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ABSTRACT: Theoretical calculations at semi-empirical AM1 and density functional B3LYP/6-31G* levels were
carried out on 52 NH-indazoles. Although in most cases the 1H-tautomer is the most stable, we found several
indazoles for which the 2H-tautomer is more stable than the 1H-tautomer. The differences in energy between the 1H-
and 2H-tautomers were interpreted in terms of substituent effects with the use of a Free—Wilson (presence—absence)

matrix. Copyright © 2005 John Wiley & Sons, Ltd.

KEYWORDS: indazole; tautomerism; AM1; B3LYP; Free—~Wilson models

INTRODUCTION

The annular tautomerism of indazole (1) has been
thoroughly studied from both experimental and theore-
tical points of view. The present knowledge was summar-
ized by Minkin ef al. in 2000." The main conclusions are
that the 1H-tautomer la is more stable than the 2H-
tautomer 1b by 15.1kJmol ™' (MP2/6-31G*), which is
characterized also by AGSog15=17.2kJ mol~! when
thermal energy correction and entropy effects are taken
into account.” Recently, using semi-empirical methods,
including AM1, Ogretir and Kaypak showed that the
tautomerism of indazole (1), 3-methylindazole (2), 3-
chloroindazole and 3-bromoindazole was not affected by
the substituent at position 3.
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Scheme 1 shows the structures of compounds 18a and
35a, selected for their biological significance. 1H-Pyr-
azolo[3,4-d]pyrimidine (18a) is the parent structure of a
number of drugs, the best known being allopurinol,“’5 but
many other derivatives have also been reported. 1H-
Pyrazolo[3,4-b]quinoline (35a) has shown different bio-
logical activities associated with the GABA receptors.®
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Concerning tautomerism, in addition to the informa-
tion already reported about indazole (1), the data are
mostly qualitative. For instance, for 3-substituted inda-
zoles, 3-methylindazole exists as tautomer 2a (gas
phase),” 3-phenylindazole in the 3a form (solution and
solid state), 3-methoxycarbonylindazole as the tautomer
5a (solid state),” 3-methoxyindazole as 8a (solution),'®
and 3-fluoroindazole as 9a (solution).'! Compound 18a
exists as represented (solid state and solution).” Concern-
ing benzo-fused indazoles, benzo[g]indazole exists as
28a (solution).'?

The aims of the present paper are as follows: (i) to
discuss the annular tautomerism of indazoles; (ii) to try
additive models of the substituent effects on the calcu-
lated differences in energies; (iii) to search for relation-
ships between inexpensive semi-empirical methods and
mixed DFT-ab initio methods; and (iv) to try to find
indazoles where the 2H-tautomer becomes predominant.
Numerically calculated values containing no errors
should not be analyzed statistically. However, it is some-
times useful to treat them as experimental values.

COMPUTATIONAL DETAILS

The AMI calculations were carried using the Chem3D
program.'®> The ab initio and DFT calculations were
performed utilizing the Gaussian 98 package.'* The
geometries were optimized at the B3LYP/6-31G* com-
putational level and were confirmed to be minimum
structures by calculating the harmonic frequencies.'>™"”
The entropic and enthalpic corrections to the energy were
evaluated at the same computational level in order to
obtain the free energies of the molecules. Additional
calculations on the indazole molecule (1) were performed
at the B3LYP/6-311 + G** and G2 levels.'®"”
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Scheme 1. Selected examples to illustrate structural modifications of the indazole ring studied here

RESULTS AND DISCUSSION
Set of compounds studied

We chose to study three structural modifications of the
indazole ring:

1. The substituent at position 3 of the indazole ring: H, 1;
CH3, 2, C6H5, 3, CN, 4, C02CH3, 5, CF3, 6, NOz, 7,
OCHs;, 8 F, 9.

2. The replacement of the benzene CH groups by N
atoms: 4-aza, 10; 5-aza, 11; 6-aza, 12; 7-aza, 13; 4,5-
diaza, 14; 4,6-diaza, 15; 4,7-diaza, 16; 5,6-diaza, 17;
5,7-diaza, 18; 6,7-diaza, 19; 4,5,6-triaza, 20; 4,5,7-
triaza, 21; 4,6,7-triaza, 22; 5,6,7-triaza, 23; 4,5,6,7-
tetraaza, 24.

3. The fusion of a benzene ring to positions [e] (45), [f]
(56) and [g] (67): [e], 25; [f], 26; [g], 27; [e.g], 28;
[efg] (phenanthro), 29; naphtho[g], 30.

We then combined the second and third modifications:
[e]-6-aza, 31; [e]-7-aza, 32; [e¢]-6,7-diaza, 33; [f]-4-aza,
34; [f]-7-aza, 35; [f]-4,7-diaza, 36; [g]-4-aza, 37; [g]-5-
aza, 38; [g]-4,5-diaza, 39. Illustrated (Scheme 1 where
only the 1H-tautomer, a is represented) are some exam-
ples of these compounds.

