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ABSTRACT: The tautomeric equilibria between the CH, OH and NH forms in a series of 4-substituted 1-phenyl-3-
methyl-pyrazolin-5-ones have been studied using ab initio calculations at various levels of theory and comparison
made with the experimental results obtained from NMR measurements. Quantitative comparison of both the relative
energies and the '*C chemical shifts of the tautomers constituting the tautomeric equilibria were made by calculation
of both sets of parameters. The influence of the solvent was included by employing various models of the self-
consistent reaction field theory. Initially, the solvent was included in the calculations by applying a continuum of
differing polarity over the surface of isolated tautomers (self-consistent isodensity polarized continuum model
method), then later by assuming formation of an adduct between the solute and the solvent (thereby simulating
effectively the hydrogen bonding in the OH and NH tautomers) and finally by calculating dimer or trimer complexes
of the various tautomers. In this manner, the agreement between the theoretically calculated and the experimentally
determined tautomeric equilibria was improved significantly. The theoretically calculated '*C chemical shifts of the
tautomers were found to be viable for the assignment of the tautomers, particularly the preferred tautomer in the OH/
NH equilibrium, which remains fast on the NMR time scale even at low temperatures. Copyright © 2001 John Wiley
& Sons, Ltd.

Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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INTRODUCTION

The study and quantitative evaluation of prototropic
tautomerism in heterocyclic compounds, which continues
to be of primary interest for both the reactivity and the
reaction pathway taken by these compounds, can only be
properly understood if the contributions of all possible
tautomers to the equilibrium are effectively quantified as
opposed to simply assessing the likely, preferred
tautomeric structure. The implications of this type of
work can have immense value, for example, for
biological systems where the tautomeric form of the
nucleic acid bases is determinate for base pairing, which
then consequently determines the frequency of muta-
tions.

The prototropic tautomerism in 4-alkyloxy- and 4-
alkylthio-1-phenyl-3-methyl-pyrazolin-5-ones,’  4-ben-
zoyl- and 4-cinnamoyl-1,3-dimethyl-pyrazolin-5-ones,>
various rubazoic acid derivatives® and 1-phenyl-3-
methyl-4- (1-phenyl-3-methyl-pyrazolin-5-yl)-3-pyrazo-
lin-5-one”* were all studied in various solvents. In the case

*Correspondence to: E. Kleinpeter, Institut fiir Organische Chemie
und Strukturanalytik, Universitidt Potsdam, P.O. Box 60 15 53, D-
14415, Potsdam, Germany.
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of fast equilibria, estimations of the equilibrium position
were based on reference compounds® or on solid-state
cross-polarization and magic angle spinning (CP-MAS)
NMR measurements'~ supported initially by force field"
or semi-empirical quantum-chemical calculations.?~"°
These have been reviewed by Katritzky er al.” Subse-
quently, the more sophisticated methods of ab initio
molecular orbital (MO) theory were employed. For
example, the tautomerism of 3-hydroxy-pyrazole has
been studied by high-level ab initio quantum mechanical
methods in both the gas phase and in aqueous solution,
where the NH tautomer was indicated to be more stable
than the OH tautomer.® The result compared favourably
with experiment in the gas phase,9 but not so in aqueous
solution."” Importantly, N-substituted pyrazoles,11 3-
nitropyrazole'? and 5-ethoxycarbonyl-3-hydroxy-pyra-
zole' were also calculated using ab initio methods in
the gas phase and included electron correlation. The
preferred tautomer implicated in each case was that
which was also found experimentally both in the solid
state by CP-MAS NMR and also in solution.

The prototropic tautomerism of both 1-phenyl-3-
methyl-pyrazolin-5-one (1) and its 4-methyl derivative
(2) has been extensively studied in the gas phase, in
solution and in the solid state.'*'® Depending on the
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Scheme 2. The structures of the seven compounds
comprising this tautomeric study

solution, the three possible tautomers, the CH form 1,2a,
the OH form 1,2b and the NH form 1,2¢ (see Scheme 1),
can all be found. The rate of interconversion between the
CH tautomer 1,2a and the other two tautomers, 1,2b and
1,2¢, is sufficiently slow on the NMR time scale for
separate sets of signals to be observable whereas the rate
of interconversion between the NH and the OH forms,
1,2b and 1,2¢, was found to be too fast on the NMR time
scale and only averaged signals are observed, even at low
temperatures.'’>* In CDCl; solution, it is the tautomer
2a that dominates,'*"® but in dg-DMSO the preference
shifts towards the equilibrium 2b = 2¢. The position of
the equilibrium 2b = 2c¢, though, could only be estimated
by the use of reference compounds.'*"?

