I) has three possible cen- 
ters of protonation, i.e., in the neutral azo-compound the proton may be present at the oxygen 
atom (the hydroxyazo-form (II)), at the nitrogen atom of the pyridine ring (zwitterionic form 
(III)), or at the nitrogen atom of the azo-group (hydrazonium form (IV)). Each of these tauto- 
mers can be protonated in two ways, to give the three monocations (V-VII), which add a second 
proton to give the dication (VIII). The spectral characteristics of the zwitterionic tauto- 
mer are unknown, and therefore in examining the tautomerism we gave priority to the evalua- 
tion of the basicity of the possible centers of protonation. 

In order to determine which of the three tautomers (II, III, or IV) predominates in nitro- 
methane solution, it is necessary to determine the basicities of the three centers in anion (I) 
mentioned above, a measure of which is provided by the PKHA values of the conjugate OH-, +NH-, 
and NH-acids: (PKHA) I, (PKHA)2 , and (PKHA)3 respectively (Fig. i). 

For this purpose, we made use of data for 3-hydroxypyridine (Fig. 2), which is a model 
for protonation of tautomers (Ib-lllb) at the oxygen atom and the pyridine nitrogen, and azo- 
benzene, which is a model for addition of a proton at the azo-group in structures (Ib), (lib), 
and (Vb). It has previously been found [i0] that ig K T = 4 for 3-hydroxypyridine in nitro- 
methane, and (PHBH+)I = 11.85 [5]. We have found that (PKHA) I = 21.0, thus enabling the values 
of (PKHA)= = 17.0 and (PKBH+)2 = 15.85 in this medium to be found (Fig. 2). We have also found 
that the value of (PKBH +) for azobenzene in nitromethane is ~4.5. 

From these results, the basicities of the possible protonation centers in anion (I) (X = 
H) can be calculated by means of Hammet's equation: pK = pKo--PoX. 

The basicity of the oxygen center (PKHA) I was calculated by regarding (lib) (Fig. i) as 
3-hydroxypyridine with the phenylazo-group as a p-substituent. In th~s case, pKo and pK are 
the ionization constants of unsUbstituted and substituted 3-hydroxypyridine in nitromethane, 
o X = On(phN=N) = 0.33 [ii],* and the value of P in the equation must be close [13] to the value 

*Bearing in mind that in pyridine there is no conjugation of electron-acceptor substituents 
with the q-electron system of the ring [12], in this instance it is more correct to use the 
set of o-rather than o--constants. 
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Fig. 2. Protolytic and tautomeric inter- 
conversions of 3-hydroxypyridine. The 
structures predominating in nitromethane 
solution are underlined. 

of p for the correlation of the acidities of phenols (4.54 [14]). From these results, we ob- 
tain (PKHA), ~ 19.5. 

The basicity of the pyridine nitrogen (PKHA)2 in anion (Ib) was calculated from the basic- 
ity of this center in the 3-hydroxypyridine anion (X) (Fig. 2), allowing for the influence of 
the ortho-phenylazo-group. The basicities of ortho-substituted pyridines in nitromethane cor- 
relate with the Om constants of substituents with a value p = 13.6 [15], and Om(PhN=N) = 0.29 
[ii]. Hence, we obtain (PKHA)2 ~ 13. 

The basicity of the azo-group (PKHA)3 was calculated from the basicity of azobenzene, 
allowing for the influence of the substituents, namely, the para-oxide group (o + = --2.3 [ii]) 
and the ortho-oriented pyridine nitrogen (o + = o = 0.71 [16]). The value of p for this case 
was calculated from the angular correlation coefficient between pKBH+ for tertiary amines in 
nitromethane and water (1,35 [17]) and the value of p for the correlation of the basicities of 
azobenzenes in 20% aqueous alcohol (2.1.9 [18]), bearing in mind that in water and 20% alcohol 
the value of p will differ only slightly. In nitromethane, therefore, we may take p ~ 2.9, 
and (PKHA) 3 ~ 9. 

