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The reliability of three popular semiempirical quantum chemical methods (AM1, PM3, MNDO)
for the treatment of tautomeric equilibria is tested in a series of five-membered nitrogen heterocycles.
The known flaw of MNDO to overestimate the stability of compounds with two or more adjacent
pyridine-like lone pairs is also present in AM1 and to a somewhat lesser extent in PM 3. Tautomeric
species differing in the number of adjacent pyridine-like lone pairs, thus, cannot be adequately
treated by these semiempirical methods. Both AM1 as well as PM3, however, represent major
improvements over MNDO in the case of lactam-lactim tautomerism. The stability of N-oxides as
compared to N-hydroxy tautomers seems to be overestimated by the PM3 method. All three
semiempirical methods yield quite reliable ionization potentials and dipole moments.

Introduction

Recent calculations of tautomeric equilibria (mainly
of the lactam-lactim type) in a variety of heterocyclic
molecules [1-8] by the semiempirical AM1 method [9]
gave quite reliable results. Thus, the well known defi-
ciencies of the MNDO method (overestimation of the
stability of lactim tautomers [10—12]) seem to have
been largely corrected in AM1. The tendency of the
MNDO method to overestimate the stability of com-
pounds with adjacent pyridine-like lone pairs [13],
however, seems also to be present in AM1 [7, 8, 14].
Furthermore, whereas AM1 performs far better than
MNDO in six-membered nitrogen heterocycles, the
reverse seems to be true in the case of five-membered
nitrogen heterocycles [15]. With respect to the tauto-
merism in azines, the newly developed PM3 method
[16] is comparable in accuracy to AM1 [8]. Little,
however, seems to be known about the adequacy of
this latter method in the treatment of azoles. In con-
tinuation of previous work on the application of
semiempirical quantum chemical methods to the
problem of heterocyclic tautomerism [6—8], in this
paper results of such calculations (AM1, PM3, and
MNDO) on five-membered nitrogen heterocycles are
presented. In the first part tautomerization energies
are discussed. Since quantitative gas phase experimen-
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tal data are scarce (comparisons of the results of quan-
tum chemical calculations with solution data can
frequently lead to incorrect conclusions [5]) the reli-
ability of these data will be judged against ab initio
calculations. One of the most versatile experimental
methods to obtain at least qualitative information
about gas phase tautomerism is photoelectron spec-
troscopy [17—23]. In the second part, thus, calculated
ionization potentials (Koopman’s theorem, i.e., orbital
energies) are compared to experimental IP’s and/or ab
initio orbital energies. Finally, since dipole moment
studies have provided information about tautomerism
in solution [24-28], in the third part calculated dipole
moments are tabulated.

All calculations were done with the AMPAC pro-
gram package [9] using the PRECISE option. Geom-
etries were completely optimized without any restric-
tions, and all structures were characterized as true
minima by force constant calculations.

Results
Tautomerization Energies

Calculated tautomerization energies of the investi-
gated compounds (see Fig. 1 for structures) are listed
in Table 1.

Before discussing the reliability of semiempirical
tautomerization energies as compared to those ob-
tained by ab initio calculations it should be recalled
that the latter ones frequently are quite dependent on
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Fig. 1. Structures of the investigated compounds.

the basis set used [30, 37]. In Table 1, thus, the highest
level ab initio results available have been listed. In ad-
dition, from the known flaws of both MNDO and AM1
mentioned above (i.e. overestimation of the stability of
compounds with adjacent pyridine-like lone pairs)
major discrepancies between semiempirical and ab
initio tautomerization energies might be expected for
the tautomeric equilibria 4b—4a, 5b—5a, 6b—6a, and
7b-7a. In compounds lacking this structural feature
(e.g. 1b—1a, 1c—1a, 2b—2a, 3b-3a) quite reliable
predictions of tautomerization energies should be ob-
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tained by the semiempirical methods. The data pre-
sented in Table 1 clearly conform to these expecta-
tions, one noteable exception being the equilibrium
2b-2a. Here, both AM1 as well as PM3 predict a
greater stability for S-methylpyrazole 2b, whereas ac-
cording to MNDO and ab initio results 3-methyl-
pyrazole 2a should be slightly more stable. Experi-
mentally, from gas phase basicity measurements an
energy difference of 0.9 kcal mol ~! in favour of 2a has
been estimated [37]. However, as the authors state,
this result would correspond to an unreasonably large
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Table 1. Comparison of semiempirical (AM1, PM3, MNDO)
with ab initio tautomerization energies ([kcal mol ~']) for the