AM1 calculations

These inexpensive and almost instantaneous calculations
(for compounds of the size and geometry of those studied
in this paper) are useful for exploring a large series of
compounds. The results are reported in Table 1.

Since these values are all positive, tautomer 1Ha is
always the most stable. For the parent indazole 1, a value
of 27.45kJ mol ! overestimates the best theoretical value
of 17.2kJ mol~" by about 10kJmol .

Using a Free—Wilson model (presence—absence
matrix),?® these 39 AAE data can be interpreted in terms
of individual contributions. A preliminary multi-
regression (not shown) leads to the conclusion that
the contributions of 3-CN and 3-CFs substituents are
not significant. Therefore, they were omitted and the

Copyright © 2005 John Wiley & Sons, Ltd.

Table 1. Differences in energy AAE (tautomer b—tauto-
mer a) in kJmol™’

Compound AAE
1 27.45
2 22.51
3 20.21
4 27.70
5 13.82
6 26.90
7 15.36
8 30.92
9 22.05

10 21.51
11 26.28
12 22.84
13 37.03
14 19.83
15 17.70
16 31.59
17 20.59
18 34.89
19 31.76
20 13.35
21 27.53
22 25.36
23 2791
24 18.79
25 14.98
26 42.09
27 14.98
28 8.58
29 6.15
30 16.82
31 9.83
32 24.77
33 18.70
34 39.87
35 55.02
36 51.92
37 10.13
38 13.56
39 7.45

multi-regression repeated (Table 2, n=39, * =0.968,
F-value 46.5, P-value <0.0001).

We have reported the discussion of the individual
substituent contributions to the DFT calculations section.
The contributions of Table 2 allow to select some new
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Table 2. Individual substituent contributions in kJ mol~" (Free—-Wilson model of AAE)?

Substituent Value Substituent Value Substituent Value
3-Me —43+2.8 4-N —44+1.0 Benzo[e] -96+14
3-Ph —6.6+2.8 5-N —334+1.2 Benzol[f] 17.7+1.6
3-CO,CHj; —13.0+2.8 6-N —5.1+1.1 Benzo[g] —109+1.5
3-NO, —1144+28 7-N 9.8+1.0 Phenanthro —-20.6+2.8
3-OCH; 4.1+28 Naphtho[g] —10.0+2.8
3-F —4.74+2.8

“Intercept 26.8 & 1.0.

44a

Scheme 3. Indazole-3-carboxylic acid methyl esters as candidates for increased stability of the 2H-tautomer b

molecules to have the lower values of AAG and, if
possible, negative values: (i) using the —11.4kJmol '
effect of the 3-nitro group (Scheme 2) and (ii) using the
—13.0kJ mol ' effect of the 3-ester group (Scheme 3).

We have summarized in Table 3 the predicted values
using the estimated substituent contributions in Table 2
and also the AM1 directly calculated values (all values
relative to parent indazole 1, 27.45kJ molfl).

Only in the case of 42 and, to a lesser extent, 46 (both
phenanthro derivatives) does the additive model fail, but

Table 3. Predicted (regression lines) and calculated (AM1)
energy1va|ues for 3-NO, and 3-COsCHs indazoles in
kJmol™

Compound AAE* AAE (AM1) Difference
40 2.6+3.1 2.45 —0.1
41 —3.2+32 —1.56 1.6
42 —53+3.8 0.02 53
43 54+3.8 6.15 0.8
44 1.14+3.1 0.14 -0.9
45 —4.74+3.2 —4.73 0.0
46 —6.84+3.8 —9.57 2.7
47 3.8+3.8 4.22 0.4

“Based on the regression line with parameters given in Table 2.

Copyright © 2005 John Wiley & Sons, Ltd.

several possible candidates for our project have been
found: 41, 45 and 46, all of them with negative AAE
values.

The Mills—Nixon effect as an auxiliary
to shift the tautomerism of indazoles

We have used, and amply discussed in three papers, the
bond localization of the Mills—Nixon effect, to modify
the tautomerism of NH-pyrazoles.21 The presence of a
benzene ring between the small saturated ring and the
pyrazole ring should weaken the bond localization effects
(Scheme 4).