Since it is not possible currently to freeze out the NH/
OH tautomeric equilibrium in 1,2b and 1,2¢, a high-level
ab initio MO study on the tautomerism in 1 and 2 and a
number of other 4-substituted 1-phenyl-3-methyl-pyra-
zolin-4-ones (3-7, see Scheme 2) was thus warranted to
validate the previous estimations. Moreover, the tauto-
meric equilibrium was modelled in solution to enable
direct comparison with the results from NMR measure-
ments; to this effect, it was required to include the
influence of the solvent in the calculations, and efforts
were also made to model intermolecular interactions
between the tautomers and the solvent molecules. Herein,
the results of this ab initio study, together with the '°C
NMR results, are reported.

RESULTS AND DISCUSSION

Ab initio calculation of the tautomeric equilibria
in 1-7 at various levels of theory

Since the tautomeric equilibria of both 1 and 2 have been
extensively studied experimentally in various solvents,

Copyright © 2001 John Wiley & Sons, Ltd.

the energies of the tautomers for these two compounds
were calculated using ab initio methods at different levels
of theory—HF/6-31G*, HF/6-31G**, HF/6-311G**, HF/
6-311 + G**, MP2/6-31G****—including the density
functional theory (DFT) approach at level B3LYP/6-
311G**3 (these latter two included the effect of electron
correlation), in order to evaluate the most appropriate
methodology for the additional compounds (3-7).
Thermodynamic corrections were also incorporated in
these computations. The results of these calculations are
presented in Table 1, including both the relative total
energies of the tautomers and the torsion angles between
the planes of the pyrazolin-5-one ring and the N-phenyl
ring. The torsion angle was calculated to provide an
indication of the level of conjugation in the compounds
and the influence of the substituent at position 4 on one
characteristic structural property. Based on these calcula-
tions, the following points for further calculations on the
other 4-substituted 1-phenyl-3-methyl-pyrazolidin-5-
ones 3-7 are noted.

(i) Both zero-point vibration and thermodynamic cor-
rections have only a negligible effect on determining
the relative stability of the various tautomers, and
they are essentially independent of the level of

computation:
comp. 1 a b c
(HF/6-31G*/kcal mol ") (100.06) (100.82) (101.28)
comp. 1 a b c

(B3LYP/6-311G**/kcal mol ") (90.98) (91.28) (91.48)

(i) The application of polarization functions for the
hydrogen atoms (particularly with regard to hydro-
gen bonding) stabilizes the OH tautomers by ca
3kcalmol ' and the NH tautomers by ca
1.5 kcal mol ! in comparison with the CH tautomer.

(iii) The largest variation in the relative total energies of
the tautomers was obtained after inclusion of
electron correlation; the OH tautomer was stabilized
by 4.7-7.3 kcal mol ™! and the CH tautomer by 0-
2.2 kcal mol ! in comparison with the NH tautomer.
Both the m-electron excess character of the five-
membered heterocyclic ring and the extended
conjugation along the entire mesomeric system of
the 3,4-disubstituted 1-phenyl-pyrazolin-5-one were
responsible for this result.

(iv) For the various calculations, different starting
structures for the tautomers were utilized and,
independent of the applied level of theory, the same
global energy minimum structure was arrived at in
each case. Thus, for finding the global minima of the
tautomers, even the lowest level of computation was
sufficiently adequate.

Thus, computations at levels of HF/6-31G*, MP2/6-
31G** and DFT at level B3LYP/6-311G** were
employed to study the tautomerism of 3-7; the relative
energies and the corresponding torsion angles are also
presented in Table 1. (The positions of the tautomeric
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Table 1. Relative energies and torsion angles between the planes of the pyrazolinone ring and the N-phenyl ring for the
tautomeric forms of the 4-substituted 1-phenyl-3-methyl-pyrazolin-5-ones 1-7

