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Importance of aromaticity on the relative stabilities of indazole 
annular tautomers: an ab initio study 
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MP2-6-31G** calculations on 1H- and 2H-indazole annular tautomers show that the 1H tautomer is 
more stable than the 2H one by 3.6 kcal mol-l. In the case of 1H-indazole, the excellence of MP2-6- 
31G** results is confirmed by the fact that its microwave rotational constants are reproduced with great 
accuracy. The addition of the thermal energy correction and entropy effects to AE(MP2-6-31G**) led to 
the following thermodynamic values: AIPg8( 1 H --+ 2H) = 3.9 kcal mol-l and AGG,298( 1 H + 2H) = 4.1 
kcal mol-l. Electronic spectra recorded at 80 O C  provided experimental evidence for the clear 
predominance of 1 H-indazole in the gas phase. 

Introduction 
There is much interest in deducing the prototropic tautomeric 
equilibria of heterocyclic compounds for several reasons: (i) 
because they influence their chemical and biological properties; 
(ii) because they are related to such important questions as 
aromaticity and lone pair-lone pair repulsions and (iii) because 
they are still a challenge to theory.'.2 In the case of indazole 
annular tautomerism, although studied for a long time,3*4 all 
the above topics are still much alive: experimental studies in 
solution in the ground 559 and the excited  state^,^*^ biological 
properties of indazole-derived drugs (indazole derivatives are 
mainly used as anti-inflammatory and analgesic drugs), lo-' 

aromaticity studies 14-16 and lone pair-lone pair interactions 
have been reported.I7 

Concerning indazole tautomerism in solution, the conclusion 
from all physicochemical methods is that the 1H-tautomer la is 
p r e d ~ m i n a n t , ~ . ~  for instance in water (from pK, measurements), 
KT = [la]/[lb] = 51.4, AGO298 = 2.3 kcalm~l- ' . t . ,~ 

\ 
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Concerning indazole tautomerism in the gas-phase, the 
conclusion is the same. A great variety of techniques have 
been used: the older ones were mass spectrometry" and 
photoelectron spectroscopy (PES).I9 Recently, a systematic 
exploration of the gas phase properties of indazole was carried 
out by Velino et ai. Thus, a microwave (MW) study of this 
compound was carried out by these authors.20 They conclude 
that the spectrum corresponds to the lH-tautomer. The gas- 
phase infrared spectrum of indazole has been recorded and the 
spectrum assigned to tautomer la by the same group.21 
Another publication by the same group, concerns the 
assignment of the electronic 290 nm band of 1 H-indazole in the 
gas phase to a n*-n transition.22 

Ab initio theoretical results concerning the relative stabilities 
of 1 H- and 2H-indazole all agree that the 1H-tautomer is more 
stable than the 2H one by 10.7 kcal mol-' (LCG0),19 10.0 and 
12.9 kcal mol-' (STO-3G//STO-3G),23-25 8.0 kcal mol-' (4- 
21G//4-21G) l 9  and 9.2 and 10 kcal mol-' (6-31G//6-31G).9,25 
The positive sign of the difference is certainly correct, but the 

t 1 cal = 4.184 J.  

absolute values are without doubt exaggerated since the origin 
of these differences in stability is their difference in aromaticity 
which, according to our estimation, should be about 2.5 kcal 
mol-' in favour of the 1H-tautomer.26 This last value was 
obtained, at the MP2-6-31G** level for the related case of 
benzotriazole 2a/2b tautomerism. 

Here, we report on the tautomerism of indazoles using the 
same level of theory and provide experimental evidence of it 
based on UV spectroscopy studies of indazole 1 and its two 
N-methyl derivatives, 3 and 4, in the gas phase. 

cH3 
3 4 

Experimental 
Materials 
Compounds 1,3  and 4 were previously de~cribed.~ 

Measurements 
Electronic spectra in the gas phase at 80 "C were measured 
using a CARY 5 spectrophotometer and a pair of thermostatted 
cells (10 cm of optical path) for indazole 1 and a Shimadzu 2 100 
for its much more volatile methyl derivatives 3 and 4. 

