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Studies of the Equilibria Produced by 6- andNMR
8-Substituted Tetrazolo [1,5-a ]pyridines
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1H, 13C and 15N NMR data are reported for nine tetrazoles. Five of these compounds are found to exhibit valence
tautomeric equilibrium between the tetrazole and azide forms. The position of this equilibrium at 298 K is found to
be dependent on the solvent and the position and nature of the substituent. More polar solvents favour the tetrazole
form. Protonation studies on the two forms using TFA as a solvent are reported. The favoured site of protonation is
found to be N-4 for the azide form and N-1 for the tetrazole form.
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INTRODUCTION

Tetrazoles are known to be important molecules in
many areas of commerce, including photography, medi-
cine, agriculture and explosives.1 We have previously
reported preliminary multinuclear magnetic resonance
data on compounds from this class.2 In this paper, we
present and discuss our more extensive compilation of
multinuclear magnetic resonance data to include a
study of valence tautomeric equilibria of the type shown
in Fig. 1. The e†ects on the position of equilibria of this
type of variations in the solvent and in the nature and
position of the substituent R are reported.

RESULTS AND DISCUSSION

The 1H, 13C and 15N NMR data obtained for nine
tetrazoles are given in Tables 1, 2 and 3, respectively.

The multi-nuclear magnetic resonance data for the
unsubstituted tetrazolo[1,5-a]pyridine derivative have
been reported elsewhere3,4 and are reproduced here
(compound 1) for the purpose of comparison with the
results obtained for the substituted compounds 2È9. We
also note an earlier report5 in which 1H and 13C NMR
results were given for compounds 2 and 7 taken in
acetone solution. However, this is the Ðrst time that
nitrogen NMR results have become available for these
two compounds and multinuclear NMR results for the
other compounds listed in Tables 1È3 in a variety of
solvents. Concerning this type of valence tautomerism,
some additional 1H, 13C NMR6h9 and 15N NMR10h12
data are available in the literature.

* Correspondence to : L. Stefaniak.
Contract grant sponsor : Polish State Committee for ScientiÐc

Research ; Contract grant number : 3 TO9A 044 08.

The 1H and 13C NMR assignments reported in
Tables 1 and 2 are made on the basis of comparison
with those reported previously2,3,5h7 for compounds 1,
2, 4 and 7 and from the observation of signal multiplic-
ities, relative spinÈspin couplings and decoupled
spectra. For the 13C assignments, additional informa-
tion is obtained from protonÈcarbon correlations, 1H
coupled 13C spectra and INADEQUATE measure-
ments. The 15N NMR assignments given in Table 3 are
based on those given previously2h4,10h12 for compound
1, which exists in the tetrazole form only, and the use of
the samples of compounds 3, 4 and 5, which are selec-
tively 15N labelled in positions 1 and 3, and compound
6, which is labelled in position 3 (Fig. 1). It is interesting
that the reaction between 2-chloro-6-methyl-5-nitro-
pyridine and labelled potassium azide (KN*NN*), as

Figure 1. Equilibrium between tetrazole (T) and azide (A) forms
of the compounds studied.
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Table 1. 1H chemical shifts (ppm) for the azide (A) and tetrazole (T) forms of the compounds investigated

H-5 H-6 H-7a H-8a

Compound R Solvent A T T A T A T

1b H DMSO 9.30 7.43 7.84 8.20

TFA 9.10 7.74 8.32 8.24

2 6-NO
2

CDCl
3

9.21 9.88 8.41 8.47 6.93 8.21

(8.90) (9.70) (8.90) (9.70)

Acetonee 9.20 10.32 8.57 8.60 7.14 8.36

DMSO 10.62 8.53 8.41

TFA 9.22 9.86 8.98 8.57 7.80 8.29

(9.30) (9.80) (9.30) (9.80)

