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Abstract– The 13C and 15N chemical shifts of twelve azoles and benzazoles

have been determined in the solid state at room temperature and in methanol

solution at 178 K. The experimental values were compared with the absolute

shieldings calculated at the GIAO/B3LYP/6-31G* level. These comparisons
show that some signals, 13C NMR but especially 15N NMR, have to be

corrected for hydrogen bonds present in certain solvents and in the solid state.

The linear regressions are good enough to be used to predict some missing

values.

INTRODUCTION

The NMR spectral properties of N-unsubstituted azoles and benzazoles are blurred by the annular

tautomerism,1 which averages the signals corresponding to tautomeric positions, those that permute by

prototropy. There are several possibilities to overcome this difficulty: i) to use "fixed" (or "blocked")

models, i.e. N-substituted derivatives;1 ii) to block the tautomerism recording the spectra at low

temperatures; iii) to block the tautomerism recording the spectra in the solid state, and iv) to carry out

theoretical calculations on the isolated molecules. The first approach has the inconvenient that the

substituent on the nitrogen, generally a methyl group, modifies the NMR spectral parameters in an

unpredictable way (some authors have suggested other substituents that produce lesser effects).2 The

second approach requires conditions and solvents that are not standard; moreover, the tautomeric rate of



some azoles is difficult to slow down. The third approach introduces solid-state effects that can be

important. Finally, the fourth approach yield absolute shieldings corresponding to the monomer in the gas

phase.

In this paper we have decided to combine approaches ii, iii and iv, together with average values reported

in the literature,3-5 in an attempt to determine the perturbations introduced by each method on the

different nuclei, 13C and 15N (1H chemical shifts are difficult to measure in the solid state). Of the

seventeen possible azoles and benzazoles, five should be removed because the corresponding tautomers

do not exist in the solid state: isoindole, 4H-1,2,4-triazole, 2H-tetrazole, 2H-indazole and 2H-

benzotriazole. The remaining twelve compounds are gathered in Scheme 1, the X-Ray structure of all of

them has been determined, only 1,2,3-triazole, when solid, is a 1:1 mixture of the two tautomers (5 and

6).6,7
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RESULTS AND DISCUSSION

In Table 1 we have collected the calculated relative shieldings and in Tables 2 and 3 the experimental

values. We have adopted a numbering, which is not standard for 2H-1,2,3-triazole (6) and for compounds

(8-12), but that allows the possibility to have, in the same column, the same type of atoms. In Table 1 we

have added the conventional numbering between parentheses. We have illustrated in Scheme 2 the case of

pyrazole (3).



T
ab

le
 1

. 13
C

 a
nd

 15
N

 R
el

at
iv

e 
Sh

ie
ld

in
gs

 (
pp

m
) 

[G
IA

O
/B

3L
Y

P/
6-

31
G

*]
 a

nd
 T

he
ir

 C
la

ss
ic

al
 N

um
be

ri
ng

 b
et

w
ee

n 
Pa

re
nt

he
se

s

C
om

pd
N

(1
)

P
os

iti
on

 2
P

os
iti

on
 3

P
os

iti
on

 4
P

os
iti

on
 5

C
(4

)
C

(5
)

C
(6

)
C

(7
)

1
-2

32
.6

0
10

7.
86

 C
(2

)
10

2.
21

 C
(3

)
10

2.
21

 C
(4

)
10

7.
86

 C
(5

)
--

--
-

--
--

-
--

--
-

--
--

-

2
-2

24
.2

2
12

4.
14

 C
(2

)
-1

10
.0

8 
N

(3
)

12
2.

53
 C

(4
)

10
6.

78
 C

(5
)

--
--

-
--

--
-

--
--

-
--

--
-

3
-1

83
.6

4
-7

5.
22

 N
(2

)
13

1.
33

 C
(3

)
99

.5
2 

C
(4

)
11

7.
98

 C
(5

)
--

--
-

--
--

-
--

--
-

--
--

-

4
-1

79
.5

9
-8

6.
74

 N
(2

)
14

4.
54

 C
(3

)
-1

20
.2

3 
N

(4
)

13
2.

