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STUDY OF THE STRUCTURES OF INDAZOLES, PYRAZOLO[3,4-b]PYRIDINES, 

AND PYRAZOLO[3,4-b]PYRAZINE BY IR SPECTROSCOPY 

L. V. Sennitskaya, Yu. D. Timoshenkova, B. S. Kikot', UDC 547.772.821.861:543.422.4: 
Yu. A. Pentin, F. F. Blanko, I. A. Korbukh, and 541.62 
M. N. Preobrazhenskaya 

It is shown on the basis of a study of the IR spectra of indazoles, pyrazolopyrid- 
ines, and pyrazolopyrazine in the solid state and of their N-deutero-substituted 
derivatives and hydrochlorides at room temperature and at the temperature of liquid 
nitrogen that these heterocycles exist in a tautomeric form in which the labile 
hydrogen atom is localized on the nitrogen atom of the pyrazole ring. It was 
established that 6-aminopyrazolopyridine exists in the crystalline state in the 
amino form and that it is protonated at the ring nitrogen atom rather than at the 
amino group. The applicability of the temperature-shift method for the detection 
not only of YNH bands but also of YND bands is demonstrate d . 
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Few data on the IR and UV spectra and the structures of condensed pyrazoles and closely 
related compounds have been published. In particular, the tautomeric forms of some of them 
in solution and in the crystalline state have been determined [1-4], and the spectra and 
structures of natural purines and their derivatives have been studied [5-7]. In [7-9] it was 
shown that one of the several possible tautomeric forms predominates for many hydroxy, amino, 
and mercapto derivatives of purines and their salts in the solid state. Some of the regular- 
ities found in the spectra of purines can be used for the interpretation of the spectra of 
condensed pyrazoles. 

The first results of a study of the IR spectra in the solid state of indazole and its 
derivatives (I-III), pyrazolo[3,4-b]pyridines (IV-X), and pyrazol[3,4-b]pyrazine (XI), as 
well as their hydrochlorides (la-Xla), are reported below: 

~ N / N  ~N/N'~CH3 R ~  
I 
R 

I ,  !! i l l  w - v I  

R' 

. C I . ~ / ~ N  ~.CH a C t ~ N ~ N  :.....N 
I . 
R 

X VII-IX X! 

I R=H;  II R=CH3; IV R=H;  V R=NH2; Vl R=N(CH3)2; VII R=R '= I t ;  

VIII R=CHa, R'=H; IX R:R'=CIt,~ 

The method of temperature shift of the bands of the N-H deformation vibrations [I0, Ii], 
deuterium substitution, and a comparison with the spectra of model heterocyclic compounds 
[12] were used for the interpretation of the IR spectra of the condensed pyrazoles. 

The assignment of the frequencies associated with the vibrations of the Nil and NHa groups 
and the skeleton of the molecules is presented in Table i. 

+ 
It is known that the bands of stretching vibrations of CH, NH, Nil, ND, N-Ha, and NDa 

groups are found at 2000-3400 cm-*. A broad intense absorption band at 2500-3300 cm -I, which 
has a complex structure, is observed in the spectra of all of the investigated compounds. It 
undoubtedly is related to the NH stretching vibration, and its structure and position con- 
stitute evidence for the presence of strong intermolecular hydrogen bonds in crystals of the 
condensed pyrazoles. The IR spectra of pyrazolopyridine (VI) and its hydrochloride and N- 
deutero derivative are presented in Fig. i as an example. 

A broad+band with a maximum at about 2500 cm-*, which is related to the stretching vibra- 
tion of the NH bond, appears, as a rule, in the spectra of the hydrochlorides. 

In addition, intense bands at about 3150, 3300, and 3400 cm-*, which are shifted on 
deuteration to 2300 and 2560 cm-*, are observed in the spectrum of 6-aminopyrazolo[3,4-b]pyrid- 
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Fig. i. IR absorption spectra of pyrazolo- 
pyridine (i) and its deutero derivative (2) 
and hydrochloride (3). 
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Fig. 2. IR absorption spectra of 6-amino- 
pyrazolopyridine (i) and its deutero de- 
rivative (2) and hydrochloride (3). 

ine (V) (Fig. 2). Their form and position are characteristic for an amino group participat- 
ing in the formation of hydrogen bonds [12]. It is difficult to determine the position of 
the bands of aromatic ring CH stretching vibrations in the spectra of the investigated com- 
pounds, since they are overlapped by a strong and broadNH band. 