Comparison of the calculated PKHA values for thedifferent centers shows thas in nitro- 
methane protonation must occur at the oxygen atom (PKHA 19.5), i.e., in this medium 6-phenyl- 
azo-3-hydroxyazo-form (II), and the concentrations of tautomers (III) and (IV) must be 6-10 
orders of magnitude less. The experimentally determined value (PKHa)ex p = 20.3 confirms the 
correctness of these calculations. 

Similar calculations of the basicity of anion (I), containing a nitro-group, leads to 
the same results: (pKHA) I = 18.6, (PKHA)2 = 11.4, and (PKHA)3 = 6.8,* the experimental value 
(PKHA)ex p = 19.08 being close to (PKHA) I. 

Since, in the remaining compounds, the substituents are intermediate in their electronic 
character between the oxygen atom and the para-nitro group, or only differ slightly from them, 
we are justified in assuming that the compounds (IIa-f) all exist in azomethanein the hydroxy- 
azo-form. 

These findings were confirmed by the criterion of the calculated positions of the tauto- 
meric equilibria of oxygen-containing tautomeric systems, based on the existence in nitrometh- 
ane of associates of oxygen acids and bases, of types AH'''A" and BH+,--B [i0, 14]. The titra- 
tion curves of 6-arylazo-3-hydroxypyridines with tetrabutylammonium hydroxide in nitromethane 
show an enhanced slope, and an additional potential jump at the half-neutralization point, 
due to association of the AH'-'A- type, indicating deprotonation of the oxygen center, i.e., 
in nitromethane the hydroxyazo-tautomer (II) predominates. 

Turning now to the protonation of the hydroxyazo-compounds (II), we note that they can 
add a proton either at the pyridine nitrogen or at the azo-group. In unsubstituted 6-phenyl- 
azo-3-hydroxypyridine (II, X = H), the basicity of the ring nitrogen (PKBH +) was calculated by 
regarding (IIb) as 3-hydroxypyridine (XI) substituted in the ortho-position by the phenylazo- 
group. Then (see above), (PKBH+)~ = 8. Similarly, knowing the basicity of azobenzene in nitro- 
methane, and allowing for the influence of the para-hydroxy group (~+ = 0.92 [II]) and the 
pyridine nitrogen in the ortho-position, the value of (PKBH+)3 for the azo-group was calcu- 

*Use was made of the values Om(P-O2NC6H~N=N-) = 0.41 [19] and ~n(P-O2NC6HaN=N-) = 0.54 (cal- 
culated from the transmission factor of the phenylazo-group ~' = 0.27 [20], ~n(PhN=N) = 0.33 
[ii] and an(NO2) = 0.78). 
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TABLE i. UV Spectra of Aryl-Substituted 3-Hydroxypyridines 
(If) and (IX) (in acetonitrile) 

Coil2- ~ m a x '  nm ( l g  ~) 

pound x 
anion monocation 

I I a p-Me 
IIb H 
IIc  p-Br 
IId m-Br 
I Ie  m-NO: 
l l f  p-NO2 

IX a p-Me 

IXb H 

IXc p-B; 

IXd m-Br 
IXe m-NO~ 

1Xf p-NQ 

461 (4,50) 
470 (4,48) 
48l (4,58) 
483 (4,45) 
492 (4,36) 
55! (4,52) 
510 (4,18) 

508 (4Jl)  

525 (4,34) 

523 (4,19) 
527 (4,25) 

587 (4,39) 

natural 
compound 

342 (4,35) 
339 (4,30) 
343 (4,39) 
343 (4,20) 
343 (4,09) 
360 (4,27) 
379 (4,24) 

373 (4,12) 

379 (4,32) 

377 (4,15) 
375 (4,14) 

391 (4,22) 

375 (4,42) 
363 (4,38) 
371 {4,47) 
360 (4,26) 
357 (4,19) 
367 (4,37) 
4O3 (4,41) 

387 (4,31) 

396 (4,51) 

386 (4,32) 
382 (4,35) 

391 (4,41) 

dication (in 
nitromme thane) 