CH form OH form NH form

Rel. energy Torsion angle Rel. energy Torsion angle Rel. energy Torsion angle
Molecule/method (kcal mol™") (deg) (kcal mol™") (deg) (kcal mol ™) (deg)
1° 4-H
HF/6-31G* 0.0 - 12.0 - 8.6 -
HF/6-31G*[G"] 0.0 - 12.7 - 9.8 -
HF/6-31G** 0.0 - 8.6 - 7.2 -
HF/6-311G** 0.0 - 8.2 - 6.4 -
HF6-311 + G** 0.0 - 8.1 - 6.1 -
B3LYP/6-311 + G** 0.0 - 6.9 - 54 -
B3LYP/6-311 4+ G**[G"] 0.0 0.0 7.2 22.4 5.9 8.3
MP2/6-31G** 0.0 7.1 4.1 32.9 8.5 9.5
2° 4-CH;3
HF/6-31G* 0.0 - 11.6 - 6.5 -
HF/6-31G*[G"] 0.0 - 11.5 - 6.9 -
HF/6-31G** 0.0 - 8.5 - 5.1 -
HF/6-311G** 0.0 - 8.6 - 4.6 -
HF/6-311 + G** 0.0 - 8.6 - 4.6 -
B3LYP/6-311 + G** 0.0 0.7 5.9 31.1 3.0 8.0
MP2/6-31G** 0.0 54 3.1 34.0 6.3 8.5
3" 4-Br
HF/6-31G* 0.0 - 7.6 - 7.4 -
B3LYP/6-311 + G** 0.0 7.1 2.5 25.1 35 12.6
MP2/6-31G** 0.0 17.0 0.3 323 7.1 11.4
4° 4-NO,
HF/6-31G* 7.3 - 0.0 - 11.3 -
B3LYP/6-311 + G** 11.5 8.4 0.0 23.4 12.0 17.0
MP2/6-31G** 10.2 19.6 0.0 32.1 16.5 14.4
5° 4-SCN
HF/6-31G* 0.0 - 1.1 - 24 -
B3LYP/6-311 + G** 1.7 5.1 0.0 28.8 2.0 14.0
MP26-31G** 33 19.8 0.0 34.1 7.5 13.2
6 4-CO—CH;
HF/6-31G* 7.3 - 0.0 - 6.8 -
B3LYP/6-311 + G** 10.3 1.8 0.0 16.5 7.7 14.4
MP2/6-31G** 10.3 15.4 0.0 29.2 12.7 12.6
7° 4-NH—CO—CH;
HF/6-31G* 0.0 - 4.5 - 4.6 -
B3LYP/6-311 + G** 39 0.4 0.0 22.5 3.1 10.6
MP2/6-31G** 5.9 8.5 0.0 31.6 33 10.0

? In dg-DMSO: OH form (major); CH form (minor); in CDCl3: CH form (major), NH form (minor)."®
® In dg-DMSO: OH form (preferred?; in CDCl;: CH form (major), NH form (minor)."®

¢ In de-DMSO: OH form preferred.'

9 In both dg-DMSO and CDCl; the OH form is preﬁ=,rre:d.26'27

equilibria in 1-7 are also provided, as determined
experimentally by NMR in various solvents.'*-*%%")
The calculated relative stability of the tautomers
proved to be dependent on the substituent located in
position 4. Only in the case of 4 and 6 was the OH form,
4,6b, found to be the most stable tautomer, in agreement
with experiment; the presence of intramolecular hydro-
gen bonding between the 4-substituent and the OH
stabilizes 4,6b sufficiently that even rudimentary calcula-
tion at the HF/6-31G* level indicated this correctly. Upon
including electron correlation (MP2/6-31G** or B3LYP/
6-311G** level), the OH tautomer was also calculated to

Copyright © 2001 John Wiley & Sons, Ltd.

be the most stable tautomer for both 5 and 7 (as is found
experimentally in solution); calculation at the HF/6-31G*
level provided the corresponding CH analogue as the
most stable tautomer for 5 and 7. Finally, in 1-3 the CH
tautomer was calculated to be the preferred tautomer in
the tautomeric equilibria; this is in line for 1 in CDCI;
solution, but is in contrast to what is found for both 2 and
3 in solution. In 2 and 3, when including electron
correlation, the OH form was also indicated to be more
stable than the NH form. This, too, is in disagreement
with NMR measurements, although the NMR results are
equivocal'®?*?’ because they are estimations based on
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reference compounds. This equilibrium between the OH
and NH forms is fast on the NMR timescale, even at low
temperatures, and, therefore, it was decided to study in
more detail theoretically both the influence of the solvent
on the tautomeric equilibria and the influence of inter-
molecular hydrogen bonding between the tautomer and
the solvent or between various OH/NH tautomers.
Previously, Dardonville et al.*' had found the CH form
of 1-(2',4'-dinitrophenyl)-3-methyl-2-pyrazolin-5-one to
be the most stable tautomer at all levels of theory,
although all three tautomers could be detected in solution
and the proportion of the CH form varied according to the
solvent.