63
 C

(5
)

--
--

-
--

--
-

--
--

-
--

--
-

5
-1

53
.6

9
-1

4.
02

 N
(2

)
-1

9.
41

 N
(3

) 
12

5.
05

 C
(4

)
11

2.
77

 C
(5

)
--

--
-

--
--

-
--

--
-

--
--

-

6
-1

40
.2

0 
N

(2
)

-5
2.

45
 N

(1
)

12
6.

60
 C

(4
)

12
6.

60
 C

(5
)

-5
2.

45
 N

(3
)

--
--

-
--

--
-

--
--

-
--

--
-

7
-1

62
.9

2
-1

5.
54

 N
(2

)
25

.5
8 

N
(3

)
-4

2.
43

 N
(4

)
13

1.
73

 C
(5

)
--

--
-

--
--

-
--

--
-

--
--

-

8
-2

50
.8

4
11

4.
97

 C
(2

)
97

.3
4 

C
(3

)
12

1.
06

 C
(3

a)
12

6.
11

 C
(7

a)
11

4.
34

11
3.

70
11

5.
63

10
3.

11

9
-2

38
.1

9
12

9.
73

 C
(2

)
-1

23
.4

3 
N

(3
)

13
5.

96
 C

(3
a)

12
4.

90
 C

(7
a)

11
5.

64
11

5.
54

11
6.

96
10

2.
76

10
-2

04
.3

8
-6

3.
10

 N
(2

)
12

7.
00

 C
(3

)
11

7.
99

 C
(3

a)
13

0.
90

 C
(7

a)
11

4.
47

11
4.

33
11

9.
71

10
1.

72

11
-1

68
.7

7
-0

.2
8 

N
(2

)
-2

6.
96

 N
(3

)
13

7.
76

 C
(3

a)
12

4.
74

 C
(7

a)
11

5.
42

11
6.

52
12

1.
04

10
1.

71

12
-2

63
.9

7 
N

(9
)

13
0.

90
 C

(9
a)

11
7.

38
 C

(4
a)

11
7.

38
 C

(4
b)

13
0.

90
 C

(8
a)

11
4.

42
 C

(5
)

11
3.

16
 C

(6
)

11
9.

18
 C

(7
)

10
2.

73
 C

(8
)

T
M

S
0.

00
18

9.
7

(13
C

)
M

eN
O

2
0.

00
-1

17
.5

(15
N

)



T
ab

le
 2

. 13
C

 a
nd

 15
N

 C
he

m
ic

al
 S

hi
ft

s 
(p

pm
) 

fr
om

 T
M

S 
an

d 
N

itr
om

et
ha

ne
 I

nt
er

na
l

S
ol

id
 (

C
P

M
A

S
) 

at
 r

t
S

ol
ut

io
n 

(a
ve

ra
ge

) 
D

M
S

O
 a

t r
t

S
ol

ut
io

n 
C

D
3O

D
 a

t 1
78

 K
a

C
om

pd
 N

(1
)

2
3

4
5

N
(1

)
2

3
4

5
N

(1
)

2
3

4
5

1
Py

rr
ol

e 
is

 li
qu

id
 a

t r
t

-2
24

.6
11

6.
3

10
6.

1
10

6.
1

11
6.

3
P

yr
ro

le
 h

as
 n

ot
 ta

ut
om

er
is

m
.

2
-2

10
13

6.
3

-1
38

12
6.

8
11

5.
3

-1
67

.6
13

5.
0

-1
67

.6
12

1.
6

12
1.

6
-2

16
.3

13
6.

8
-1

43
.4

12
7.

7
11

8.
5

3b
-1

67
.8

-9
0.

5
13

8.
7

10
7.

0
12

8.
8

-1
33

.3
-1

33
.3

13
3.

7
10

4.
8

13
3.

7
-1

78
.1

-1
00

.2
14

0.
0

10
6.

3
13

0.
0

4
-1

59
.9

-8
9.