485 (4,59) 
519 (4,63) 
470 (4,34) 
448 (3,86) 
477 (4,29) 
496 (4,59) 
523 (4,76) 
473 (4,41) 
496 (4,45) 
5OO (4,54) 
528 (4,63) 
477 (4,06) 
466 (4,35) 
49O (4,38) 
469 (4,42) 
492 (4,70) 

lated to be~ 5. Comparison of the calculated values for (PKBH+) i and (PKBH +) s shows that 
(IIb) must add a proton in nitromethane at the pyridine nitrogen. The value of (PKBH+)exp = 
8.88 confirms the correctness of this calculation. 

Similarly calculated were the values (PKBH+)I = 6.3 and (pKBH+)s = 2.8 for the p-nitro 
compound (IIf), comparison of which indicates protonation at the heterocyclic nitrogen. The 
value of (PKBB+)exp = 7.94 is in agreement with this conclusion. 

The UV spectra in acetonitrile (Table i), which is similar in its properties to nitro- 
methane, but is transparent to UV, confirm our conclusions as to the tautomeric composition 
and sites of protonation of 6-arylazo-3-hydroxypyridines (II). For the neutral compounds, the 
absorption maxima occur at 340-370 nm, characteristic of azo-forms [21], but in the >470 nm 
region, where the long-wavelength absorption of the hydrazo-form is usually found [21], there 
is little absorption. The weak band (ig s < 3) in 6-arylazo-3-hydroxypyridines in this region 
is not affected by the type of solvent (acetonitrile, dimethylformamide, dimethyl sulfoxide, 
dioxane, alcohol, 25-60% aqueous alcohol containing acetate buffer), and it is not, therefore, 
due to the hydrazone tautomer as previously suggested [4]. Addition of perchloric acid to 6- 
arylazo-3-hydroxypyridines causes a small shift to longer wavelengths (10-30 nm; Table i), 
which is in complete agreement [22] with the initial protonation of the heterocyclic nitrogen. 
The second proton adds to the azo-group which, as would be expected, results in a strong batho- 
chromic shift (90-150 nm; Table i). 

A careful examination of the dependence of the UV spectra on the solvent provides further 
evidence of the existence of neutral azo-compounds in the hydroxyazo-form (II). It was found 
that deprotonation of 6-arylazo-3-hydroxy-pyridines (ig KAH A- ~ 4, this communication) at a 
concentration of ~i0 -4 mole/liter results in the appearance of two isobestic points (Fig. 3a) 
corresponding to the transformation of HA into associates AH''-A- and of AH'''A- into A-. 
When the solution is diluted to 10 -6 mole/liter, the degree of association of the complex 
AH---A- increases, and the two isobestic points merge into one (Fig. 3b). 

In the case of ortho-hydroxyazo-compounds (2-arylazo-3-hydroxypyridines), it will be seen 
that the PKHA values for the OH and NH groups in the tautomers (IX) and (XII) should be some- 
what greater, and the PKBH + values somewhat less, than the corresponding values for the para- 
isomers (II) and (IV), as a result of OH---H and NH---O intramolecular hydrogen bonding. These 
conclusions assume that (IX) (and its para-isomer (II)) exist in the hydroxyazo form. This is 
in accordance with results for their structural analogs, the para- and ortho-azophenols, the 
tautomeric equilibria of which in a variety of solvents are strongly,, Shifted towards the hy- ,, 
droxyazo-forms [21]. Furthermore, in the azonaphthols, the difference between the K T values 
for the para- and ortho-hydroxyazo-forms is less than an order of magnitude (calculated for 
benzene, chloroform, and hexane from the results given in [23], and for alcohol, from the re- 
sults in [24]). These findings show that the ortho-hydroxyazo-form (~X), like its para-isomer 
(II), exists in the hydroxyazo-fo~m (IX), and adds the first proton at the pyridine nitrogen. 

}!o - 0 ~ 0 ~ .  