The geometry of the pyrazolinone ring was indicated
to be planar in both the CH and the OH tautomers; in the
NH tautomer N-2 was determined to be slightly
pyramidal. The highest torsion angle between the two
ring moieties was calculated for the OH tautomer in every
case (17-34°), with the torsion angles in the NH and CH
tautomers always much smaller and generally compar-
able to one another. It can be inferred, though, that with
only slight angles present in all cases, a considerable
degree of conjugation between the two ring systems is
always in existence.

As an experimental probe for assessing the degree of
interannular conjugation for pyrazolinones in solution,
Begtrup28 utilized the chemical shift of the phenyl ortho
carbon and its difference to the chemical shift of the meta
carbon. When full conjugation is in effect, the chemical
shift of the ortho carbon lies in the restricted range of
118.5-118.8 ppm and the chemical shift difference from
the meta carbon (Aé,,_,) is equal to 10.5 ppm. Deshield-
ing of the ortho carbon and consequent reduction in A§,,_
o results from increasing degrees of twist between the
ring planes. From literature values available for the
carbon chemical shifts, the degrees of twist as indicated
by the ab initio calculations here are substantiated. In
fact, for 3 the 13C NMR spectra of all three tautomers are
known and the results (for the CH form, 6, = 118.9 ppm,
Abyo=9.3ppm; NH form, 6,=120.6 ppm, Ab,_,=
8.4 ppm; OH form, 6,=121.2 ppm, Ad,,_,=7.7 ppm)
are in complete agreement with the theoretically
calculated twist angles. In other cases also where more
than one tautomer is present in the tautomeric equili-
brium, the calculated results are corroborated by the '*C
chemical shift parameters.'”

Ab initio calculation of the tautomeric equilibria
of 1-7 including solvent effects

Since the tautomeric equilibrium of the 1-phenyl-
pyrazolin-5-ones is dependent on the solvent, the
temperature and the concentration, it is quite evident
that intermolecular interactions between the tautomers
themselves and/or with the solvent are in effect, and most
probably these interactions are of a hydrogen bonding

Copyright © 2001 John Wiley & Sons, Ltd.

nature.'*?* The interactions with the solvent can readily
be taken into consideration in these computations by
including the self-consistent reaction field (SCRF) tech-
nique into the ab initio calculations.”*=° In this technique
the solvent is considered as a polar continuum on the
surfaces of the tautomers and specific interactions
between the solute tautomers and the solvent molecules
are not calculated, i.e. for hydrogen bonding only the
electrostatic portion is evaluated whilst charge transfer is
neglected. A number of test calculations were performed
on compound 1 to assess an appropriate methodology to
use, and because similar volumes for the tautomers were
obtained from isoelectron densities at the HF/6-31G*
level and only minor changes in bond lengths (<0.2 A)
were found along the solution calculations, single-point
HF/6-31G* calculations employing the self-consistent
isodensity polarized continuum model (SCIPCM)7 were
conducted on 1-7 for each of the three tautomeric forms.
The relative energies of the tautomers and the solvation
energies are presented in Table 2.

The NH tautomers were indicated to have the largest
solvation energies, whereas those of CH and OH forms
were generally quite comparable. The solvation energies
in DMSO, as expected, are larger in comparison with
chloroform, although the general sequence of stabiliza-
tion was not altered. Owing to the stronger solvation of
the NH form with respect to CH and OH forms, the
experimentally observed sequence of the tautomers in 1-
3 in chloroform (see Table 1) is now correctly predicted
by these calculations. However, in DMSO the same
sequence was again predicted, which is in disagreement
with experiment. The tautomeric preference for com-
pounds 4 and 6, the OH tautomer, is again correctly
indicated. However, the correct order of the tautomeric
preference for 5 and 7—as obtained when including
electron correlation but not solvent interactions—cannot
be reproduced with these SCIPCM-HF/6-31G* calcula-
tions. For § and 7 the NH and CH tautomers respectively
are indicated as the preferred tautomers, both of which
are in disagreement with the NMR results.

This inconsistency, especially the stabilization of the
OH tautomer (by experiment) with respect to the NH
tautomer in 5, induced us to consider further influences
that must be stabilizing the OH tautomer and which have
not been sufficiently incorporated into the SCIPCM-HF/
6-31G* calculations. Thus, 1:1 adducts comprised of
tautomer and solvent were calculated in order to simulate
the influence of potential intermolecular hydrogen bonds
between the NH or OH groups and the DMSO molecules,
in the respective tautomers. Of course, similar hydrogen
bonds cannot be present in the CH tautomers and
significant changes to the resultant relative energies were
anticipated. The results of various calculations performed
on 1 are presented in Table 3. To properly assess the