3c 5-CH
3
, 6-NO

2
CDCl

3
8.30 8.35 6.78 8.03

(8.70) (9.70) (8.70) (9.70)

Acetone 8.46 8.17

DMSO 8.43 8.26

TFA 8.92 8.47 7.65 8.10

(9.30) (9.70) (9.30) (9.70)

4 6-Br CDCl
3

8.40 9.03 7.73 7.77 6.72 7.99

(8.55) (9.40) (8.55) (9.40)

Acetone 9.49 7.98 8.13

DMSO 9.80 8.01 8.22

TFA 8.29 9.06 8.36 8.10 7.48 8.02

(9.10) (9.40) (9.10) (9.40)

5d 6-COOH DMSO 9.78 8.21 8.28

TFA 8.91 9.63 8.87 8.52 7.73 8.20

(8.95) (9.40) (8.95) (9.40)

6 6-Cl, 8-Cl CDCl
3

8.21 8.84 7.68 7.73

DMSO 9.80 8.35

TFA 8.27 8.84 8.25 7.86

7 8-NO
2

Acetonee 9.61 7.77 8.90

DMSO 9.77 7.70 8.90

TFA 9.30 7.71 8.93

8 8-COOH DMSO 9.56 7.58 8.44

TFA 9.30 7.86 8.96

9 8-Cl CDCl
3

8.78 7.21 7.72

DMSO 9.35 7.47 8.07

TFA 8.85 7.44 7.97

a 3J(H-7, H-8) coupling constants (Hz) in parentheses.
b Data taken from Ref. 3.
c Chemical shifts for protons of the group: in A 2.85 ppm, T 3.41 ppm; in acetone, T 3.34 ppm; in5-CH

3
CDCl

3
,

DMSO, T 3.22 ppm; in TFA, A 2.92 ppm, T 3.25 ppm.
d Proton signals of the group COOH are very broad at about 5 ppm.
e Data taken from ref. 5.

revealed from the 15N spectrum, can proceed in two dif-
ferent ways (Fig. 2) : nucleophilic substitut-Cl~] N3~
ion and (which is in agreement with earlier studies13h15)
the ANRORC type, for which a scheme is presented in
Fig. 2.

As a result of the synthesis, we obtained two com-
pounds of type 3 with the label in positions N-1, N-3
and N-2, N-4, respectively (see Fig. 2). On the basis of
integration, from the 15N spectrum, we can assume that
reaction of 2-chloro-6-methyl-5-nitropyridine and the
labelled azide took place to ca. 80% by the Ðrst route
and ca. 20% by the second route. Owing to labelling,
the assignments of all 15N signals became simple. As
noted in footnote b in Table 3, there remain a few cases
in which it has not been possible to make unambiguous
15N signal assignments owing to the close proximity in
which some signals are observed. However, this does
not impair our investigation of the valence tautomeric
equilibrium given in Fig. 1 since our quantitative esti-
mates of the equilibrium mixture are based on inte-
grated 1H measurements. In distinguishing between the

NMR signals arising from each of the two forms, in the
equilibrium given in Fig. 1 good use is made of the
shielding di†erences found for the given proton, carbon
and nitrogen nuclei in the two forms.

In the 1H NMR spectra we observe small di†erences
between the azide (A) and tetrazole (T) chemical shifts
but in the 13C spectra the di†erences between both
forms are much larger and especially big di†erences are
observed in the case of 15N NMR. Other di†erences are
observed in the values of the coupling constants 3J(H-7,
H-8), 1J(13C-5, H-5) and 1J(13C-8, H-8), which are
larger for the tetrazole than for the corresponding azide
form. The latter fact is in good agreement with the cal-
culations made by Denisov et al.7 As shown in Tables
1È3, slow exchange occurs on the NMR time-scale
between the T and A forms for many of the compounds
studied, such that separate NMR signals are observable
for the two forms. In these cases it is possible to esti-
mate equilibrium constants for the equilibrium given in
Fig. 1. We carried out an experiment (for compound 2)
in which we observed the intensity of an absorption
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Table 2. 13C chemical shifts (ppm) for the azide (A) and tetrazole (T) forms of the compounds investigated