Bands at 2850, 2920, 3060, and 3100 cm -I, which are related to the stretching vibra- 
tions of the CH bonds of methyl groups and an aromatic ring, can be observed in the spectra 
of methylated indazole derivatives II and III and pyrazolopyridine derivatives IX and X. 

Bands of ring stretching vibrations and in-plane CH, NH, and NH= deformation vibrations 
are found at 1000-1700 cm -I. The presence of several intense bands at 1400-1700 cm -I, which 
undergo practically no shifting on deuteration and can be assigned to aromatic ring stretch- 
ing vibrations, is characteristic for all of the investigated compounds. These frequencies 
increase on passing to the hydrochlorides; this has also been noted for purine hydrochloride 
[7]. 

The position of the highest frequency ring vibrations at 1500-1600 cm -~ depends on which 
nitrogen atom is connected to the substituent in the pyrazole ring (II, III, IX, and X in 
Table i); this is apparently associated with a transition from the benzenoid structure (A) 
to the o-quinoid structure (B). 

This frequency is 10-12 cm -I higher in the spectra of compounds with structure B than in 
the spectra of compounds with structure A. An intense band at 1655 cm -I, which is shifted 
to 1390 cm -~ on deuteration and is related to the scissors vibration of the NH= group, is ob- 
served above 1600 cm -~ in the spectrum of 6-aminopyrazolopyridine (V). The presence of this 
band and its sensitivity to deuterium substitution serve as a confirmation of the above-ex- 
pressed assumption that V exists in the amino form in the crystalline state. The invariabil- 
ity of this band on passing to hydrochloride Va provides evidence that protonation takes place 
at one of the ring nitrogen atoms rather than at the amino group. It has also been estab- 
lished for adenine and adenosine [13] that protonation takes place at the purine ring nitro- 
gen atom rather than at the exocyclic nitrogen atom. 

The bands of ring in-plane deformation vibrations, out-of-plane NH, NH2, and CH deform- 
ation vibrations, and skeletal out-of-plane deformation vibrations are found at 400-1000 cm -~. 
Most of these vibrations are uncharacteristic: many bonds and valence angles participate in 
each of them. However, some of these vibrations, namely, the out-of-plane deformation vibra- 
tions of NHand NH= groups, are sufficiently characteristic and, in addition, are sensitive 
to intermolecular interactions [i0, ii]. The bands in the IR spectra that correspond to these 
vibrations are shifted on deuteration and are also shifted by 10-20 cm -~ and undergo a pro- 
nounced increase in intensity as the temperature is lowered from +20 to --170 ~ . These peculiar- 
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ities of the bands of the NH and NH2 out-of-plane vibrations make it possible in many cases 
to make a sufficiently unambiguous assignment of the corresponding bands, and the character 
and number of identical proton-donor groups in the molecule can be determined from the number 
and position of these bands. This information in turn makes it possible to discern the pres- 
ence of one or another tautomeric molecular or ionic form in the crystals of a given compound~ 

