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/ABSTRACT

The tautomerism, intramolecular proton transfer and solvent effect of 3-methyl-1-phenyl-
pyrazol-5(4H)-one have been investigated using B3LYP/6-31G* and B3LYP/6-311+G** level of
theory. The solvent effects have been simulated using the self consistent reaction field (SCRF)
method within the framework of the polarizable continuum model (PCM). The obtained results
showed that among three possible tautomeric forms, the noted CH form is predominant in gas
phase and solution while the OH form seems to be the less stable. The calculated equilibrium
constants and molar fractions showed that the NH form is more stabilized in solution than CH
and OH forms. Results of the global reactivity descriptor give the CH form more electrophilic
than the two considered tautomeric forms in gas phase and in solution. In addition we note that
the barrier height of the proton transfer reaction and dipole moments grow with the increase of

the solvent polarity.
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1. INTRODUCTION

The tautomerism of heterocycles, including
important biological compounds in particular, is
great of importance in many areas of chemistry
and biochemistry. Knowledge of the relative
stabilities of tautomeric forms of heterocycle as
well as  the conversion from one tautomeric
form to another is important from the point of
view of structural chemistry and biological
activity. In addition, knowing how the
tautomerization energies change in different
environments, it can give an insight into the
influence of solvent effects on molecular
stability? 2, As a continuation of previous studies
on tautomerism of the structure of biologically
important heterocycles?4, we now report on
tautomerism of N-substituted pyrazolones in gas
phase and in solution. Pyrazolones contain a five
membered ring with two nitrogen atoms in it.
The tautomerism of N-unsubstituted and N-
substituted pyrazolones is an old problem and
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has been the subject of a considerable number of
studiess-11. It is well known that a solvent affects
considerably the tautomeric equilibrium of
pyrazolones'z14, In nonpolar solvents these
compounds exist mainly in CH-form while in
polar solvents or capable to form H-complexes
they are present almost exclusively in NH or OH
tautomeric forms (or both simultaneously). In
this work, we have investigated the molecular
structures, the tautomeric equilibria and the
proton transfer in N- substituted pyrazolone by
using density functional theory (DFT) and the
solvent effect has been discussed. To estimate
the influence of polar environment, two solvents
of different dielectric constants ethanol ( e=24)
and water (¢=78) were considered in our study.
The structures for the titled compound are
shown in figure 1. In this work we have adapted
the following notation: CH form (3-methyl-1-
phenyl-1H-pyrazol-5(4H)-one), OH form (3-
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methyl-1-phenyl-1H-pyrazol-5-ol) and NH form
(5-methyl-2-phenyl-1,2-dihydropyrazol-3-one).

2. COMPUTATIONAL DETAILS

All the reported calculations were performed
with the Gaussian 03 program?2s, Full geometry
optimisations were carried out using the Becke’s
three parameter-hybrid (B3LYP)16. 17 in the DFT
method with 6-31G* and 6-311+G** basis set,
both in the gas phase and solvent. The
stationary structures are confirmed by
ascertaining that all ground states have only real
frequencies and transition state have only one
imaginary frequency. To estimate the solvent
effect on the relative stabilities of the species,
the polarized continuum model (PCM)18 19 as
implemented in the Gaussian 03 suite of
programs was applied. Furthermore, the natural
bond orbital analysis (NBO) was carried out
using optimized geometries of the tautomers in
gas phase and in solution.

3. RESULTS AND DISCUSSION

3.1 Stability

Solvents effects are relevant in tautomer
phenomena, since polarity differences among
the tautomers can induce significant changes in
their relative energies in solution. It is important
to stress that the PCM model does not consider
the presence of explicit solvent molecules, hence
specific solute-solvent interactions are not
described and the calculated salvation effects
arises only from mutual solute-solvent
electrostatic polarization. The total energies for
the tautomers in gas phase and in solution are
collected in table 1.

Our results showed the higher stability of the CH
form of pyrazolone as compared to the other
two forms in gas phase as well as in solution,
which confirm the results of previous studies on
compounds of the same class20 21, however the
OH form seems to be the less stable in all
considered case. Calculations by B3LYP/6-31G*
in gas phase indicate that CH form is preferred
than OH and NH forms by 10.35 Kcal/mol and
7.84 Kcal/mol respectively. In solution, with the
same level of theory the CH-OH energy
difference increase, it is equal to 11.23 Kcal/mol
and 11.29 Kcal/mol in ethanol and water
respectively. On the contrary, the CH-NH energy
difference decreases considerably going from
gas phase to solution. This energy difference is
equal to 1.31 Kcal/mol in ethanol and 1.19
Kcal/mol in water. Moreover, our results show
that the stability of all the tautomeric forms
increase going from gas phase to solution and
with the increase of solvent polarity. The CH
form is stabilized by 6.83 Kcal/mol and 7.15
Kcal/mol going from gas phase to ethanol and
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water respectively. In the same order the OH
form and NH form are stabilized by 5.96
Kcal/mol, 6.21 Kcal/mol and 13.36 Kcal/mol,
13.80 Kcal/mol respectively. With extension of
the basis set in B3LYP calculations, CH form
remains the most stable in gas phase and
solution. For the CH-OH and the CH-NH energies
differences, the same tendency is observed.