1T. A. Keith, J. B. Foresman and M. J. Frisch SCIPCM algorithm by,
part of the GAUSSIAN 94 package, see Ref. 31.
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Table 2. Relative energies of the tautomers of 1-7 and the corresponding solvation energies of CHCl3 (¢ =4.81) and DMSO

(e =46.7) calculated using the SCIPCM-HF/6-31G* method

CH form OH form NH form

Rel. energy Solv. energy Rel. energy Solv. energy Rel. energy Solv. energy
Molecule (kcal mol™ 1) (kcal mol™1) (kcal mol™1)
14-H
CHCl, 0.0 —-4.9 11.5 —54 7.0 —6.6
DMSO 0.0 —6.9 10.9 -7.9 6.2 -93
2 4-CH;
CHCI, 0.0 —4.5 11.5 —4.6 53 =5.7
DMSO 0.0 —6.4 11.1 -7.0 4.7 —8.2
34-Br
CHCl; 0.0 —4.6 8.2 —4.1 52 —6.8
DMSO 0.0 —6.7 8.6 -5.7 4.7 -9.8
4 4-NO,
CHCl,4 6.2 —6.2 0.0 —5.1 54 —11.1
DMSO 5.7 —8.8 0.0 -7.3 2.7 —-159
5 4-SCN
CHCI, 0.4 —6.7 1.8 —6.3 0.0 -9.5
DMSO 1.5 -9.6 3.1 -9.0 0.0 —13.5
6 4-COCH;
CHCl; 6.1 —5.4 0.0 —4.3 3.6 —7.4
DMSO 55 —7.8 0.0 —6.1 2.2 —10.7
7 4-NHCOCH;
CHCl; 0.0 —6.7 4.7 —6.4 3.5 —7.8
DMSO 0.0 -9.6 4.7 -94 32 —11.0

adducts, different positions of DMSO with respect to 1a—
¢ were selected and subjected to computation. Several
different local minima were found, and the most stable
ones (obtained from MP2/6-31G** calculations) are
depicted in Fig. 1. At this level (MP2/6-31G**, i.e.
including electron correlation), the experimentally ob-
served tautomeric equilibrium is correctly calculated.
Quite obviously, hydrogen bonding is the preponderant
intermolecular interaction in the tautomeric equilibria;
however, intermolecular hydrogen bonds can also exist
between OH tautomers or NH tautomers or a mix of the
two, and this too can effect the position of the tautomeric
equilibria. Adducts comprised solely of solute molecules
based on hydrogen bonding are experimentally implied

Table 3. Relative energies of the tautomers of 1 (4-H) as a
1:1 adduct with DMSO at various levels of theory (HF/MP2)
and the solvent regarded as an SCRF (CDCls, €=4.81;
DMSO, € =46.7). All calculations were obtained by applying
the 6-31G** basis set

Rel. energy (kcal mol ')

Method CH form OH form NH form
HF/6-31G** 0.0 2.3 3.1
MP2/6-31G** 2.3 0.0 3.8
SCIPCM/4.81; HF6-31G** 0.0 5.0 3.1
SCIPCM/46.7; HF6-31G** 0.0 4.8 2.6

Copyright © 2001 John Wiley & Sons, Ltd.

by the concentration and temperature dependence of the
tautomeric equilibria being maintained even in chloro-
form solution. Indeed, intermolecular hydrogen bonding
has been reported previously for the pyrazolinones in the
solid state'*?° and high-level ab initio calculations have
been performed on the pyrazole cyclic dimer, trimer and
tetramers in order to simulate intermolecular hydrogen
bonding. The results were found to compare favourably>>
with experimental data from X-ray crystallography and
solid-state NMR. Thus, in solution also, the pyrazoli-
nones 1-7 should still be able to permeate intermolecular
hydrogen bonds, resulting in significant stabilization of
the corresponding tautomeric form(s).

As previously, adducts of various starting geometries
were selected for la—c and calculations initially
performed using the smaller basis set 3-21G, the
structures thus obtained were then further optimized
using the advanced basis set 6-31G**. Depicted in Figs 2
and 3 respectively are the most stable dimers and trimers
of 1a—c, and presented in Table 4 are the corresponding
stabilization energies. The results obtained are in line
with experiment, and although intermolecular hydrogen
bonding is possible only between the OH and the NH
tautomers, stabilization upon agglomeration also occurs
to some degree, albeit far less in magnitude by compari-
son, for the CH tautomer. The OH tautomer is somewhat
more effective than the NH form by comparable amounts
for both the formation of dimers and of trimers, by