- -  ~ . - - - - - -  XC~II 4 - N - - N : ~  

N-"  - N =--- /  N : ~  
Ill i l l  

IX 
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Fig. 3. Changes in the UV spectra of 6-phe- 
nylazo-3-~dro~pyridine (IIb) as it is gradu- 
ally deprotonated in acetonitrile by the ad- 
dition of tetrabutylammonium hydroxide, a) c 
3"10 -~ mole/liter, layer thickness 0.i cm; b) 
c 3"10 -6 mole/liter, layer thickness i0 cm. 

TABLE 2. Properties of Arylazo-3-hydroxypyridines (II) and (IX) 

Com- 
pound 

l la  
l l c  
l id 
II,e .~ 

IXb 
IXc 
LM 
IXe 

Mp, ~ " 

207--207,5 
224--225 

210 
213--214 
215--2t6 
104--105 

!15 
154--155 
123--124 
174--175 

-Found, % 

C H 

67,2 5,0 
47,7 2,9 
48,0 2,9 
54,2 3,5 
51,3 4,0 
67,4 5,1 
66,2 4,7 
47,3 3,0 
47,9 2,8 
54,0 3,3 

Empirical 
formula N 

19,5 C,2H.NaO 
15,1 C.HsBrNaO 
15,0 C.HaBrNaO 
23,2 CuH8N4Oa 
21,0 CL4HaNsOs 
19,6 CmHuNaO 
21,2 C.HgNaO 
15,0 C.HsBrNaO 
15,1 CnHsBrN30 
23,0 C.HaN4Oa 

Ca lcu la ted, .% 

G H 

67,7 5,2 
47,5 2,9 
47,5 2,9 
54,1 /3,3 
50,8 3,9 
66,7 5,2 
66,3 4,5 
47,5 2,9 
47,5 2,9 
54,1 /3,3 

19,7 
15,1 
15,1 
23,0 
21,2 
19,7 
21,1 
15,1 
15,1 
23,0 

*(lla) was recrystallized from CC14 and methanol, (llc), (lie), 
and (IXb) from 50% aqueous ethanol, (IId), (IIg), and (IXc) 
from ethanol, (IXa) and (IXe) from light petroleum, and (IXd) 
from methanol. 
%PMR spectrum (DMSO): Ii.0 (br. s, OH), 8.5 (d, J = 2 Hz, 2-H), 
8.1 (d, J = 9 Hz, 5~H), and 7.7 ppm (d.d., J = 9 and 2 Hz, 
4-H). The signals for the methyl protons were hidden by the 
DMSO signals. 

The spectral data (Table i) confirm this conclusion, since the neutral molecules of 2- 
arylazo-3-hydroxypyridines absorb at wavelengths typical of the hydroxyazo-form (IX), addi- 
tion of the first proton resulting in only slight spectral changes, but addition of the second 
proton causing a considerable bathochromic shift. 

Thus, in the aprotic polar solvents nitromethane and acetonitrile, 6- and 2-arylazo-3- 
hydroxypyridines exist in the hydroxyazo-form, and are protonated at the pyrs nitrogen 
atom. Since 6-arylazo-2-substituted-3-hydroxypyridines contain significant amounts of the 
hydroazone tautomer in a variety of solvents [3], this may be due to the influence of the sub- 
stituent in the 2-position of the pyridine ring [25]. 

EXPERIMENTAL 

IRspectra were obtained on a UR-20 spectrometer in CCI~, and PMR spectra of (llg) on a BS- 
467 instrument (60 MHz, external standard HMDS). UV spectra were recorded on a Specord UV-VIS. 
The values of PHBH + and PKHA in nitromethane were determined potentiometrically as described 
in [14] and [26]. 

1368 



The 6- and 2-arylazo-3-hydroxypyridines (II) and (IX) were synthesized by the method ~ 
given in [6], and purified by recrystallization. The properties of the novel compounds are 
given in Table 2. 

The isomer of phenylazo-3-hydroxypyridine with a high Rf value was reduced by the method 
given in [27], and the reduction product identified by paper chromatography in the system 
light petroleum--butanol--water, 1:2:3. 
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