3.2 Tautomeric equilibria

In order to confirm the predominance of one
tautomeric form to another, we have considered
the three tautomeric equilibria: CH/OH, CH/NH,
OH/NH. The B3LYP/6-311+G** calculated
equilibrium constants (K) and molar fractions in
gas phase and in solution are given in table 2.

As shown in table 2, the obtained results of the
CH/OH equilibrium confirm the predominance
of CH form compared to OH one in gas phase
and in solution. The calculated molar fractions
indicate that this equilibrium is shifted in favour
of the OH form when going from gas phase to
solution and with the increase of solvent
polarity. The molar fraction of CH form decrease
by 541.102 mol/l and 2.21.10'1 mol/l when
going from gas phase to ethanol and water
respectively. On the contrary, the molar fraction
of the OH form enlarges by 5.50.10-2 mol/I and
2.21.10-* mol/I from gas phase to ethanol and to
more polar solvent (water) respectively.
According to the obtained results, the CH/NH
equilibrium is slightly shifted in favour of NH
form when immersed in solvent. This
equilibrium shift is well illustrated by the
lowering of the molar fraction of CH form, which
decease by 7.0.104 mol/l and 5.0.10-3 mol/I
going from gas phase to ethanol and water
respectively; when the NH one enlarge. Results
of equilibrium constants comparison show that
the OH/NH equilibrium is considerably shifted
in favour of NH form in solution. This shift is
represented by the change in the molar fraction
of NH form which becomes larger by 0.12 mol/I
when immersed in solvent.

3.3 Global reactivity descriptors

One of the most important questions connected
with the problem of reactivity of molecules in
different environmental conditions is the
prediction and interpretation of the preferred
direction of a reaction and the product
formation22, The study of molecular interactions
has been a great challenge from the
experimental and theoretical point of viewz23,
Density functional theory based descriptors
have found immense usefulness in the
prediction of reactivity of atoms and molecules
as well as site selectivity24-26, Chemical hardness
(n), chemical potential (i) are known as global



IJPCBS 2013, 3(3), 745-751

reactivity  descriptors. Using Koopmans’
theorem for closed-shell molecules,  and p can
be redefined as:

1 1
UZE(I -A) zE(gl_umo_gHOMQ)

1 1
,U:_E(I +A) zE(5How|o"'5LUMQ)

Where | and A are the ionization potential and
electron affinity of the molecules, respectively.
The HOMO (highest occupied molecular
orbital's) and LUMO (lowest unoccupied
molecular orbital’s) energies are extracted from
the output file. Using i and y, Parr and al.2” have
defined a new quantum chemical descriptor to
quantify the global electrophilic power of the
molecule, known as electrophilicity index (w)
which is defined as:

ot

2n
The B3LYP/6-311+G** calculated global
reactivity descriptors (hardness, chemical

potential and electrophilicity) in a.u. for the
studied tautomeric forms in gas phase and in
solution are listed in table 3.

From table 3, the values of the global descriptors
(hardness, chemical potential and
electrophilicity) grow when going from gas
phase to solution and with the increase of
solvent polarity for the three tautomeric forms.
We can see in all the cases that the hardness
value is higher for the OH and lower in the case
of CH form. On the contrary the absolute values
of the chemical potential are higher for the CH
form. When two molecules react, each one will
act as an electrophile (nucleophile) and will
depend on which one has a higher (lower)
electrophilicity index. Based on the obtained
results the electrophilicity value is higher in the
CH form and lower in the OH in all the cases.
Accordingly the CH form is more electrophile
(less nucleophile) than the two other tautomeric
forms in gas phase and in solution.