investigated compounds .

AM1 PM3 MNDO ab initio
1b-1a —46 =33 =329 —-30°
le=1s —11.2 =78 =31 ~158Y
2b-2a —1.0 -10 01 04°¢
3b-3a 6.6 49 52 10.7 ¢
100
4b-4a 59 28  63f —47%
—35h
4c-4a 111 124 93 -
5b-5a 128 78 111 17.8¢
481
6b-6a —4.1F% 01 —36f 707
8.5(14)"
6.7
7b-7a 37 22 42f —94 (=237
—1.7m
8b-8a 43 31 47 -
9b-9a —06 =02 =81z =143*
—11.6™;
~14.3"
9¢-9a —127 =57 =11y —20°
—1747m0
9d-9a —09; —04 —88 -
—11.87
10b-10a 89 (83)9 66 —27 9.4(17.0) 9
10c-10a 50 (44)9 74 —58 17.9 (22.3)¢
10d-10a  120(22.7)¢ 96 9.7 22.1(24.9)9
10e-10a 119(11.3)9 85 —12 12.3(21.2) 9
10f -10a  109(10.4)9 79 —22 12.1 (20.8) 9
11b-11a 161 82 338(354)" -
1lc-11a 129 00 292(284)" -
11d 11a 149 9.5 312
1le-11a 134 11.8 274 =
12b-12a 86 —19 259 =

2 A positive sign indicates greater stability of the tautomeric
form a. AH -values are: 24.7 (1a), 58.0 (2a), 82.3 (3a), 86.4
(4a), 104.2 (5a), 77.0 (6a), 109.6 (7a), 133.9 (8a), 25.9 (9a),
28.6 (10a), 91.0 (11a), 67.8 (12a) for AM1; 15.9 (1a), 39.6
(2a),65.3 (3a), 67.9 (4a), 85.4 (5a), 51.8 (6a), 86.2 (7a), 109.6
(8a), 4.4 (9a), —0.2 (10a), 66.6 (11a), 45.6 (12a) for PM3
and 15.5 (1a), 34.5 (2a), 58.6 (3a), 50.7 (4a), 64.9 (5a), 44.6
(6a), 55.0 (7a), 75.0 (8a), 3.8 (9a), —4.2 (10a), 39.8 (11a),
37.5 (12a) for MNDO.

® 4.21G(N*)-basis: Ref. [29]. — ¢ 6-31G**//6-31G calcula-

tions [30]; STO-3G//STO-3G yields —0.4 kcal mol ~*.

Ref. [21]. — © 6-31 G-basis: Ref. [31]. — f Ref. [13].

6-31G**//6-31 G: Ref. [30]; STO-3G//STO-3G yields 2.3

kcal mol ~!. — ® DZ-basis: Ref. [32].

6-31 G//6-31 G: Ref. [33]. — ! 6-31 G*//6-31 G*: Ref. [14].

DZ-basis (values in parentheses after CI): Ref. [23].

6-31G*//6-31G: Ref. [34]. — ™ 6-31 G**//6-31 G: Ref. [35].

Ref. [18]. — °© STO-3G basis: Ref. [36]. — P Ref. [5].

6-31G*//3-21 G (values in parentheses: 3-21 G//3-21G):

Ref. [14]. — " Ref. [17].