6
14

8.
5

-1
41

.6
14

5.
3

-1
26

.6
-1

26
.6

14
7.

0
-1

37
.5

14
7.

0
-1

70
.5

-1
00

.2
15

1.
9

-1
45

.3
14

5.
0

5/
6

1,
2,

3-
tr

ia
zo

le
 is

 li
qu

id
 a

t r
t

-6
9.

0
-7

5.
9

-6
9.

0
13

0.
7

13
0.

7
U

ns
uc

ce
ss

fu
l

7
-1

43
.7

-2
8.

0
2.

4
-6

8.
1

14
3.

6
-9

8.
7

-5
.8

-5
.8

-9
8.

7
14

3.
1

-1
50

.6
n.

o.
c

n.
o.

 c
-6

6.
8

14
4.

2

8
n.

o.
 c

12
5.

6
10

2.
3

12
7.

5
13

6.
0

-2
45

.5
12

3.
7

10
1.

8
12

7.
0

13
4.

8
In

do
le

 h
as

 n
ot

 ta
ut

om
er

is
m

.

9
n.

o.
 c

14
2.

0
n.

o.
14

2.
9

13
5.

8
-1

85
14

2.
0

-1
85

13
8.

1
13

8.
1

-2
32

.6
14

3.
0

-1
53

.5
14

3.
0

13
4.

4

10
-1

96
.6

-7
7.

5
13

4.
3

12
3.

6
14

0.
3

-1
94

.4
-6

5.
6

13
3.

4
12

2.
8

13
9.

9
N

o 
m

uc
h 

se
ns

e 
(i

s 
on

ly
 1

H
)

11
-1

57
.6

-3
7.

3
-5

6.
4

14
2.

3
13

2.
6

-9
6.

7
-7

.5
-9

6.
7

13
8.

1
13

8.
1

n.
o.

 c
n.

o.
 c

n.
o.

 c
14

5.
1

13
4.

6

12
n.

o.
 c

13
9.

0
12

0.
7

12
0.

7
13

9.
0

-2
64

.1
14

0.
5

11
9.

2
11

9.
2

14
0.

5
C

ar
ba

zo
le

 h
as

 n
ot

 ta
ut

om
er

is
m

.



T
ab

le
 2

 (
C

on
t.

).
 13

C
 a

nd
 15

N
 C

he
m

ic
al

 S
hi

ft
s 

(p
pm

) 
fr

om
 T

M
S 

an
d 

N
itr

om
et

ha
ne

 I
nt

er
na

l

S
ol

id
 (

C
P

M
A

S
) 

at
 r

t
S

ol
ut

io
n 

(a
ve

ra
ge

) 
D

M
S

O
 a

t r
t

S
ol

ut
io

n 
C

D
3O

D
 a

t 1
78

 K
 a

C
om

pd
C

(4
)

C
(5

)
C

(6
)

C
(7

)
C

(4
)

C
(5

)
C

(6
)

C
(7

)
C

(4
)

C
(5

)
C

(6
)

C
(7

)

8
12

1.
0 d

12
1.

6 d
12

2.
8

11
2.

2
11

9.
9

12
1.

1
11

9.
0

11
0.

4
In

do
le

 h
as

 n
o 

ta
ut

om
er

is
m

.

9
12

0.
4

12
1.

2
12

3.
0

11
2.

8
11

5.
5

12
1.

6
12

1.
6

11
5.

5
11

9.
7

12
3.

9 d
12

4.
7 d

11
3.

7

10
12

2.
0

12
2.

0
12

6.
5

11
1.

7
12

0.
4

12
0.

1
12

5.
8

11
0.

0
N

o 
in

te
re

st
in

g 
(i

s 
on

ly
 1

H
)

11
12

3.
7

12
3.

7
12

8.
0

11
3.

0
11

5.
1

12
5.

7
12

5.
7

11
5.

1
11

9.
4

12
6.

2
12

9.
3

11
2.

5

12
12

0.
7

12
0.

7
12

6.
7

11
2.