Theoretical calculations 
All computations were carried out using a standard version of 
the GAUSSIAN 92 p r ~ g r a m . ~ '  The geometry has been fully 
optimized using Berny's algorithm. 28 The calculations were 
carried out at the MP2-6-31G** and 6-31G** levels. Over the 
6-3 1G** optimized geometries we have calculated the zero point 
energy (ZPVE), the H - H" and the entropy contributions 
using harmonic vibrational frequencies scaled by a factor of 
0.89.29 Finally, the polarizabilty of both tautomers la and 2a 
was calculated. 

Results and discussion 
Molecular structure and spectroscopic properties 
The MP2-6-3 lG** calculated geometries [bond distances (A) 
and bond angles (")I are reported Fig. 1. The only available 
structural data in the gas phase are the position of the pyrrolic 
hydrogen on N(l) and the rotational constants of 1H-indazole 
la.20 The data given in Table 1 show that the MW rotational 
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Table 1 Rotational constants (MHz), dipole moments @ID; the X, Y and Z components are given in parentheses) and located positi'ons of the 
amino hydrogen (rs/A) of 1 H- and 2H-indazole 

Rot. const. Rot. const. 
Compound (MHz) (exp.)20 (MHz) (calc.) Diff. Ratio p/D (exp.)" p/D (calc.) 

1H-Indazole l a  3977.927 3975.01 2.9 0.9993 1.76 (1.44, 1.01,O.O) 1.92 (1.66,0.96,0.0) 
1633.272 1631.83 1.4 0.9991 
1 1 58.141 1 1  56.89 1.2 0.9989 

- 1650.75 - - 

- 1 1  62.88 

2H-Indazole l b  - 3934.70 - - - 2.72 (1.15,2.46,0.0) 

- - 

1 H-indazole l a  
2H-indazole l b  

1.9251 1.9508 0.0 1.9687 1.9598 0.0 
3.2943 0.1186 0.0 

H4 

1.083 

1.416 

1.083 

5 

H4 1 1.083 /"' 

1.421 y 1.082 

H7 

\ 1.010 
1.433 2 N-H2 / 1.342 

-N 1 

l b  

Fig. 1 
(")I of 1H- and 2H-indazole 

MP2/6-3 1 G** optimized geometry [bond lengths (A) and angles 

constants are very well reproduced by the MP2-6-31G** 
calculations proving the quality of the molecular geometries 
reported in this work. 

To compare our geometry with the X-ray geometry of 1H- 
indazole3' is meaningless since in the crystal compound la is 
involved in strong intermolecular hydrogen bonds which alter 
significantly the intrinsic geometry of the isolated molecule. A 
comparison with the 'plausible' geometry of Velino et a1.20 is 
also of no use since they used a 4-21G geometry rescaled to fit 
the MW data. 

Since no signal corresponding to the 2H-tautomer l b  is 

observed by either MW, PES or by IR spectroscopy (although it 
has a dipole moment larger than that of 1H-indazole), there 
is no doubt that the la  tautomer is largely predominant in 
the gas phase. Nevertheless we have carried out a UV study of 
indazole in the gas phase since all previous work was done 
in ~ o l u t i o n . ~ . ~ '  In Fig. 2 are reported the electronic spectra, 
determined in the gas phase at 80 "C, of compounds 1,3 and 4. 
They are similar to those found in s o l ~ t i o n . ~ ~ ? ~ ~  Clearly 
indazole presents a spectrum very similar to that of 1-methyl- 
indazole 3 and completely different from that of 2-methyl- 
indazole 4. The only difference between the spectra of 1H 
indazole la  and 3 is the normal bathochromic shift of about 
10 nm due to the N-methylation; in solution the a band at 288 
nm is shifted to 294 nm by N-methylation 33 (for pyrazoles, the 
effect is 6.4 nm on average).34 

Thennochemical data and tautomerism 
Although all experimental evidence coherently points to the 1H 
indazole as the most stable tautomer, there is no quantitative 
estimation of the difference in stability between the two 
tautomers. The MP2-6-31G** thermochemical data in Table 2 
show that 1H-indazole is 4.08 kcal mol-' more stable than 2H- 
indazole. Since the calculated entropic contribution is small and 
negative (at 298 K, TAS = -0.17 kcal mol-'), it appears that 
increasing the temperature would only produce a small extra- 
stabilization of the most abundant tautomer. 