[ -

a8 = x =

N-methylation effect [37]. Given these experimental
uncertainty and the rather large basis set dependence
found in the ab initio calculations for this equilibrium
[30, 37] no definite conclusion concerning the 2b—2a
tautomerism can at present be drawn. In any case,

W. M. F. Fabian - Tautomerism in Five-membered Nitrogen Heterocycles

both compounds appear to be quite close in energy.
For indazole 3b—3a the experimentally estimated
tautomerization energy (<4.7 kcal mol~! [38]) is in
close agreement with either one of the semiempirical
results (in fact, even more close than to the ab initio
calculations, see Table 1). Experimental results con-
cerning the tautomerism of 1,2,3-triazole are contro-
versial. Early gas phase IR spectra were interpreted in
terms of a predominance of the 1 H-tautomer 4a [39].
Based on more recent gas phase experiments [22, 23,
32, 40], however, there seems now consensus that 2 H-
triazole 4b is greatly favoured in the gas phase. Espe-
cially, from intensity measurements of microwave
spectra at room temperature a tautomeric ratio
4a:4b~1:1000, corresponding to 4G~ 4.0 kcal mol ™!
was estimated [32]. Here all three semiempirical meth-
ods clearly lead to incorrect results. Similarly, for
1,2,4-triazole (6a, b) and tetrazole (7a, b) results ob-
tained by the semiempirical methods (except the PM3
results for 6b—6a) are at variance with both ab initio
calculations (see Table 1) as well as gas phase experi-
ments [22, 23, 42—-45]. A unique feature is provided by
the tautomerism of benzotriazole (Sa, b): in this mole-
cule the 1H-tautomer 5a — despite the presence of
destabilizing lone pair interactions — is largely domi-
nant (>99%) in the gas phase [21, 41]. A reasonable
rationalization of this fact is provided by the aromatic
nature of the 1 H-tautomer 5a vs. the ortho-quinonoid
structure of 5b [33]. For this special molecule, thus,
the semiempirical methods yield results in complete
agreement with both ab initio calculations as well as
experimental findings. In the case of 5-phenyl-tetra-
zole (8a, b) dipole moment studies as well as NMR
spectroscopical investigations indicate a shift of the
tautomeric equilibrium towards the less polar 2H-
form (8b) by decreasing the solvent polarity (e.g.
DMSO: 86% 8a, dioxane: 62% 8a) or by increasing
the temperature [25]. Comparison of polarized ab-
sorption spectra in polyvinyl alcohol with calculated
(CNDO/S) transition moment directions established
the 2H-tautomer 8b as the dominant species in this
medium [46].

From the data presented so far it seems clear that
neither one of the three semiempirical methods AM1,
PM3, and MNDO s suitable to describe annular
tautomerism in five-membered nitrogen heterocycles
if the various tautomeric species differ in the number
of adjacent pyridine-like lone pairs. It is also evident
from the data of Table 1 that errors are smallest for the
PM3 method.
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Table 2. Comparison of semiempirical (AM1, PM3, MNDO)

