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The experimental conclusion that the tautomerism of benzotriazole is shifted toward the 2H tautomer 
in the gas phase (hE1H-2H = --4 kcal mol-') can only be reproduced theoretically if electron correlation 
is introduced during the geometry optimization (MP2-6-31G**). The geometries obtained at  thia 
level yield excellent rotational constants, and the associated charges explain the different vectorial 
components of the experimental dipole moment, a result that 6-31G** geometries cannot afford. 
Recept spectroscopic data obtained for benzotriazole in the gas phase, interpreted assuming that the 
major tautomer is the 1H-benzotriazole, were reanalyzed to show that they can be explained considering 
a mixture of both tautomers and its dependence with temperature. 

We have recently reported the UV spectra of benzo- 
triazole in the gas phase at  three temperatures.' The 
unexpected result we obtained was that the 2H tautomer 
is about 4 kcal mol-' more stable than the 1H-tautomer 
in apparent contradiction with all previous evidence, both 
experimental and t h e o r e t i ~ a l . ~ ~ ~  The problem of the 
stabilities of these tautomers is related to such fundamental 
problems as the aromaticity of heterocycles4 and the 
importance of lone pair rep~ls ion .~  The value of ~ E I H - ~ H  
(-4 kcal mol-') should result of the balance between an 
exothermic contribution due to the adjacent lone pairs of 
the 1H tautomer and an endothermic contribution due to 
the larger resonance stabilization of tautomer 1H (ben- 
zenoid) with regard to tautomer 2H (quinonoid). 

The aim of the present paper is 2-fold: first, to find a 
theoretical method able to describe correctly the equi- 
librium of benzotriazole in the gas phase, and second, to 
discuss three recent publications in which the interpreta- 
tion of experimental results in the gas phase was based on 
the presence of the 1H taut0mer.m Incidentally, the 
tautomeric structure of benzotriazole in the first excited 
state will also be examined. 

These three previous papers,66 discussed the results 
assuming that the tautomer responsible for the experi- 
mental observations is the 1H. Thus, Cane, Trombetti, 
and Velino? using a sample of benzotriazole in the gas 
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phase at  140 "C, analyzed the rotational band contour of 
the 0-0 component of the SO- SI transition and concluded 
its T-T* nature. Jalviste and Treshchalov' reported the 
spectroscopy of jet-cooled benzotriazole. Finally, Velino, 
Cane, e t  aL8 described the microwave spectra of benzo- 
triazole a t  90 "C and conclude that the isomer present a t  
that temperature was the 1H. 

Experimental Section 

Materials. Benzotriazole was kindly supplied as a pure sample 
by Dr. C. Turri6n, and it is identical to the sample studied in ref 
9. l-Methyl- and 2-methylbenzotriazole are identical with those 
described in ref 3. 

Measurements. Fluorescence spectra at  70 OC, corrected for 
instrumental sensitivity, were measured with a SLM 48000s 
spectrofluorometer using a cooled wide-band RF housing for the 
R298 photomultiplier tube. Using a CARY 5 spectrophotometer 
and a pair of thermostated cells (10 cm of optical path) we recorded 
the UV spectra of benzotriazole, 1-methylbenzotriazole, and 
2-methylbenzotriazole in the gas phase at  90 OC. 

Theoretical Calculations. All computations were carried 
out using a standard version of the GAUSSIAN 92 program.10 
The geometry has been fully optimized with the only restriction 
of assuming planarity with the following basis sets: 6-31G*, 
6-31G**, and MP2-6-31G**. The optimization was stopped when 
internal coordinates changed less than 0.001au. Electron cor- 
relation was introduced a t  the MP2 level over the 6-31G**- 
optimized geometry, and zero point energy (ZPE) correlation 
was carried out over that geometry. Finally, a full optimization 
has been carried out at  MP2-6-31G** level considering the 
significance of correlation energy in this case. 
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Table 1. Energies (in Hartrees). and Differences in  
Energy (in kcal mol-') of Benzotriazole and 1,2,3-Triazole 

Tautomers 
basis set lH-benzotriazole W-benzotriazole difference 

3-21G -391.197 17 -391.188 98 +5.512 
6-31G -393.241 73 -393.234 01 +4.843 
6-31G*//3-21G -393.417 70 -393.413 38 +2.712 
6-31G* -393.422 13 -393.418 43 +2.32 
6-31G** -393.433 50 -393.429 59 +2.45 
6-31G** + ZPE -393.318 91 -393.313 88 +3.16 
MP2//6-31G** -394.705 22 -394.707 59 -1.49 
MP2-6-31G** -394.712 01 -394.716 04 -2.53 

Tom& et al. 