J. Phys. Org. Chem. 2001; 14: 566-576
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1c

Figure 1. Adducts of 1a—c with one solvent molecule,
DMSO, as obtained by ab initio calculations at the MP2/6-
31G** level (orthographic view)

1.6 kcal mol " and 1.7 kcal mol ™" respectively. In addi-
tion, the basis set superposition error (BSSE) was
calculated for correcting the intermolecular interaction
energies (AE) between the dimers and trimers, and, as

Copyright © 2001 John Wiley & Sons, Ltd.

le

Figure 2. Dimeric structures of tautomers 1a—c

J. Phys. Org. Chem. 2001; 14: 566-576
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lc

Figure 3. Trimeric structures of tautomers 1a-c

expected, smaller BSSE values were obtained with the
more sophisticated basis set 6-31G**.

The interaction energies calculated for the dimers and
trimers describe much better the experimental tautomeric
equilibria than all of the aforementioned high-level ab
initio calculations at the same level of theory. However,
significant improvements were also made by high-level
ab initio calculations including electron correlation and
by considering interactions of the solute with the solvent;
thus, only by incorporating all of these aspects together,
i.e. adducts comprised of dimers or trimers together with
interactions with solvent (e.g. DMSO) at a level
including electron correlation, would it be possible to
quantify the tautomeric equilibria of pyrazolinones in
solution accurately. These calculations, unfortunately,
cannot presently be realized with the available equip-
ment.

Copyright © 2001 John Wiley & Sons, Ltd.

Calculation of the '>C chemical shifts of the
carbon atoms of 1-7 using the GIAO method

Whilst evaluating the energetics of the tautomeric
equilibria of 1-7, the corresponding '*C chemical shifts
of all carbon nuclei were calculated using the gauge-
including atomic orbital (GIAO) perturbation method,
which is incorporated as part of the GAUSSIAN 98
program. The resultant '*C NMR spectra of the different
tautomers were compared with the experimental spectra
and the positions of the tautomeric equilibria assessed
accordingly. This is straightforward for the CH tautomer
because C-4 is sp” hybridized and exchange with the NH
and OH tautomer is slow on the NMR timescale. For the
equilibrium between the NH and OH tautomers, the rate
of exchange is fast on the NMR timescale even at low
temperatures, and comparison of the weighted average of

J. Phys. Org. Chem. 2001; 14: 566-576
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Table 4. Total energies (in a.u.) and stabilization energies of the tautomers AE/BSSE (in kcal mol~") of 1a—c due to the formation

of dimers or trimers

Tautomers/Method Monomer Dimer Trimer AEpimer  BSSEpimer  AEtrimer  BSSEtrimer
la

HF/3-21G —565.0773 —1130.1683 —1695.2563 -3.1 6.3 -53 11.6
HF/6-31G** —568.2729 —1136.5540 —1704.8337 -3.0 2.3 —5.8 4.1

1b

HF/3-21G —565.0638 —1130.1535 —1695.2467 —11.9 6.3 —25.7 13.2
HF/6-31G** —568.2592 —1136.5338 —1704.8120 -9.3 2.0 —21.8 4.9

1c

HF/3-21G —565.0697 —1130.1613 —1695.2561 —8.8 6.4 —20.1 13.0
HF/6-31G** —568.2614 —1136.5370 —1704.8220 =7.7 2.0 —20.1 5.9

the NH and OH chemical shifts with those of the single
tautomers was required for an indication of the position
of the NH/OH equilibrium. '*N and '*C chemical shifts
of the tautomers of some six- and five-membered
heterocyclic compounds have been calculated by the
same method and used as additional proof for the
predominant tautomers.>>** The 'H chemical shifts were
not included in the present estimations because the
chemical shift range of 'H is small in comparison with
the '>C nucleus, and the solvent often has a direct and
dramatic influence on the "H chemical shifts.

Likewise, employing all of the methods evaluated for
consideration of the influence of the solvent 1 was used as
a test case and the '*C chemical shifts of the pyrazolinone
carbon atoms were calculated. Both the experimental and
the calculated '’C chemical shifts, together with the

corresponding deviations (Ad/% and the sum of the
deviations for C-3—C-5 as Aé%) are presented in Table 5.
At the HF/6-31G** level of theory, the deviations of the
theoretical chemical shift values from experimental are
comparable in the three tautomers and could not be
reduced sufficiently by the inclusion of electron correla-
tion, solvent interactions or agglomeration. On this basis,
calculation at the HF/6-31G** level was deemed
appropriate and the '*C NMR spectra of 2-7 were
calculated. The experimental and theoretical '>C chemi-
cal shifts of the OH/NH forms of the pyrazolin-5-ones
1-7 are compared graphically in Figs 4-6.