3.4 Proton transfer

Proton transfer reactions (PT) are important in
many chemical and biological systems2s-31, A
large number of theoretical and experimental
studies have been carried out to enrich the
information regarding the possible mechanisms
of PT, tautomeric equilibria and relevant
properties associated with PT processes32-38, We
are particularly interested in the investigation of
intramolecular  proton transfer in the
CH — OH proton transfer in gas phase and in
solution. The structures of CH, TS and OH form
for the proton transfer are shown in figure 2.
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Table 4 lists the B3LYP/6-311+G** Barrier
height of proton transfer reaction and dipole
moments in gas phase and solution. Although
important selected optimized parameters at the
same level of theory are summarized in table 5.
Our results show that the proton transfer
reaction is characterized by high activation
energies in gas phase and in solution. From table
4, the reaction barrier (OH —CH) is equal to
63.37 Kcal/mol, 64.75 Kcal/mol and 65.01
Kcal/mol in gas phase, ethanol and water
respectively. Obviously the reverse proton
transfer (CH—OH) will proceed more
difficultly than the forward reaction, because of
the stability of CH form compared to the OH one.
According to the obtained results, the barrier
height of the proton transfer (CH —OH and
OH —CH) enlarge from gas phase to ethanol
and to more polar solvent (water). In addition,
the computed dipole moments of the CH form
are larger than those of OH form in gas phase
and in the two considered solvents.
Furthermore, the dipole moment of the CH and
OH forms grow with the increase of the solvent
polarity, which is in agreement with variation
trend of the stability and the barrier height of
proton transfer reaction.

Selected structures parameters in table 5
indicate that the distance C1-H4 enlarges, while
the one between oxygen and hydrogen (03-H4)
reduces on the CH-TS-OH proton transfer. The
C1-H4 and 03-H4 distance for the transition
state is 1.74A° and 1.38A° respectively. It can be
concluded that the C-H bond is broken and the
OH bond is formed during the proton transfer
process. We note also a large distance between
the hydrogen (H4) and the oxygen (03) in the
CH form and between the hydrogen (H4) and
the carbon (C1) in the OH form, hence the high
activation energy found for the proton transfer
reaction. The optimized results show that the
distance between oxygen and carbon (C1-O3)
becomes larger when going from the CH to the
OH form. Furthermore we see that the C1-C2
distances decrease while the C2-03 increases
when going from the CH to the OH form. It is
also noticeable that the(C1l-C2-03,

(C1-H4-03 and (H4-C3-C2 angles
enlarges on CH —>OH transfer, while the
(H4-C1-C2 angle becomes shorter. The

comparison of optimized parameters in
different environments show that solvent has a
non negligible effect mainly on the calculated
bond angles, i.e.;; the mean deviations from gas
phase to ethanol and water respectively are
0.0194°, 0.2225°, 0.0448° and 0.0199°, 0.2334°,
0.0453° for CH, TS and OH form respectively.
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According to these results, we note that the
largest deviation is observed in the TS structure.
The observed deviations for the bond lengths
are less important compared to bond angles.
Going from gas phase to ethanol and water
respectively, the main deviation for the bond
lengths are 0.00236 A°, 0.0043 A°, 0.0030 A° and
0.0024 A°, 0.0044 A°, 0.0032 A° for CH, TS and
OH form respectively. We can also see that the
largest deviation is observed in the TS structure
compared to CH and OH forms.

Furthermore, NBO analysis of CH and OH
tautomeric forms was carried out in gas phase
and in solution. The stabilization energies
between donor-acceptor orbital within CH and
OH forms are presented in table 6.

The results of NBO analysis reveal somewhat
changes in the stabilization of energies from the
gas phase to the considered solvents. From this
table we can note that the most important
interaction is the electron transfer of the lone
pair of N7 to the antibonding orbital C2-03 in
CH form and to the C2-C1 antibonding orbital in
OH one. For both the tautomers, the lone pair of
N7 is also conjugated with the antibonding
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orbital C8-C9 of the phenyl ring, as well as with
the N6-C5 antibonding orbital. For the first
interaction, the stabilization energy is higher for
the CH form, with a difference of 4.88 Kcal/maol,
11,52 Kcal/mol and 11,87 Kcal/mol compared
to OH form in gas phase, in ethanol and water
respectively. On the contrary, the stabilization
energy in the second interaction is higher for the
OH form. In addition, the electron transfer
occurs from the lone pair of 03 to the C2-C1
antibonding orbital for the two tautomers. This
interaction exhibits the highest E® value of the
OH form with a difference of 9.19 Kcal/mol,
12.53 Kcal/mol and 12,68 Kcal/mol compared
to the CH form respectively in gas phase, in
ethanol and water. The CH form is also
stabilized by the interaction of the lone pair of
03 with the N7-C2 antibonding orbital. For the
CH form, we note an interaction between the C2-
Cl bond orbital with the N6-C5 antibonding
orbital, which stabilize this tautomeric form by
28.47 Kcal/mol in gas phase, 30.17 Kcal/mol
and 30,30 Kcal/mol respectively in ethanol and
water.