According to the AMI1 calculations, in all three cases
the 1H-tautomer predominates (48, 35.77; 49, 16.57; 50,
37.70kJ mol_l), but with regard to indazole 1 itself
(27.45kJm0171), the annelation in [¢] and [g] stabilizes
further the 1H-tautomer whereas the annelation in [f]
produces the opposite effect. This agrees with the Mills—
Nixon rule.” The presence of a nitro group at position 3,
51, further increases the stability of the 2H-tautomer 49b
(6.24KkJ molfl) (an ester group, 52, produces a similar
effect, 4.27kImol ")

J. Phys. Org. Chem. 2005; 18: 719-724
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Scheme 4. Methyleneindazoles

Ab initio calculations (B3LYP/6-31G*)

The results obtained at the B3LYP/6-31G* level are
reported in Table 4. According to our previous results,
the 1H-tautomer 1a was more stable than the 2H-tauto-
mer 1b by AAE=151kImol™" and AGSog 5=

17.2kImol ™" (MP2/6-31G*).> The results in Table 4
(B3LYP/6-31G*) are higher, 21.4 and 22.3kJ mol !,
respectively. At a higher level (G2 calculations), the
last value change to AGSqg 15 =20.3kJ mol !, intermedi-
ate between the MP2/6-31G* and the B3LYP/6-31G*
calculated values.

Table 4. Energies (hartree), AZPE (kJ mol™"), differences in energy (tautomer b—tautomer a) (kJ mol~") and differences in

dipole moments (D)

Compound Tautomer a Tautomer b AAE AAE+ZPE AAG Ap
1 —379.84355 —379.83540 21.39 21.98 22.32 0.71
3 —610.90371 —610.89692 17.83 18.78 18.99 0.96
5 —607.72038 —607.72079 —1.06 0.13 0.81 —1.32
7 —584.33970 —584.33591 9.89 10.41 11.18 —3.32

10 —395.87841 —395.87214 16.44 17.41 17.77 —2.05

11 —395.87961 —395.87112 22.30 22.82 23.10 1.61

12 —395.87739 —395.86984 19.79 20.42 20.73 3.72

13 —395.88493 —395.87225 33.30 33.42 33.64 2.81

14 —411.88004 —411.87236 20.17 21.20 21.54 —0.67

15 —411.91482 —411.9089%4 15.44 16.47 16.80 1.14

16 —411.91494 —411.90454 27.31 27.97 28.22 1.23

17 —411.88154 —411.87485 17.59 18.09 18.27 2.95

18 —411.92332 —411.91071 33.10 33.25 33.44 4.20

19 —411.88390 —411.87049 35.22 35.52 35.75 4.00

20 —427.88824 —427.88224 15.74 16.65 16.87 1.21

21 —427.9189%4 —427.90731 30.54 31.31 31.57 1.70

22 —427.91621 —427.90497 29.50 30.36 30.62 3.64

23 —427.89372 —427.88198 30.81 31.00 31.11 4.02

24 —443.89503 —443.88443 27.83 28.53 28.64 2.84

25 —533.49119 —533.48643 12.50 12.85 13.05 0.38

26 —533.48244 —533.47039 31.65 32.58 33.19 1.27

27 —533.49065 —533.48707 9.39 10.04 10.36 0.52

28 —687.13759 —687.13564 5.14 5.70 5.94 0.15

29 —763.37303 —763.37107 5.17 5.68 5.96 0.25

30 —687.13247 —687.13062 4.88 5.02 5.12 0.84

35 —549.52690 —549.50973 45.07 45.38 45.73 2.62

39 —565.52824 —565.52511 8.22 9.21 9.52 —1.53

Nitro derivatives

40 —632.36959 —632.36744 5.66 6.78 9.02 —2.22

41 —770.01294 —770.01364 —1.85 —0.61 2.66 —3.57

42 —967.86345 —967.86684 —8.91 —8.33 —7.51 —3.31

43 —891.62825 —891.63011 —4.86 —4.78 —4.14 —-3.77

Ester derivatives

44 —655.75873 —655.76129 —6.72 —5.01 —3.58 0.74

45 —793.39919 —793.40453 —14.03 —12.12 —10.09 —3.87

46 —991.24276 —991.25107 —21.81 —20.02 —19.09 —1.10

47 —915.00887 -915.01517 —16.52 —15.83 —15.28 —1.89

Methylene derivatives

48 —417.85038 —417.84256 20.53 21.11 20.86 0.59

49 —417.85460 —417.84803 17.26 17.56 19.99 0.48

50 —417.85116 —417.84228 23.30 23.72 23.83 1.39

51 —622.35116 —622.34891 5.89 6.10 6.95 —3.23

52 —645.73147 —645.73342 —5.11 —4.16 —3.37 —1.35

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 1. Plot of AAE AM1 vs AAE B3LYP/6-31G* (all
values in kJmol™"

The relationship between AM1 and DFT calculations
is reported in Fig. 1.