The CH tautomer is easily identifiable by the high-field
position of C-4, and this is in contrast to the correspond-
ing carbon in the NH/OH tautomers, which appears at
much lower field. C-5 and C-3 in the CH tautomer are

Table 5. Experimental and theoretical ">C chemical shifts of the tautomers of 1 together with the deviation for each carbon

atom (A8) and the sum of all three deviations (A&?)

6 (ppm) Ab (%)

Method C3 C4 C5 C3 C4 C5 Sum (A&
1a, experimental 156.4 43.0 170.5

Monomer 1a HF 150.7 38.9 166.2 -3.6 -9.5 -2.5 110.6
Monomer 1a B3LYP 161.8 46.5 174.4 3.5 8.1 2.3 83.4
Monomer 1a MP2 140.2 40.5 158.3 —10.4 -5.8 7.2 192.3
Monomer/DMSO 1a 154.6 39.3 170.3 —-1.2 —8.6 -0.1 75.4
Dimer 1a 154.2 37.6 166.9 —-14 —12.6 2.1 164.1
Trimer 1a 157.1 39.7 170.6 0.4 7.7 0.1 59.1
1b, experimental 148.5 89.0 155.2

Monomer 1b HF 149.0 78.5 148.4 0.3 —11.8 —4.4 158.5
Monomer 1b B3LYP 1554 91.1 158.9 4.6 2.4 2.4 32.8
Monomer 1b MP2 132.0 83.8 139.2 —11.1 —-5.8 —-10.3 263.9
Monomer/DMSO 1b 149.9 78.1 150.4 0.9 —12.2 -3.1 160.4
Dimer 1b 157.1 78.8 153.7 5.8 —11.5 -1.0 165.8
Trimer 1b 154.7 78.0 153.7 4.2 —-124 -1.0 171.1
1c¢, experimental 148.6 92.3 160.4

Monomer 1¢ HF 156.8 100.8 162.5 5.5 9.2 1.3 117.0
Monomer 1¢ B3LYP 159.8 110.4 168.4 7.5 19.6 5.0 466.2
Monomer 1¢ MP2 140.1 99.7 153.3 -5.7 8.0 —4.4 116.6
Monomer/DMSO 1¢ 160.8 96.4 164.0 8.2 4.4 2.2 92.2
Dimer 1c¢ 158.8 97.2 167.2 6.9 5.3 4.2 93.3
Trimer 1c 163.9 95.1 166.9 10.3 3.0 4.1 131.6

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 5. Experimental 'C chemical shifts of the tautomers
of 4 and 6 compared with the theoretically calculated shift
values for fast NH/OH tautomeric interconversion
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Figure 4. Experimental '3C chemical shifts of the tautomers
of 1-3 compared with the theoretically calculated shift
values for fast NH/OH tautomeric interconversion

both positioned to lower field with respect to their
counterparts in the NH/OH tautomers, which is correctly
calculated at all levels of theory and within each of the
various methods there is no overlap. The situation
becomes problematic in the case of the NH/OH
tautomers, as the chemical shifts of C-3 are very similar
in the two tautomers; however, the correct order of C-4 in
the two tautomers (to lower field in the NH tautomer) was
correctly predicted in the theoretical analysis. Finally, the
chemical shift of C-5 in the two tautomers (also to lower
field in the NH tautomer) is also correctly calculated at all
levels of theory. This latter result was most encouraging
for calculating the '>*C NMR spectra of the tautomers of
the other pyrazolinones 2-7 and in attempting to use the
chemical shifts for estimating the position of the NH/OH

Copyright © 2001 John Wiley & Sons, Ltd.
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Figure 6. Experimental 'C chemical shifts of the tautomers
of 5 and 7 compared with the theoretically calculated shift
values for fast NH/OH tautomeric interconversion
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equilibrium, since it was fast on the NMR time scale for
all of the compounds 1-7.