with ab initio orbital energies and experimental ionization

Table 2 (continued)
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potentials (in eV). AM1 PM3 MNDO ab initio Exp.
AM1 PM3 MNDO ab initio  Exp. 11.62(n) 10.88 11.71 12.39
(11.67) (n)
l1a 928 9.10 9.71 932 8.6(n)® 1247 (n) 11.53 12.66 (n) 12.56
10.34 10.23 10.44 10.1(n) 9.7 (12.94) (n)
12.28(c) 12.85(c) 12.79 (o) 7a 11.41 11.09 (n) 11.43 11.81°
1322(6) 13.52(c) 13.51 (o) (11.49)®
1b 8.64 8.61 8.97 812 12.13 11.38 12.26 12.64 (n)
11.39 11.18 11.57 12.0(n, (12.32)
1241 (o) 12.56 12.76 (o) (.m) 1240 (n) 11.59 12.52 (n) 13.08
12.56 13.00 (o) 13.11 (12.83) (n)
1c 1044 10.34(n) 11.02¢ 1052 9.71(n)® 1303(n) 11.67(n) 13.23(n) 13.32
10.81 (n) 10.37 11.06 (n) 10.7 10.56 (12.85) (n)
1247 (0) 12.62 12.96 (o) 12.3 7b 11.16 11.08 11.21 11997  11.3#
12.66 13.10(¢) 13.20 12.7 (11.39) ®
2a 950 9.40 9.61 12.29 11.30(n) 12.37 12.72 121
9.66 9.76 11.88 (n (12.21)
11.53(n) 11.01(n) 13.37 203 12.50 (n) 11.80 12.70 (n) (g.gg)( )
12.85 12.97 13.79 -76) (n
- 920(”) 956(") 952(") 1322(n) 1209(n) 1333(n) 1354 136
9.84 9.67 9.86 (13.69) (n)
11.62(n) 11.00(n) 11.93 (n) 8a 985 9.89 10.00
13.02(6) 1340(s) 13.51 (o) 10.31 10.36 10.05
3a 890 8.95 8.96 925¢ 8369 11.63  1093(m) 1115
9.44 9.61 9.40 9.55 9.05 1202 1137 1210
11.00 10.90 10.82 12.21(n,m) 1045(n,n) 8b 9.41 9.47 9.56
11.82(n) 11.11(n) 12.01(n) 12.40(n,n) 11.75 (o) 9.88 9.92 9.61
3b 847 8.63 845 795¢  779¢%¢ 1L, Thisim 1100
9.47 9.40 9.38 9.72 870 11.96(0) 1136 1230 .
10.82 10.76 10.59 11.25 10.00 9a 9.68 9.51 9.711 8.78¢
11.34(n) 11.08(n) 11.70(n) 11.60(n) 10.24 10.83(n,n) 10.73(m,n) 10.88 9.37.
1134 1067 1142  11.78(n) i S B .25
12.07 (n) 1091 1217 (n) 11.94 9b 939 9.37 9.19
1281 (n) 1225(n) 13.11(n) 13.87 (n) 10.10 9.80 10.04
4b 1033 1025 1029  1088°  10.06° 1181 () 11.03(m) 11.94(n)
1106 1086 1110 1118 1090 s Lt A i
1213(n) 11.36(n) 12.33(n) 12.87 (n) 9¢ 9.82 9.88 10.08 9.08(ny)
1292(¢) 12.06(n) 13.10(n) 13.74(n) 121 11.04(np) 1090 (n)  11.27(ny) 9.76
de 1172(m) 1096(m) 11.93(n) 12.73(ny) 12.00 (n) 12.85(ny) 10.60 (ny,)
11.93 1149 (n) 11.98 1350 1280  13.56
12.81 (n) 11.91 12.91 (n) 9d 927 9.15 9.29
13.18(n) 13.00(n) 13.54 (n) 9.85 9.91 9.80
5a 9.42 9.41 9.33 980¢  9.08¢ 11.86(n) 11.32(m) 1203 (n)
980  10.00 9.65 9.99 9.49 1376 1345 1351
11.78(n) 10.65(n) 11.87 11.78 (n)  10.05 (n) 10a 9.67 9.60 9.92
11.95 11.51 12.02(n) 12.93 11.44 g.ﬁ(n) }?-gg(n) g.gg(n)
: : 1 36¢ 30 e : y "
0% o8l o6 1048 98 336() 1234(@) 1341
11.69 11.41 11.59 12.93 11.72 10b 9.88 9.98 9.96
11.79(¢) 11.44(n) 12.25(c) 13.50(c,n) 12.50 H%g( ) }8-8(7)( \ ﬁgz @
f 2 n A n s
6a 1027 10.40 10.31 (18';(3))“ 10.00 # 1328 () 1184(n) 13.39 (o)
11.21 10.70 11.27 11.84 10.56 10c 9.57 9.76 9.60
(11.19) 11.75 1032(n) 11.73 (n)
11.65(m) 10.71(n) 11.75(n) 12.17 11.1 (n) 11.76 (n)  10.93 11.84
(12.01) (n) 12.66 (n) 11.68(n) 12.83 (n)
1323(n) 11.81(n) 13.34(n) 13.62 1215(m)  10d 10.32 10.06 10.54
(13.68) (n) 1140 (n) 1091 (n) 11.46(n)
6b 10.03 10.21 10.02 10.78 12.66 11.82 12.73
(®) (10.05) 13.01 (n) 1291 13.09 (n)
11.61 10.27 11.61 (n) 11.47