AAE(AM1) = (6.9 & 1.2) + (0.82 + 0.06)
AAE(B3LYP), n =40, r* = 0.836

The largest deviations (>10kJ mol ") are found for 24
(—11.0), 35 (+11.1), 47 (+10.9), 48 (+12.0) and 50
(+11.7kI mol ™ h. Assuming that the DFT calculations
are closer to the experimental reality, the AM1 calcula-
tions overestimate AE in most cases (3-CO,Me, benzo[f],
benzo[f]-7-aza, methylene[e] and methylene[g]) and
underestimate AFE in the case of the 4,5,6,7-tetraaza
derivative 24. In this last case, it is the lone pair-lone
pair (LP-LP) repulsion of the four adjacent pyridine-like
nitrogen atoms that is underestimated by the semi-
empirical method.

Using a Free—Wilson model (presence—absence ma-
trix),” the 40 data in Table 4 can be analyzed to find
individual contributions. A preliminary multi-regression
shows that the contribution of N-5 is not significant
and was withdrawn and the multi-regression repeated
(Table 5, n=40, ”=0.990, F-value 173.7, P-value

Table 5. Individual contributions in kJ mol~'@

<0.0001) (others are almost not significant: 3-C¢Hs, 6-
N and methylenele]).

Pyrazolo[3,4-b]quinoline (+45.07) is the indazole
having the most stable 1H-tautomer (35a), whereas
that with the most stable 2H-tautomer is the methyl
ester of the phenanthroindazole-3-carboxylic acid (46)
(—21.81kImol™"). Concerning compounds without 3-
NO, or 3-CO,Me substituents, the indazole with the
most stable 2H-tautomer is dibenzo[e,g]indazole
(+5.14kImol ") (28).

Only two 3-substituents produce large effects, the nitro
and the ester. We carried out a Bader AIM analysis*? of
2H-3-CO,CHs-indazole (5b) and 2H-3-NO,-indazole
(7b), showing that in no case is there a bep (bond critical
point) corresponding to an N—H- - -O hydrogen bond
(note that the N—H - - - O angle is 90-91°, not favorable to
an intramolecular hydrogen bond. In the case of NH-
pyrazoles, the 5-position is preferred by the ester group,
which corresponds to a 2H-indazole,” probably because
there is a LP—-LP repulsion between the oxygen atoms of
the ester group and the N-2 atom of pyrazole or indazole
in tautomer a.

In Scheme 5 we show some structural effects from
Table 5. Since they correspond to energy differences, the
origin of the effect can be found on a, on b or on both.
The 7-aza effect is probably due to a destabilization of the
2H-tautomer by LP-LP repulsion between the N atoms at
positions 2 and 7. The benzo effects are important and the
sign depends on the [e], [f] or [g] position. They are due
to a localization of the m-system in the benzene ring of
indazole. The Mills—Nixon effect (not depicted in
Scheme 5) is observed for methylene compounds but
much attenuated compared with those described for
pyrazoles.21

The difference in dipole moments reported in Table 4
allows one to predict qualitatively the effect of polar
solvents, e.g. water (note that compounds even sparingly
soluble in water are suitable for tautomeric studies using
electronic spectra). If Ap >0, a polar solvent should
favor tautomer 2H(b), this being the case for most
compounds. If Ap <0, a polar solvent should favor
tautomer 1H(a), this being the case for the nitro deriva-
tives and, to a minor extent, the ester derivatives. There-
fore, the solvent polarity opposes the tendency found in
the gas phase.

Substituent Value Substituent Value Substituent Value
3-CgHs; —24+2.1 Benzo[e] —4.6+1.3 Methylene[e] —15+1.5
3-CO,CHj; —22.8+1.0 Benzolf] 11.6£1.6 Methylenelf] —-29+2.1
3-NO, —11.0£1.0 Benzo[g] —9.6+1.1 Methylene[g] 3.1+£2.1
4-N —2.74+0.8 Phenanthro —174+14

6-N —1.0+£0.9 Naphtho[g] —1444+14

7-N 13.24+0.9

“Intercept 20.2 £+ 0.08.

Copyright © 2005 John Wiley & Sons, Ltd.
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Scheme 5. Aza and benzo structural effects on the a/b
tautomerism of indazoles (values in kJmol™") based on
B3LYP calculations and Free-Wilson model. These values
are contributions with regard to 1 (AAG=+22.3kJ mol™")

N: 13.2+0.9

CONCLUSIONS

The experimental results (concerning the tautomerism of
2a, 3a, S5a, 8a, 9a, 18a, 28a, see the Introduction) are well
reproduced by the calculations.

The additive model works well, mainly with the DFT
values (> = 0.99).

In studies concerning tautomerism, the inexpensive
AMI1 method can be used as an exploratory tool.

We have found several candidates for indazoles where
the theory (AM1/B3LYP) predicts the 2H-tautomer (b) to
be more stable than the 1H-tautomer (a).

The main structural factors that stabilize the 2H-
tautomer are the 3-methoxycarbonyl and 3-nitro substi-
tuents and the benzo[e], benzo[g], naphtho[g] and phe-
nanthro annelations.
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