We have now a set of consistent MP2-6-31G** values for 
pyrazoles, 1,2,3-triazoles, indazoles and benzotriazoles at our 
disposition. The combination of these theoretical calculations 
in a series of isodesmic reactions could provide information on 
the structural effects responsible for tautomeric equilibria. 

All other things being equal, the fact that the isodesmic 
reaction (1) (A&p2-6-31G** = -6.2 kcal mol-') is shifted to the 

l b  
H 

2a 
H 

l a  2b 

right can be attributed to the repulsion of adjacent lone pairs in 
1H-benzotriazole 2a. The value 6.2 kcal mol-' is very close to 
our previous estimation, 6.5 kcal mol-', of lone pair-lone pair 
repulsion in azoles. 3 5  

Another interesting comparison is shown in reaction (2) 
(in this case pyrazole 5 is on both sides of the equation): the 
difference in energy ( A E ~ p 2 - 6 - 3 1 ~ * *  = 3.64 kcal mol-') between 
the two indazole tautomers is mainly due to their difference in 
aromaticity: the benzenoid 1H-indazole tautomer is 3.6 kcal 
mol-' more stabilized than the quinonoid 2H-tautomer. This 
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Table 2 Thermochemistry of indazole 

Comp. E-Jkcal mol-' ZPVE/kcal mol-' H - H,/kcal mol-' S/cal mol-' k-' Polarizability (a/J-' C' m2) 
~~~~~ ~ ~ ~ 

1H-Indazole l a  -237 642.18 79.75 3.57 
2H-Indazole l b  -237 638.54 80.1 1 3.47 

77.08 72.9 
87.51 74.9 

Equilibrium la*lb AH'98( 1 H-+2H)/kcal mol-' TAS2'*( 1 H-+2H)/kcal mol-' AG'98( 1 H-+2H)/kcal mol-' 
3.91 -0.17 4.08 

H - W is the thermal correction.' 

240 260 280 300 320 
?Jnm 

220 240 260 280 300 320 
?Jnm 

220 240 260 280 300 320 
Unm 

Fig. 2 UV spectra at 80 "C in the gas phase of (a)  indazole, (b) 
1 -methylindazole, (c)  2-methylindazole 

H 
l a  5 

H 
l b  5 

value is slightly larger than that of reaction (3) (AEMp2-6-3 lG** - - 
2.5 kcal mol-').26 

Since in reaction (3) lone pair effects cancel (they are the same 
in 2a and 6a), either 1 H-indazole l a  is more 'aromatic' than 1 H- 
benzotriazole 2a or 2H-indazole lb  is more 'quinonoid' than 
2H-benzotriazole 2b. According to Bird 1H-indazole has a 
unified aromaticity index, I*, larger than that of 1H-benzo- 
triazole (144 and 140, respectively) (see also ref. 16). 

H 
2a 6b 

H 
2b 6a 

Solvent effects 
We have no calculated quantitative values of solvent effects. 
However, since the polarizabilities (Table 2) are similar and 
since the dipole moments (Table 1) are not very different for the 
two tautomers, no important solvent effects are expected for 
indazole annular tautomerism. Assuming that the 4.1 kcal 
mol-' value of Table 2 exactly reflects the difference in stability 
between the two tautomers in the gas phase and, taking into 
acount the fact reported in the introduction, that in water 
AGOzg8 = 2.3 kcal mol-', it can be estimated that water 
solvation reduces the difference in stability by 1.8 kcal mol-'; 
a possible explanation for this attenuation is specific solvent 
effects of water on the basic (-N=) and acid (-NH-) centres of 
i nda~o le .~  

Conclusions 
The two publications on b e n z o t r i a ~ o l e s , ~ ~ ~ ~ ~  together with the 
two on indazoles (including the present one)' provide a 
comprehensive view of the tautomerism of benzazoles (the two 
tautomers of benzimidazole are identical). A series of general 
principles (aromaticity, lone pair-lone pair repulsion) has been 
used to explain qualitatively the energies obtained using high 
level theoretical methods which, otherwise, explain satisfactorily 
the spectroscopic results. 
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