C-1a C-5a C-6 C-7a C-8a

Compound R Solvent A T A T A T A T A T

1b H DMSO 148.1 126.4 117.3 133.1 115.2

TFA 140.2 129.9 120.3 140.6 110.9

2 6-NO
2

CDCl
3

160.0 149.1 145.5 125.1 141.0 139.8 134.0 126.5 113.8 116.3

(190.3) (196.9) (171.4) (175.3) (175.1) (178.6)

Acetonef 160.5 150.3 146.1 127.3 143.2 141.3 135.4 127.8 115.0 116.5

DMSO 149.9 127.7 140.8 128.3 116.2

TFA 156.6 147.2 137.7 125.0 140.7 140.4 140.4 128.8 116.8 114.4

(198.2) (202.0) (178.3) (177.7) (178.7) (183.0)

3c 5-CH
3
, 6-NO

2
CDCl

3
157.3 148.3 155.1 138.3 141.2 139.3 135.8 128.1 111.8 113.1

(169.5) (173.1) (172.5) (179.2)

Acetone 149.5 139.4 140.6 129.4 113.6

DMSO 148.2 138.4 139.5 128.9 112.6

TFA 155.3 145.8 151.6 139.2 140.9 140.0 142.5 131.2 113.9 110.7

(176.9) (176.2) (178.3) (184.2)

4 6-Br CDCl
3

g 147.4 125.6 111.7 135.7 116.3

Acetone 148.5 127.4 112.1 136.8 117.0

DMSO 147.2 126.8 111.4 136.2 115.9

TFA 150.3 141.6 139.5 126.4 115.1 115.1 150.5 142.1 116.9 112.2

(197.2) (202.0) (176.3) (177.4) (176.5) (184.9)

5d 6-COOH DMSO 149.0 129.4 121.9 132.6 114.9

TFA 155.0 145.4 141.9 129.9 123.0 122.2 147.5 136.3 116.3 112.9

(195.5) (200.2) (175.1) (174.6) (177.1) (182.6)

6 6-Cl, 8-Cl CDCl
3

150.0 146.8 145.3 122.2 123.2 121.1 138.1 132.3 127.5 124.9

(189.2) (198.2) (171.9) (175.6)

DMSO 146.6 124.2 120.7 133.1 124.0

TFAg 144.7 121.9 121.2 135.1 127.3

7 8-NO
2

Acetonef 144.7 133.2 116.7 132.1 137.6

DMSO 143.2 132.9 116.2 132.0 135.7

TFA 140.5 131.6 117.2 133.4 134.4

8 8-COOH DMSO 146.8 130.3 116.8 136.6 119.4

TFA 140.0 131.2 120.0 143.2 115.5

9 8-Cl CDCl
3

147.3 124.0 116.5 130.8 123.0

DMSO 147.1 125.6 117.5 132.3 120.1

TFA 143.8 124.3 118.9 135.5 120.3

a Coupling constants 1J(13C, H) in parentheses.
b Data from Ref. 3.
c Chemical shifts for 13C nuclei of the group: in A 24.2 ppm, T 15.8 ppm; in acetone, T 15.9 ppm; in DMSO, T 15.5 ppm; inCH

3
CDCl

3
,

TFA, A 17.7 ppm, T 13.2 ppm.
d Chemical shifts for 13C nuclei of the COOH group: in DMSO, T 164.6 ppm; in TFA, A 164.8 ppm, T 166.0 ppm.
e Chemical shifts for 13C of the COOH group: in DMSO, T 163.5 ppm; in TFA, T 163.6 ppm.
f Chemical shifts taken from Ref. 5.
g No data for A owing to the low concentration of this form.