basis set 
3-21G 
6-31G 
6-31G*//6-31G 
6-31G**//3-21G 
6-31G**//6-31G1 
6-31G* 
MP2-6-31G* 
MP2+6-31G**//3-21G + ZPE 

1H- 
1,2,3-triazole 
-239.392 66 
-240.638 95 
-240.767 32 
-240.7719 
-240.775 29 

-241.538 
-241.5615 

W- 
1,2,3-triazole 
-239.399 00 
-240.645 16 
-240.774 86 
-240.7793 
-240.782 80 

-241.546 
-241.5674 

differenceb 
-3.9411J2 
-3.93J1 
-4.73391' 
-4.6812 
-4.71" 
-4.93e 
-5.0'3 
-3.5512 

a 1 hartreelparticle = 627.509 59 kcal mol-'. AE~H-W. Anders, 
F. Personal communicati~n.~ 

Results and  Discussion 
Calculations. Relative Stabilities. We have reported 

in Table 1 the energies for both tautomers (in hartrees) 
and the differences in energies (in kcal mol-l) for benzo- 
triazole and for 1,2,3-triazole for a series of basis sets. 

The data reported in Table 1 show four important 
things: (i) for benzotriazole, the introduction of electron 
correlation is necessary to establish the correct sign of the 
difference in energies between both tautomers; (ii) the 
complete optimization of the geometry at  the MP2-6- 
31G** level yields a value of A&+w (-2.5 kcal mol-l) 
closer to the experimental result (--4 kcal mol-') than an 
MP2 calculation on the 6-31G** optimized geometry, MP2/ 
/6-31G** (hE1,y-w = -1.5 kcal mol-'); (iii) this problem 
is characteristic of benzotriazole since AELY-W in 1,2,3- 
triazole is rather insensitive to the introduction of electron 
correlation; and (iv) a zero-point energy calculation at  the 
6-31G** level favors the 1H tautomer by 0.6 kcal mol-'. 

N 
H-N 2 

- I  
B 

O N *  % P I 
H 

1 H-benzotriazole 2Hbenzotriazole 

1 H-l,2,3-triazole 2H-1,2,3-triazole 

H-N 

I 
H 

1 H-indazole 2Kindazole 
Since the system of lone pairs is identical in both 

heterocycles, observation iii points out the difficulty 

Table 2. &"tries of 1H- and 2H-Benzotriazole 
Tautomers 

1H- 
benzotriazole 6-31G 6-31G* 6-31G** MP2-6-31G** exptla 

Bond Lengths (A) 
1.359 1.332 1.332 
1.269 1.253 1.253 
1.389 1.375 1.375 
1.389 1.384 1.383 
1.363 1.355 1.355 
1.395 1.399 1.399 
1.374 1.369 1.369 
1.414 1.414 1.414 
1.375 1.370 1.370 
0.987 0.993 0.992 
1.072 1.074 1.074 
1.072 1.074 1.075 
1.073 1.075 1.076 
1.071 1.075 1.075 

Bond Angles (deg) 
110.18 110.51 110.44 
109.07 109.82 109.85 
109.04 108.57 108.57 
107.86 108.12 108.11 
103.85 102.98 103.02 
121.24 121.02 121.04 
117.36 117.24 117.22 
121.08 121.20 121.21 
121.92 122.16 122.17 
118.58 116.11 116.09 
130.35 130.42 130.34 
120.80 120.72 120.74 
119.87 119.97 119.96 
118.96 118.68 118.67 
119.74 121.69 121.68 

1.362 
1.321 
1.375 
1.412 
1.362 
1.407 
1.369 
1.418 
1.386 
1.009 
1.082 
1.082 
1.082 
1.082 

111.69 
108.03 
108.04 
109.38 
102.86 
120.48 
117.12 
121.76 
122.05 
115.98 
129.83 
120.60 
119.57 
118.86 
121.63 

1.346 
1.310 
1.377 
1.389 
1.366 
1.408 
1.368 
1.405 
1.367 

110.3 
108.8 
108.2 
108.4 
104.2 
120.9 
116.2 
122.2 
122.6 
115.3 

W-benzotriazole 6-31G 6-31G* 6-31G** MP2-6-31G** 
Bond Lengths (A) 

NiN2 1.320 1.296 1.297 1.333 
N3Ch 1.333 1.325 1.324 1.368 
ChCI, 1.415 1.408 1.408 1.422 
ChC4 1.419 1.424 1.424 1.407 
C4C5 1.356 1.351 1.350 1.383 
cbc6 1.438 1.441 1.441 1.420 
N2H2 0.989 0.995 0.994 1.010 
C4H4 1.069 1.078 1.074 1.081 
CsHb 1.072 1.075 1.075 1.082 