0
12

0.
3

11
9.

4
12

5.
8

11
0.

5
C

ar
ba

zo
le

 h
as

 n
o 

ta
ut

om
er

is
m

.

a 
T

he
 ta

ut
om

er
is

m
 is

 b
lo

ck
ed

 u
nd

er
 th

es
e 

co
nd

iti
on

s.
 b
 T

he
 a

ve
ra

ge
 v

al
ue

s 
in

 s
ol

ut
io

n 
ar

e 
fr

om
 C

D
C

l 3
.c  N

ot
 o

bs
er

ve
d.

 d  U
na

ss
ig

ne
d.



The choice of the B3LYP/6-31G* approach is based on two reasons. Firstly, GIAO (gauge including

atomic orbitals) on geometries thus obtained gives, in general, acceptable results.8-11 Secondly, the level

of the basis set is low enough to allow the calculation of complex structures. This is important because

our aim is to establish empirical equations between absolute shieldings and experimental chemical shifts

that can be used for calculating the chemical shifts of more complex azoles. The calculations give directly

absolute s values; they have been converted into d values through the calculated values of the references

(Table 1). Since the references have very different structures to the azoles, it is in some cases preferable

to compare s and experimental d and use the intercept of the linear regression as the s value of the

reference.  The s values for the references (TMS 189.7 ppm, nitromethane -117.5 ppm) correspond to the

experimental values.12

Table 3. Some Solution 13C and 15N Chemical Shifts (ppm) from TMS and Nitromethane Internal

   Compd N(1) 2 3 4 5 Conditions

1 -232.0 --- --- --- --- CD3OD at rt

3 -172.1 -79.0 138.4 104.2 127.9 DMSO at rt (blocked)

7 -105.5 -10.8 -10.8 -105.5 144.3 CD3OD at rt (average)

8 -253.1 --- --- --- --- CD3OD at rt

11 --- --- --- 138.5 138.5 CD3OD at rt (average)

12 -269.7 --- --- --- --- CD3OD at rt (average)

13 -172.8 -87.3 152.4 -139.4 145.7 CD3OD at rt

13 -171.2 -82.1 151.3 -127.8 144.4 DMSO at rt

   Compd C(4) C(5) C(6) C(7)

11 115.9 127.4 127.4 115.9 CD3OD at rt (average)
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Scheme 2

The experimental data are reported in Table 2 and some supplementary values in Table 3. The data of

Table 2 concerning the solid state and solution in methanol at low temperature have been determined in

the present work as well as all the data of Table 3. On the other hand the average values corresponding to

DMSO at room temperature are from the literature: 1 13C,13 15N;5 2 13C,14 15N;5 3 13C (in CDCl3),3 15N;5 4

13C (this work) 15N;5 5/6 13C (this work, very close values are reported),15 15N;5 7 13C (this work) 15N;5 8

13C,13 15N;5 9 13C (this work, very close values are reported),16 15N;5 10 13C,4 15N;5 11 13C,17 15N;5 12

13C,18 15N.18 Note that both in the solid state and in methanol at low temperatures some signals were not

found although we tried in different conditions. Compound (13) (1-methyl-1,2,4-triazole, Table 3) was

used to assign the signals of 1H-1,2,4-triazole (4).

We dispose now of two series of d values, experimental (Table 2) and calculated (Table 1) that can be

treated statistically. First we have approached the 13C chemical shifts mixing the data obtained in

methanol at 178 K with those obtained in DMSO at room temperature for compounds that exists in one

tautomeric form: 1, 8, 10 and 12. That is, we have assumed that solvent effects are negligible in a first

approximation (Eq. [1]).



d13Cexp-sol = (1.064±0.003) d13Ccalc, n = 45, r2 = 1.000                                                                  [1]

The range of experimental values is 46 ppm (calculated, 47 ppm) and the worse points are imidazole C5