(11.55)
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Table 2 (continued)
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Table 3. Comparison of calculated (AM1, PM3, MNDO)
dipole moments (in Debye) with ab initio and experimental

AM1 PM3 MNDO ab initio Exp. results.
10e 9.73 9.77 9.81 AM1 PM3 MNDO ab initio Exp.
11.22 10.75 11.25
11.71 (1’1) 10.75 (n) 11.80 (n) la 1.48 1.36 1.54 1.49 2 _
1340 (n) 12.04(n) 13.50 (n) 1b 123 111 120 125° -
10f 9.70 9.77 9.77 1c¢ 205 211 201 2132 (2.43)®
11.29 10.78 11.32 2a 186 213 211 212(1.87)¢ -
11.78 (n) 1093 (n) 11.90 (n) 2b 241 260 209 291 (2.56) ¢ -
1341 (n) 11.87(n) 13.50 (n) 3a 159 190 185 1.97 (2.09) ¢ 1.85(1.50)¢
11a 10.33 10.28 10.30 10.1-11.04 3b 236 270 238  2.57(3.07)¢ (34°
(10.22) 4 4a 410 435 403 4.61(4.13)°¢ 4.38 ¢
11.22 10.84 (n) 11.29 (9.7-10.7) 4b 012 030 024  0.33(0.06)° 022¢
(11.19) 4c 442 429 424 - =
12.10(n) 10.94 12.10 123 5a 365 375 356 425(4.57)%4.64" 4.15(3.95%°
11.82) (n 118-124) 5b 013 033 018  0.55(1.57)%0.78" (0.49)%°
( ) (n) ( ) b ]
13.05(n) 12.56(n) 13.24 12.5 6a 273 298 267% 3.56";290 2.7279
(12.78) (n) S 313 41 3105 Seasi7h 530!
j a ; i 3 634X 5, .
bl B W Sy (865" 7y 198 234 190% 2230K254% 219!
[ 8a 577 584 584 = 6.03 ™
11.08 11.12 11.10 (9.85)
8b 178 206 1.80 - 241 ™
(10.63) n
11.56(n,) 11.44(n,m) 11.62 (11.85) 9a 381 365 355 - .
(11.16) (n, 7) 9b 194 240 220 - 2.65 .
1341(n7) 1270 (n) 1331 (123) 9 el 24 24— A%0
(1329 @) T0a 33 2905 341 _ -
e 922 9.44 9.15 8357  10b 165 211 175 - B
9.02) ¥ ¥ y = o
1080 1103 1072 (9.45) e o i an -
(10.66 () 10e 356 346 337 - -
10.88 (n) 11.36(n) 10.74 (n) (10.20) 10f 3.18 3.08 3.13 = _
(10.61) 1la 324 318 332 - -
13.79 (n) 12.63(n) 13.93(n) (120-125)  11p 235 181 248 = _
(13.25) 1lc 608 606 609 - s
11d 9.66 10.08 9.60 11d 439 392 418 = =
10.99 (n) 10.63 (n) 11.06 (n) 11e 498 523 502 = =
13.84 13.20(n) 13.89 (n) 12a 212 257 211 - -
13.88 (n) 13.57 14.06 12b 485 4.57 484 = =
11e 9.96 10.40 9.92 - N -
11.56 (n) 11.19 (n) 11.60 (n) * 4-21 G(N*)-basis: Ref. [29]. —® 4-31 G(N*)-basis: Ref. [53].
12.55(n) 1222(n) 12.83(n) ¢ 6-31G**//6-31G (§TO-3G//STO-3G results in paren-
13.72 12.92(n) 13.73 theses): Ref. [30]. — © Ref. [21] and references cited therein;
12a 933 925 9.14 . values in pafrentheses are fo.r methyl-den;'atlves.
044 950 9.25  Ref. [32]. - 16-31G//6-31 G: Ref. [33]. ~* Ref. [13].
1127 10,60 1R Ref. [24]. — i 6-31 G*//6-31 G: Ref. [34]. — § Ref. [42].
@ It X 6-31 G*¥//6-31 G: Ref. [35]. - ' Ref. [45
1238 11.03 11,44 (n) ¥ 6-31G**//6-31G: Ref. [35]. - " Ref. [45].
Experimental values for 1-methyl-5-p-tolyl-1 H-tetrazole
12b 836 8.49 8.31 and 2-methyl-5-p-tolyl-2 H-tetrazole, respectively: Ref. [25].
9.62 9.84 9.55 " Values for fixed derivatives: Ref. [47] and references cited
1033 (n) 1107 (n) 18'(2)57S (n) RS, = ek AL