signal for a proton undergoing exchange when another
proton site is saturated by irradiation with a second r.f.
Ðeld. When we irradiated, for example, signal H-5 in the
tetrazole form we found a response for H-5 of the azide
form. This provides proof of saturation transfer and
that the system is in equilibrium. In order to obtain
additional conÐrmation of equilibrium we also per-
formed experiments at di†erent temperatures. At higher
temperatures, we found larger values for the equilibrium
constants. For example (for compound 2) T \ 253 K,

T \ 298 K, T \ 323 K,KA@T \ 0.80 ; KA@T \ 1.05 ;
KA@T \ 1.63.

Table 4 shows the results obtained for these equi-
librium constants, which are found to depend sensitively
upon the position and nature of the substituent and on
the solvent used.

Compounds 7È9 exist only in the T form in the sol-
vents used here at 298 K, but compounds 2È6 can exist
in both forms in and TFA solutions.CDCl3

It is apparent from Table 4 that only those com-
pounds with an electron-withdrawing substituent at
position 6 exhibit equilibrium. This is supported by
earlier studies, not involving NMR.16,17 The strongest
electron-withdrawing e†ect is shown by the groupNO2in position 6 of the tetrazolopyridine ring. Compounds
7È9 with the same substituents in position 8 do not
exhibit this equilibrium behaviour, regardless of the
solvent used, but the position of the equilibrium for
compounds 2È6 is shifted towards the A form as the
polarity of the solvent used decreases.16

Messmer and Hajo� s8 stated that (a) in aprotic sol-
vents the chemical shifts of all the protons in tetrazoles
have higher d values relative to those in the correspond-
ing azides due to the presence of a ring current in tetra-
zoles and (b) the electron-releasing methyl group
enhances the stability of the tetrazole form. Our observ-
ations conÐrm these facts. In TFA solutions we observe
rather the opposite situation because the values of the

( 1997 by John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 35, 237È242 (1997)



240 P. CMOCH ET AL .

Table 3. 15N chemical shifts (ppm) for the azide (A) and tetrazole (T) forms of the compounds investigated

N-1 N-2 N-3 N-4 NO
2

Compound R Solvent A T A T A T A T A T

1a H DMSO É67.8 É18.3 É31.8 É128.3

TFA É161.3 É13.5 É34.9 É131.3

2 6-NO
2

CDCl
3

É275.1 É66.2 É144.6 28.6 É140.7 É31.8 É96.3 É133.8 É23.4b É17.1b

DMSO É66.8 26.2 É26.2 É130.7 É17.6

TFA É267.1 É94.8 É152.8 7.8 É130.3 É28.8 É191.8 É133.8 É26.0b É24.1b

3 5-CH
3
, 6-NO

2
CDCl

3
É270.0 É65.9 É144.0 25.8 É141.9 É28.5 É91.5 É128.7 É12.3 É18.3

DMSO É65.9 23.8 É28.3 É126.7 É14.2

TFA É267.9 É106.0 É153.2 1.3 É129.8 É30.5 É198.0 É129.0 É23.6 É19.7

4 6-Br DMSO É67.0 18.8 É31.4 É126.1

TFA É275.0 É135.8 É152.1 É9.5 É131.8 É35.3 É201.4 É129.0

5 6-COOH DMSO É68.5 21.7 É29.1 É129.2

TFA É269.3 É119.1 É153.1 É1.8 É130.3 É31.8 É203.8 É131.8

6 6-Cl, 8-Cl CDCl
3

É276.1 É66.3 É143.3 20.8 É141.4 É28.0 É90.8 É129.8

DMSO É67.1 18.9 É27.3 É126.8

TFA É95.8 É8.4 É30.5 É129.9

7 8-NO
2

DMSO É67.3 20.7 É30.0 É122.9 É19.9

TFA É106.5 1.1 É31.8 É126.0 É26.4

8 8-COOH DMSO É65.3 19.1 É31.7 É125.9

TFA É151.2 É9.7 É33.6 É129.0

9 8-Cl DMSO É67.9 18.2 É27.8 É126.6

TFA É115.0 É6.5 É31.3 É129.7

a Chemical shifts taken from Ref. 3.
b Assignments may be reversed.