C7aNlN2 103.03 102.92 102.97 101.04 

N.QC&I~ 106.14 107.96 107.96 108.93 
c3ac4cb 116.96 118.79 116.76 116.66 
C4C5C6 122.08 122.13 122.15 121.99 
NiNzHz 121.77 120.89 120.93 119.98 

C4CbHb 119.88 119.80 119.77 119.29 

Bond Angles (deg) 

NiN& 116.45 118.21 118.12 120.04 

C3aC4H4 120.65 120.85 120.88 121.22 

'Data from refs 15 and 16. Average from four independent 
molecules in one cell. Numbering of the atoms 

H, H, 

Hs* H~@ 2N-H2 

I /  I /  
H, '' 78 H, ' 7s 

in conveniently describing the quinonoid system of 2H- 
benzotriazole; a similar problem was encountered in the 
case of 2H- and 2-methylindaz01e.l~ 

Geometries. We have gathered in Table 2 the geom- 
etries calculated using the following basis sets 6-31G, 
6-31G*, 6-31G** and MP2-6-31G** for lH-benzotriazole 

(14) C a t a h ,  J.; Del Valle, J. C.; Claramunt, R. M.;Boyer, G.; Laynez, 
J.; G6mez, J.; JimBnez, P.; Tomha, F.; Elguero, J. Manuscript in 
preparation. 
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Table 3. Rotational Constants for Benzotriazole (in MHz) 
1H-benzotriazole 2H- benzotriazole 

method A B C A B C 
6-31G 4080.75 1685.73 
6-31G* 4106.68 1702.53 
6-31G** 4106.39 1703.06 
MP2-6-31G** 3989.95 1673.66 
MW8 4008.171 (5) 1676.359(2) 

Table 4. Dipole Moments (D) 
1H-benzotriazole 2H- benzotriazole 

method P A  PB PC [ P I  PA PB PC I P ~  
6-31G 3.17 3.40 0 4.65 -0.77 0 0 0.77 
6-31G* 2.50 3.23 0 4.09 -0.30 0 0 0.30 
6-31G** 2.50 3.23 0 4.08 -0.31 0 0 0.31 

MW8 2.9(2) 3.20(5) 0 4.3(4) 
MP2-6-31G** 2.65 3.31 0 4.24 -0.38 0 0 0.38 

and 2H-benzotriazole as well as the X-ray structure of 
1H-benzotriazole (the only tautomer existing in the solid 
state). 

Unfortunately, “plausible ro structures” described by 
Velino, Can6, et aL8 cannot be used for comparison since 
they are not experimental MW geometries but simply our 
6-31G-optimized geometry3 after scaling. Using the aver- 
aged X-ray geometry (four independent molecules in the 
unit cell) as a model it can be noted that only the geometry 
obtained when the optimization including electron cor- 
relation (MP2-6-31G**) is able to adequately reproduce 
NI-Nz and Nz-N3 bond lengths in lH-benzotriazole. 
Optimized geometries without taking into account the 
effect of the correlation lead to significantly shorter N-N 
bond lengths. 

The clearest proof of the goodness of the MP2-6-31G** 
geometries was provided by the rotational constants (Table 
3). The ones calculated at this level are in excellent 
agreement with those determined by MW for 1H-benzo- 
triazole,8 the deviations for rotational constants A, B, and 
C being as small as 0.45%, 0.16%, and 0.26%. These 
percentages considerably increase using the 6-31G** 
geometry(2.5%,1.6%,and 1.8%). WefeelthattheMP2- 
6-31G** geometry (Table 2) and rotational constants 
(Table 3) of 2H-benzotriazole could be useful to identify 
the rotational spectra of this tautomer. 

Dipole Moments. The dipole moments are collected 
in Table 4. Note that the scalar value but mainly the 
vectorial components, determined by microwave spec- 
troscopy, are well reproduced only at  the MP2-6-31G** 
level. 

Spectroscopic Results. The assignment, by rotational 
band contour analysis, of the SO+ SI eIectronic absorption 
spectrum of benzotriazole as a*-a of the 1H tautomer6 is 
consistent with our results since these experiments were 
carriedout at 140 O C  where this tautomer should be present 
in large amounts (more than 80%). 