* 4.21 G(N*)-basis: Ref. [29]. — * Ref. [50]. — © Ref. [51].

¢ Ref. [21]. -

¢ Experimental value for 2-methyl-2 H-indazole.

" Ref. [22]. - ® Ref. [23]. — P 6-31 G*//6-31G: Ref. [34].

! Ref. [18]; experimental values are for 1-phenyl-2,3-dimethyl-
pyrazolin-5-one and 1-phenyl-3,4.4-trimethylpyrazolin-5-
one, respectively; for clarity ionizations resulting from
phenyl n-orbitals are not listed. — 7 Ref. [17]; values in
parentheses are for methylated derivatives.

Besides annular tautomerism, in the pyrazolones 9
and triazolones 10 lactam-lactim tautomerism is also
possible. For pyrazolones all previous calculations
[18, 19, 36, 47] as well as experimental evidence
(photoelectron spectroscopy [18, 19]) favour the CH-
tautomer 9¢. The present results are completely in line
with these findings. The previously mentioned ten-
dency of MNDO [10-12] as well as ab initio STO-3G
calculations [48] to overestimate the stability of lactim



W. M. F. Fabian - Tautomerism in Five-membered Nitrogen Heterocycles

tautomers is also evident from the data of Table 1 (i.e.
9b—-9a and 9d—9a). Similar arguments apply to the
tautomerism of the triazolones 10. Again, MNDO
results appear to be unrealistic, whereas both AM1
and PM3 yield results in reasonable agreement with
those of ab initio calculations [14]. The two last mole-
cules 11 and 12 provide examples for N-hydroxy-N-
oxide tautomerism. By photoelectron spectroscopy up
to the decomposition temperature the only detectable
tautomer of 11 has been assigned as the 1-hydroxy-
1H-1,2,3-triazole form 11a [17]. Both MNDO [17]
and AM1 calculations are completely in line with
this experimental observation. Interestingly, PM3
erroneously yields an equal stability for tautomer 11c.
For compound 12 only solution data seem to be avail-
able: by >N NMR spectroscopy in different solvents
the following tautomeric compositions were deduced
[49]: 61% 12a (DMSO), 52% 12a (MeOH), and 16%
12a (CF,CH,OH). Given this solvent dependency
and the results for 11, a predominance of tautomer
12a in the gas phase seems reasonable. Indeed, both
AM1 and MNDO predict a considerably greater
stability for 12a. In striking contrast, 12b should be
more stable according to the PM3 method (see
Table 1). Apparently, thus, this latter method seems to
overestimate the stability of compounds with a
HN=X-N*—0O" structural fragment (X=N: 11c;
X=CH: 12b).

Ionization Potentials

Calculated (AM1, PM3, MNDO) orbital energies
are listed in Table 2 and compared to those obtained
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