equilibrium constants found are di†erent from those in
solution. It seems difficult to explain such aCDCl3behaviour, but it is obvious that two competitive reac-

tions exist. TFA can cause opening of the tetrazole ring
and protonation of the compound, or Ðrst protonation
and subsequently opening of the ring. Which mecha-
nism is more probable depends on the nature and the
position of the substituents.

Figure 2. Two possible mechanisms for the reaction between 2-
chloro-6-methyl-5-nitropyridine and labelled azide.

The use of TFA as a solvent also gives rise to proto-
nation of the nitrogenous sites. Naumenko et al.18
carried out experiments for 1,5- and 2,5-disubstituted
tetrazoles and they came to the conclusion that N-4 in
such compounds is protonated. In our experiments with
labelled compounds, we ascertained that the proto-
nation site for the tetrazole forms of the compounds
studied is N-1, as revealed by the 15N NMR data in
Table 3. The N-1 signal of the tetrazoles in TFA as a
solvent shows an increase in shielding which varies from
30 to 90 ppm when compared with its value in the other
solvents used. The observed increases in nitrogen shield-
ing for N-1 in the T form indicate that protonation
occurs for all of the compounds studied and depends on
the nature of the substituent in the tetrazolopyridine
ring. In compounds with a strong electron-withdrawing
substituent, such as a nitro group, the shielding di†er-
ence between the protonated and non-protonated forms
of N-1 is only 30È40 ppm, whereas in the case of other
groups it is larger (50È80 ppm). Only for compound 8 is
the di†erence about 90 ppm, indicating that this com-
pound is strongly protonated. For those compounds for
which we are able to observe 15N NMR signals for the

Table 4. Azide–tetrazole equilibrium constants (298 K) for
some of the compound in di†erent solvents

Compound R CDCl
3

Acetone DMSO TFA

2 6-NO
2

1.05 0.10 0.00 0.28

3 5-CH
3
, 6-NO

2
0.08 0.00 0.00 0.18

4 6-Br 0.02 0.00 0.00 0.29

5 6-COOH 0.00 0.00 0.00 0.70

6 6-Cl, 8-Cl 0.31 0.07 0.00 0.02
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A form, protonation in TFA occurs preferentially on the
ring atom N-4. The di†erences between the non-
protonated and protonated forms are(CDCl3/TFA)
[96 and [107 ppm for compounds 2 and 3, respec-
tively.

CONCLUSION

We conclude that a combination of 1H, 13C and partic-
ularly 15N NMR data provide a very satisfactory
method of obtaining quantitative estimates of the posi-
tion of equilibrium between the tetrazole and azide
forms of the compounds studied. The tetrazole an
azide tautomers are readily distinguished by their
NMR spectra. The positions of the aromatic protons of
the A form in chloroform solution are shielded with
respect to their corresponding positions in the T form.
In particular this applies to H-8, where the shielding
di†erence is about [1.3 ppm. In TFA solution a similar
di†erence in 1H NMR signals of the two forms is noted,
with the exception of that for H-7, which is deshielded
upon protonation by 0.5 ppm. In solution theCDCl313C signals of the A form are deshielded with respect to
the corresponding T nuclei. This is especially note-
worthy for C-5 where the shielding di†erence between
the T and A forms is about 20 ppm. In general, the
di†erences in the positions of the signals of given
carbon nuclei for the two forms in are main-CDCl3tained in TFA. In both and TFA very large 15NCDCl3shielding di†erences are observed for the two forms. In

the N-1, N-2 and N-3 signals are more highlyCDCl3shielded in the A form than are those for the corre-
sponding nuclei in the T form, by ca. [210, [160 and
[115 ppm, respectively, whereas the opposite situation
applies to N-4, where the di†erence is about ]35 ppm.
The same situation occurs in the case of TFA solutions
but here all of the 15N nuclei of the A form are much
more shielded than are the corresponding nuclei in
the T form and the di†erences are N-1 ca. [120 ppm,
N-2 ca. [130 ppm, N-3 ca. [100 ppm and N-4 ca.
[85 ppm.