Velino et aL8 described the microwave spectra of 
benzotriazole a t  90 “C and conclude that the tautomer 
present in these conditions is the 1H. They have 
determined its rotational constants (Table 3) and its dipole 
moment (Table 4). We have represented in Figure 1 the 
UV spectra of benzotriazole, 1-methybenzotriazole, and 
2-methylbenzotriazole a t  this temperature. It is clear, from 
these spectra, that there is a mixture of both tautomers 
in an approximately 80/20 ratio. The probable reason 
why they have not detected the -20% of the 2H tautomer 
is easy to understand considering the corresponding dipole 

1201.52 1192.94 4035.54 1710.93 
1203.56 4058.59 1727.66 1211.81 
1203.80 4058.40 1727.99 121 1.96 
1179.04 3962.68 1694.65 1187.01 
1182.200(2) 

ABS 

220 260 300 

Wavelength<nm) 

ABS 

2 2 0  2 6 0  300 

wavelength(nm1 

ABS 

220 260 3 0 0  

WavelengthCnm) 

Figure  1. UV spectra in the gas phase a t  90 O C  of (a) 
benzotriazole, (b) 1-methylbenzotriazole, and (c) 2-methylben- 
zotriazole. 

moments (4.2 and 0.4 D, Table 4). Since the MW signals 
are proportional to the square of the dipole moment, the 
signals of the 1H-tautomer should be almost 500 times 
more intense than those of the 2H-tautomer. A similar 
problem occurred with the microwave study of 1,2,3- 
triazole, when initially only the 1H tautomer was observed 
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260 2 8 0  300 

wavslengthCnm) 

260 2 8 0  3 0 0  

Figure 2. Fluorescence excitation spectra in the gas phase at 
70 "C of (a) benzotriazole; (b) 1-methylbenzotriazole, and (c) 
2-methylbenzotriazole. 

( p  = 4.38 D) although it was present in much smaller 
amount than the 2H tautomer ( p  = 0.22 D).3J2J3 

Jalviste and Treshchalov recently reported the fluo- 
rescence excitation and emission spectra of jet-cooled 
ben~otriazole.~ Their main conclusion is that the tau- 
tomers present in the ground (SO) and the first excited 
states (SI) are different, which should imply an excited- 
state proton transfer taking place in times shorter than a 
few ns at  very low temperatures, a few K. These authors 
describe an interesting feature of the excitation spectrum 
of benzotriazole: above 1200 cm-I, with regard to the 0-0 
band, only a weak and broadened band appears due to a 
rapid intensity decline. In Figure 2a we present the 
fluorescence excitation spectrum of benzotriazole in the 
gas phase at 70 OC: a rapid decline of intensity in the zone 
described by Jalviste and Treshchalov' is observed. 
Moreover, the excitation spectrum of 2-methylbenzotria- 
zole (Figure 2c) shows the same behavior a t  slightly longer 
wavelengths which is consistent with the absorption 
spectrum (see Figure 1). The excitation spectrum of 
1-methylbenzotriazole does not show this phenomenon 
(Figure 2b). The fluorescence emission spectra, in the gas 
phase at 70 "C, for benzotriazole and 2-methylbenzotriazole 
are reported in Figure 3. A reasonable conclusion of these 
spectra is that the tautomer present in the free-jet 
experiments as well as that responsible for the fluorescence 
emission at room temperature is the 2H. 

The free-jet experiments can be rationalized as follows. 
Solid benzotriazole was heated a t  160 OC and the resulting 
vapor mixed with Ar carrier gas. Under these conditions, 
the gas should be composed predominantly of 1Htautomer 

3 0 0  3 4 0  360 

Figure 3. Fluorescence emission spectra in the gas phase at 70 
"C of benzotriazole (- * -) and 2-methylbenzotriazole (-). 
(more than 90%). Then, the gas expansion lowers the 
temperature to a few K which results in a complete shift 
of the equilibrium toward the W tautomer. 

Conclusions 
The intrinsically most stable tautomer of benzotriazole 

is the 2H and the origin of the difference in stability with 
regard to the 1Hresulta in a balance between the lone pair 
repulsion (6.5 kcal which favors the 2H tautomer 
and the aromaticity which favors the 1H tautomer. The 
last term is not present in l,2,3-triazole, and for this reason 
the W tautomer is much favored while the first term is 
not present in indazole and consequently the 1H tautomer 
is much more stable than the quinonoid 2H-indazole. 

The resonance contribution can be estimated from the 
following isodesmic process: 

+ H - N ( 3  - H-N '0 z 
+ N C ]  N \ 

H' I-/ 

fE = A(rosonance) 

The best theoretical data available for the differences 
in energy between 1H and W tautomers (Table 1) are 
-2.5 kcal mol-' for benzotriazole (MP2-6-31G**) and -5.0 
kcal mol-' for 1,2,3-triazole (MP2-6-31G*). Thus, the 
stabilization of 1H-benzotriazole with regard to 2H- 
benzotriazole, A(nrclonance), is 2.5 kcal mol-'. This result is 
in agreement with the value of 2.3 kcal mol-' for the 
resonance stabilization of lH-indazole with regard to 2H- 
indaz0le.1~ 

The reason why 1H-benzotriazole is the dominant 
tautomer in condensed media, solid state,15J6 or solution17 
is probably related to ita high dipole moment which favors 
interactions with itself (solid) or with the solvent (solution). 
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