(exp.: 118.5 ppm, fitted 113.6 ppm) and carbazole C3 (C4a) (exp.: 119.2 ppm, fitted 124.9 ppm). In the

case of 1,2,3-triazole we have been unable to slow down sufficiently the tautomeric rate and consequently

to determine the chemical shifts of tautomers (5) and (6) experimentally. Using the relative shieldings of

Table 1, Equation [1] predicts for 1,2,3-triazole tautomers:

N

N
N

H

5

N
N

N

H

6

133.1

120.0

134.7

Then we tried to separate the solvents, using a dummy variable d1 (0 for methanol and 1 for DMSO) and

the model improves a little (the chemical shifts in DMSO are 1.5 ppm lower on average compared to

those in methanol). An examination of the residuals shows that carbon atoms between N(1)-H and

another N atom deviate significantly: C2 of 2 and 9 and C5 of 4 and 7. Using another dummy variable d2

(1 for these situations, 0 for all the remaining signals), eq. [2] is obtained:

d13Cexp-sol = (1.066±0.004) d13Ccalc - (1.1±0.7) d2+ (3.4±1.2) d1, n = 45, r2 = 1.000                              [2]

We assign the deshielding of 3.4 ppm on average observed on these four carbon signals to association,

through the nitrogen atoms (either N-H···DMSO or CD3OD···N), of the azoles with the solvent.

Solid state values are also related to calculated ones but here the correlation is not so good. For once, the

intercept is now significant (probably meaning that solid TMS should appear at about 9 ppm from TMS

in solution, but remember that TMS melts at -99 °C):

d13Cexp-solid = (9±4) + (0.991±0.035) d13Ccalc, n = 43, r2 = 0.952                                                [3]

Here also the four above discussed carbons (C2 of 2 and 9 and C5 of 4 and 7) deviate significantly. Using

the dummy variable, eq. [4] is obtained:



d13Cexp-solid = (14±3) + (0.941±0.028) d13Ccalc + (5.7±1.0) d1, n = 43, r2 = 0.973                      [4]

In this case, the deshielding effect is larger because it is due not to the average stochastic hydrogen bonds

with the solvents but to the permanent N-H···N associations present in all the solid azoles (save 1, 8 and

12). Note that the four carbons are between the donor N-H group and the acceptor N atom (hydrogen

bond in 1,2,4-triazoles involved N-4).19

Table 4. Relationships between Experimental and Calculated 15N Chemical Shifts

y x Intercept Slope n r2                 Eq.

DMSO d15Ncalc None (0.975±0.01) 7 0.999 [5]

CD3OD d15Ncalc -(35±8) (0.840±0.05) 14 0.965 [6]

CD3ODa d15Ncalc -(18±6) (0.911±0.04) 14 0.983 [7]

CPMAS d15Ncalc -(25±5) (0.813±0.04) 16 0.970 [8]

CPMASb d15Ncalc -(23±3) (0.808±0.03) 16 0.986 [9]

CPMAS DMSO -(19±6) (0.894±0.04) 4 0.996          [10]

CPMAS CD3OD None (0.953±0.009) 9 0.999          [11]

CD3OD DMSO -(25±5) (0.923±0.02) 5 0.998          [12]

a The experimental values of N3 of 2, N4 of 4 and N3 of 9 have been corrected by + 18 ppm.
b The experimental values of N3 of 2 and N4 of 4 have been corrected by + 20 ppm.

We will now examine the 15N NMR results. First, note that the range of calculated values is much larger

for 15N, 290 ppm, than for 13C, 47 ppm. We have collected in Table 4 the different equations [5 to 12],

necessary for the discussion. In several cases, the intercept is significant; leaving aside eq. [6], the

intercept is about 20-25 ppm, indicating that nitromethane in solid state or in methanol should be

corrected by this amount. This does not mean to say that these effects will be observed with the reference

alone (nitromethane is only shifted 2 ppm in methanol),20 but that this solvent affect differently the

reference and the azoles.



In a similar way and with a similar explanation, some nitrogen atoms (see Table 4, eqs. [7] and [9]) have

to be corrected by an important effect, 18-20 ppm, to fit the calculated values in methanol or in solid state.