EXPERIMENTAL

Compounds

The compounds studied were prepared by previously published pro-
cedures : compounds 1, 2, 3, 5, 7 and 85 and compounds 4, 6 and 919.

Melting points were determined in capillary tubes on a Buchi SMP-20
melting point apparatus. Mass spectra were determined using an
AMD-604 spectrometer.

Data for unknown compounds are as follows :
5-Methyl-6-nitrotetrazolo[1,5-a]pyridine (3). MS: m/z ; 179 (parent

ion), 151, 134, 109, 105, 94, 78, 64, 51. M.p. : 128È129 ¡C. Analysis :
calculated for H 2.79, C 39.11, N 40.22 ; found, H 2.70, CC6H5N5O2 ,
39.13, N 40.30%.

6-Carboxytetrazolo[1,5-a]pyridine (5). MS: m/z 164 (parent ion),
136, 119, 109, 80, 64, 53. M.p. : 220È221 ¡C (decomp). Analysis : calcu-
lated for H 2.44, C 43.90, N 34.15 ; found, H 2.38, CC6H4N4O2 ,
44.00, N 34.12%.

6,8-Dichlorotetrazolo[1,5-a]pyridine (6). MS: m/z 190, 188, 162,
160, 135, 133, 101, 98, 73. M.p. : 80È81 ¡C. Analysis : calculated for

H 1.06, C 31.75, N 29.63 ; found, H 1.12, C 31.83, NC5H2Cl2N4 ,
29.55%.

8-Carboxytetrazolo[1,5-a]pyridine (8). MS: m/z 164 (parent ion),
149, 136, 106, 94, 78, 65. M.p. : 240È241 ¡C (decomp). Analysis : calcu-
lated for H 2.44, C 43.90, N 34.15 ; found, H 2.30, CC6H4N4O2 ,
43.79, N 34.21%.

8-Chlorotetrazolo[1,5-a]pyridine (9). MS: m/z 156, 154, 128, 126,
101, 99, 91, 64. M.p. : 192È193 ¡C (decomp). Analysis : Calculated for

H 1.94, C 38.83, N 36.25 ; found, H 2.00, C 38.94, NC5H3CIN4 ,
36.15%.

Spectra

All the spectra were measured with a Bruker AM 500
spectrometer operating at 500.138, 125.759 and 50.684
MHz for 1H, 13C and 15N, respectively. Other param-
eters were as follows : 13C, pulse width 9 ls, acquisition
time 1.2 s and relaxation delay 2 s ; 15N, pulse width 6
ls, acquisition time 1.4 s and relaxation delay 8 s
(INVGATE). Standard experimental conditions and
standard Bruker programs for XHCORRD optimized
for 170È180 Hz for 1J(1H, 13C), INEPT optimized for
10È12 Hz for 2J(1H, 15N), INADEQUATE optimized
for 60 Hz for 1J(13C, 13C) and SFDEC measurements
were used. For 1H and 13C spectra in acetoneCDCl3 ,
and DMSO solution data are given relative to the TMS
signal at 0.0 ppm. In triÑuoroacetic acid (TFA), external
DMSO was used as a standard, the signal of which
appeared at 2.49 ppm. For 15N spectra, in all solvents
used an external nitromethane standard was applied,
the signal of which is at 0.0 ppm. The temperature of all
measurements was 298 K and the concentrations of
solutions were between 0.1 and 0.3 mol dm~3.
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