One disappointing result was the lack of improvement
in accuracy for the '*C chemical shifts of the OH tautomer
1b if either the solvent or other intermolecular interac-
tions were included in the calculations. Theoretically, this
simulation stabilized the OH tautomer with respect to the
CH and NH tautomers decisively and, for the first time,
reproduced the tautomerism of 1-7 correctly (vide supra).
Evidently, more advanced levels of theory, at least for the
case of calculating 13C chemical shifts, do not necessarily
improve the quality of the result; this observation has
been made previously when employing calculated '*C
chemical shifts for other phenomena (rotational twist,
intramolecular hydrogen bonding) that are also fast on the
NMR time scale.?-°

The agreement between the observed and the calcu-
lated shifts for the CH tautomers of 1-3 is excellent, and
since the assignment is unequivocal the shifts are not
represented in Fig. 4. For 1 (and also 2) all three
tautomers have been found in solution and the '°C
chemical shifts assigned; the agreement with the
calculated results is satisfactory. For 2, the calculated
chemical shifts for the OH form were shown to deviate
significantly from the experimental shifts; the chemical
shifts for the NH form, however, were found to be in
excellent agreement with the experimental shifts. For 3,
in addition to the CH tautomer, the NH tautomer has also
been identified by 'H NMR and IR spectroscopy to be
present in CDCl; solution.’’”® The observed '*C
chemical shifts, however, are in much better agreement
with the chemical shifts calculated for the OH tautomer,
and it may be concluded that for 3 also, as for all the other
pyrazolin-5-ones substituted with a polar substituent in
position 4, it is the OH tautomer that is the preferred
second tautomer after the CH form.

Figure 5 depicts the observed and calculated shifts for
4 and 6. In these two compounds, there are strong
intramolecular hydrogen bonds involved that confer
overwhelming predominance to the OH tautomer (vide
supra). The agreement between experimental and
theoretically calculated '>C chemical shifts is good, in
particular for C-3. However, since the experimental B¢
chemical shifts of the pyrazolin-5-one carbon atoms lie in
between the calculated values obtained for the OH and
the NH tautomer, a significant though minor proportion
of the NH tautomer”’ can be inferred.

Finally, in Fig. 6 the experimental and theoretically
calculated '*C chemical shifts for 5 and 7 are compared.
As for 4 and 6, the experimental 13C chemical shifts lie in
between the calculated values for the NH and OH
tautomers, and it can be concluded that fast exchange in
the OH/NH tautomeric equilibria, which is again strongly
biased towards the OH tautomer, is in effect. The strong
bias is based on the much closer alignment of the
experimental chemical shifts to the calculated chemical
shifts for the OH tautomer. Equilibrium constants can

Copyright © 2001 John Wiley & Sons, Ltd.

obviously be calculated from these results, but the margin
of error in these measurements at this stage does not
warrant such evaluation.

Conclusions

It is possible to calculate correctly the position of the
tautomeric equilibria of 4-substituted 1-phenyl-3-methyl-
pyrazolin-5-ones employing ab initio methods. Consid-
ering either the effect of the solvent or intermolecular
interactions between the tautomers themselves or with
DMSO (as the solvent) improves the results considerably.
From global minimum structures of the tautomers
obtained by application of the GIAO perturbation theory,
the '>*C NMR spectra of the tautomers could also be
sufficiently calculated and compared with the experi-
mentally obtained chemical shift values. The '*C
chemical shifts of the CH tautomers, observable in the
3C NMR spectra, were calculated and found to be in
excellent agreement with the experimental chemical
shifts. For the tautomeric equilibria between the OH and
NH tautomers, which is fast on the NMR time scale, only
weighted averages of the '*C chemical shifts for the two
participating tautomers can be measured. For the non-
substituted, 4-methyl- and 4-bromo-1-phenyl-3-methyl-
pyrazolin-5-ones (1-3), the experimental tautomeric
equilibria could be readily confirmed. For the 1-phenyl-
3-methyl-pyrazolin-5-ones substituted with polar sub-
stituents in position 4 (4-7) the preferred OH tautomers
could also be readily identified; however, owing to the
inherent margin of error, minor proportions of the NH
tautomer contributing to the equilibrium cannot be
excluded.

EXPERIMENTAL

Total molecular energies of the tautomers were calcu-
lated using ab initio theory by employing the GAUS-
SIAN 98/94 series of programs.®' Different levels of
theory were applied, namely HF/6-31G*, HF/6-31G**,
HF/6-311G**, HF/6-311+G**** and MP2/6-31G****
together with DFT at level B3LYP/6-311+G*** (these
latter two were used to account for the effect of electron
correlation). The NMR chemical shifts were calculated
using the GIAO method™ as the difference of the carbon
chemical shifts from a reference compound. The GIAO
method is implemented in the GAUSSIAN 98/94 series
of programs.’' The "*C chemical shifts of the tautomers
of 1-7 were calculated with the 6-31G** basis set at the
HF level of theory. For valid comparison, the chemical
shift of the reference compound (tetramethyl silane) was
carried out at the same level of theory as the tautomers.
The quantum-chemical calculations were processed on
SGI OCTANE (2 x R 12000) and SGI ORIGIN (32 x R
12/10000) computers.
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