Otherwise, the three experimental and the calculated results are mutually consistent, but some slopes are

far from being 1, a result not entirely satisfactory.

The equations of Table 4 can be used to make some predictions. For instance, in the solid state, the

following 15N chemical shifts are expected (the chemical shift of the N-3 of benzimidazole takes into

account the 20 ppm correction of Eq. [9]):

N

H

1

N

H

8

N

N

H

9

N

H

12

-211 -226

-143

-216 -237

We wanted to know if the large effects observed on 15N for some signals (Table 4) could be explained on

theoretical grounds. For this we selected imidazole (2) and imagine two situations (Scheme 2): one to

simulate methanol-d4 and the other, the solid state (the central imidazole). The GIAO/B3LYP/6-31G*

calculated chemical shifts (reported to nitromethane) are given on Scheme 2.

N

N

H

HO
N N

H
N

N

H

N

N H

Scheme 2

H3C
-122.14

-223.14

-126.43 -206.42

Compared with the values of Table 1 for imidazole (2), methanol does not affect N1 (+1.08 ppm) but

produces a large, low frequency shift, on N3 (-12.06 ppm). This effect is comparable with that observed

for pyridine in methanol (-24.9 ppm),21 but much weaker than that observed for 1-methylimidazole on

protonation (-95 ppm).22 In any case it provides an explanation for the 18 ppm effect reported in Table 4.

The imidazole trimer used to model the catemer, shows that both nitrogen atoms are strongly affected but

in opposite directions: N1 (+17.80 ppm) and N3 (-16.35 ppm).



Therefore, the correction applied on eq. [9] of Table 4 which affects only pyridine-like nitrogens should

be extended to the pyrrole-like nitrogens, but only if there is another nitrogen atom in the molecule. That

is, pyrrole, indole and carbazole that cannot form N-H···N bonds should not be corrected. With this is

mind and knowing that the acceptor nitrogen is N4 in 1,2,4-triazole and tetrazole and N3 in benzotriazole,

eq. [13] was found.

d15Nexp-solid = -(14±3) + (0.929±0.05) d15Ncalc -(14±5) acceptor N +(15±8) donor N-H

n = 16, r2 = 0.992                                                                                                                                      [13]

CONCLUSIONS

A series of analytical works rely on the use of 13C and 15N NMR data of parent azoles and benzazoles in

the solid state. For instance, several papers are based on estimated values of pyrrole (1), imidazole (2),

indole (8) and carbazole (12).23-25 The collection of data here reported should prove useful for these

studies. Moreover, the values obtained in CD3OD at low temperature could be used for future tautomeric

studies of C-substituted derivatives. Finally, thanks to the GIAO calculations, a clearer image of the

structure of azoles in the solid state emerges.

EXPERIMENTAL

All compounds are commercial products except 1-methyl-1,2,4-triazole (13) prepared according to

reference 26.

13C and 15N NMR spectroscopy

13C (100.62 MHz) and 15N NMR (40.56 MHz) spectra in solution were obtained using a Bruker DRX 400

instrument (corresponding to 9.4 T). Variable temperature 1H, 13C and 15N NMR experiments were

recorded on the same spectrometer using CD3OD as solvent. 2D Inverse proton detected heteronuclear

shift correlation spectra, HMBC, HMQC, were obtained using the standard pulse sequence.27 Solid state

13C (50.32 MHz) and 15N (20.28 MHz) CPMAS NMR spectra have been obtained on a Bruker AC-200

spectrometer at 298 K using a 7 mm BRUKER DAB 7 probehead that achieves rotational frequencies of



about 3.5-4.5 kHz. Samples were carefully packed in ZrO2 rotors and the standard CPMAS pulse

sequence was employed. Chemical shifts (δ) in ppm are referred to Me4Si and 15NH4Cl [these were

converted to nitromethane using the relationship: d 15N (nitromethane) = d 15N (ammonium chloride) –

338.1 ppm].

Computational details

All the calculations were carried out using the programs implemented in Gaussian 98.28
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