The frequencies of the NH out-of-plane vibrations are found over a rather narrow range 
(725-810 cm -I) in the spectra of all of the investigated compounds. The correctness of the 
assignment is confirmed by the decrease or disappearance of these bands on deuteration and 
the appearance of bands of ND out-of-plane vibrations at 510-570 cm -I. These new bands, like 
the bands of NH out-of-plane vibrations, are shifted by 10-20 cm -I and undergo a change in 
intensity as the temperature changes from +20 to --170 ~ Thus the temperature-shift method is 
applicable for the detection not only of the ?NH bands but also of the YND b~nds. As seen 
from Table i, the frequencies of the various vibrations of the NH, NH2, and NH groups in the 
spectra of all of the investigated compounds are quite close to one another, from which it 
can be concluded that these compounds exist in similar tautomeric forms in the crystalline 
state. It may be assumed that the labile hydrogen atom in the pyrazolopyridine and pyrazolo- 
pyrazine molecules (IX-XI) is localized in the pyrazole ring. Evidence for this is provided 
by the analogous character of the change in the vibrations of the NH groups on deuteration 
and as the temperature changes (see Table i), as well as by the similarity in the spectra of 
IX-XI at 510-570 cm-: and the spectra of indazole I, in which only this orientation of the 
hydrogen atom is possible. Additional methods must be drawn upon to establish the localiza- 
tion of the hydrogen atoms in the pyrazole ring. Changes in the spectrum in two regions -- 
500-600 and 700-850 cm -I -- were observed during a study of the temperature dependence of the 
!R spectra of 6-aminopyrazolopyridine (V), for which there is a possibility of amine-imine 
tautomerism from +20 to --170 ~ . It is known [i0, II] that the frequencies of the fan vibra- 
tions of the NH2 group are found at 500-600 cm -I. Consequently, the band at 535 cm -I in the 
spectrum of V, which changes with temperature, can be assigned precisely to this vibration; 
this is confirmed by its disappearance on deuteration and also by the absence of the corres- 
ponding band and, in general, temperature changes at 500-600 cm -~ in the spectrum of 6-dimethyl 
aminopyrazolopyridine (VI). Two bands each, which are shifted on deuteration and whose posi- 
tion depends on the temperature, are observed in the spectra of V and VI; this makes it pos- 
sible to assign them to YNH vibrations. We were able to detect bands of out-of-plane vibra- 
tions at 510-560 cm -~ in the spectra of V and VI deuterated at the NH groups. These bands 
are also sensitive to temperature. The presence of two YNH bands in the spectra of V and VI 
is difficult to interpret unambiguously. The existence simultaneously in the solid state of 
two tautomeric forms with a hydrogen atom in different positions is unlikely, although this 
possibility cannot be completely excluded. The splitting of these bands is most likely due 
to the presence of different forms of associates characterized by different distributions of 
the intermolecular hydrogen bonds, to the state of which the NH out-of-plane vibrations are 
very sensitive. 

By way of correlating what we have stated above regarding the IR spectra of the amino 
and dimethylamino derivatives of pyrazolopyridine (V and VI), it can be asserted that, in 
conformity with the IR spectral data (in both the high-frequency and low-frequency regions), 
V exists in the amino form in the crystalline state, whereas the heterocyclic ring contains 
a hydrogen atom attached to the nitrogen atom of the pyrazole ring. New bands, which in a 
number of cases can be assigned to the out-of-plane vibrations of the protonated groups, ap- 
pear in the low-frequency region of the spectrum on passing from the starting condensed 
pyrazoles to their protonated forms, i.e., to the hydrochlorides. Thus bsnds at 830 and 890 
cm -I, respectSvely, which are assigned to the out-of-plane vibrations of NH groups, since 
there are no NH groups in starting II and III, appear in the spectra of the hydrochlorides 
of methylated IIa and IIIa. We note that the frequencies of the NH out-of-plane vibrations 
increase when the compounds are protonated. 

The bands of NH vibrations remain unchanged in the spectra of a number of compounds on 
passing to the protonated forms, and above-lying bands of NH out-of-plane vibrations, which 
are shifted as the temperature of the samples changes, simultaneously appear. Consequently, 
the addition of a proton to the ring nitrogen atoms that do not bear a hydrogen atom rather 
than to the NH or NCH3 group is characteristic for these compounds. This pertains to indazole 
I and its N-methyl-substituted derivatives (II and III), pyrazolopyridine (IV), and 6-amino- 
pyrazolopyridine. 
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We were unable to detect the bands of ~ out-of-plane vibrations in the spectra of the 
remaining compounds, possibly because of the weak intensity of these bands; the site of addi- 
tion of a proton was therefore not determined for them. 

EXPERIMENTAL 

The investigated compounds were synthesized by the methods described in [14-17]. The 
hydrochlorides of these compounds were obtained by dissolving the bases in concentrated hydro- 
chloric acid with subsequent drying in vacuo or passage of dry HCI into solutions of the in- 
vestigated substances in organic solvents. The N-deuterated investigated compounds were ob- 
tained by double exchange with heavy water by refluxing and subsequent vacuum drying over P2Os. 

The IR spectra of KBr pellets of the solid Compounds were recorded with a UR-10 spec- 
trometer. The IR spectra at low temperatures were obtained by cooling the KBr pellets with 
liquid nitrogen in a special cryostat. 
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