H3C H H HsC H HsC
N/ N/ \ /H
\T‘ o) \T‘ o) H/N\IT o)
Ph Ph Ph
CH OH NH

Fig. 1: tautomers under consideration

TS OH form

Fig. 2: structures of the CH form transition state (TS) and OH form
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Table 1: B3LYP /6-31G* and 6-311+G** calculated energies
of tautomers in gas phase and in solution

E (a.u.)
Tautomeric B3LYP/6-31G* B3LYP/6-311+G**
form Gas phase Ethanol Water Gas phase Ethanol Water

CH form -571.8026 -571.8135 -571.8140 -571.9549 -571.9652 -571.9657

OH form -571.7861 -571.7956 -571.7960 -571.9447 -571.9547 -571.9551

NH form -571.7901 -571.8114 -571.8121 -571.9470 -571.9614 -571.9622

Table 2: B3LYP/6-311+G** calculated equilibrium constants
and molar fractions in gas phase and in solution
Gas phase Ethanol Water
Equilibrium K Molar fraction K Molar fraction K Molar fraction

CH/0OH [CH] 1.19.10% 0.9999 5.82.102 0.9449 2.84.101 0.7784
[OH] 1.19.105 5.50.102 2.21.101

CH/NH [CH] 8.95.10° 0.9999 7.31.104 0.9992 5.09.103 0.9949
[NH] 8.95.10° 7.30.104 5.06.10-3
OH/NH [OH] 7.48 0.1178 3.37.103 2.96.104 4.80.103 2.08.104

[NH] 0.8821 0.9997 0.9998

Table 3: B3LYP/6-311+G** calculated global descriptors (in a.u.) in gas phase and in solution

Tautomeric Gas phase Ethanol Water
form 1] 1! [ 1] 11 [ 1] 11 [0}
CH form 0.1783 -0.2699 0.2042 0.1804 -0.2751 0.2047 0.1855 -0.2793 0.2103
OH form 0.2009 -0.2541 0.1606 0.2017 -0.2689 0.1792 0.2019 -0.2699 0.1803
NH form 0.1805 -0.2630 0.1915 0.1862 -0.2697 0.1952 0.1865 -0.2702 0.1957

Table 4: Barrier height of proton transfer reaction (in Kcal/mol) and dipole moments
(in Debye) at B3LYP/6-311+G** in gas phase and solution

Energy barrier (CH —OH) | Energy barrier (OH —CH) Dipole moments

CH form OH form
Gas phase 69.77 63.37 3.56 2.65
Ethanol 71.34 64.75 474 3.60
Water 7197 65.01 4.80 3.66

ISSN: 2249-9504

Table 5: Important selected optimized parameters for CH, OH form and TS at B3LYP/6-311+G** in

gas phase and solution
Gas phase Ethanol Water
CH TS OH CH TS OH CH TS OH
Bond lengths (A°)
C1-C2 15243 1.4317 1.3767 15173 1.4263 1.3782 15170 1.4260 1.3783
C2-03 1.2125 1.2944 1.3544 1.2200 1.3030 1.3483 1.2204 1.3035 1.3481
03-H4 2.8229 1.3826 0.9626 2.8332 1.3856 0.9650 2.8334 1.3852 0.9651
C1-H4 1.0939 1.4701 25837 1.0938 1.4729 2.5990 1.0938 1.4730 2.5997
C1-03 24610 2.3103 24921 24621 23231 24941 24622 2.3235 24943
Bond angles (°)
C1-C2-03 127.7504 115.7754 131.7044 127.8402 116.6025 132.3345 127.8447 116.6244 132.3621
H4-C1-C2 110.4999 62.8655 45.6228 110.8948 61.9725 45.2681 110.9109 61.9213 45.2501
C1-H4-03 59.6310 108.1246 73.7577 59.3338 108.6808 73.0145 59.3232 108.7306 72,9812
H4-03-C2 459141 68.7712 108.7225 | 45.6487 67.3909 109.3697 45.6369 67.3268 109.3953
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Table 6: NBO analysis of CH and OH form in gas phase and in solution

E @ (Kcal/mol)
H form H form
Donor NBO Acceptor NBO Gas phase ; Etﬁanol Water Gas phase B Etﬁanol Water
BD (C8-C9) BD* (C13-C12) 18.94 18.64 19.61 18.89 19.34 19.36
BD (C8-C9) BD* (C10-C11) 20.80 20.94 20.94 20.49 2013 20.10
BD (C13-C12) BD* (C8-C9) 20.92 2115 2117 21.04 2115 2115
BD (C13-C12) | BD*(C10-C11) 18.69 1859 1858 19.60 1952 19.61
BD (C10-C11) BD* (C8-C9) 19.66 19.64 19.64 19.85 20.43 20.46
BD (C10-C11) | BD*(C13-C12) 21.44 2161 21.62 20.45 20.75 20.76
BD (C2-C1) BD* (N6-C5) / / / 28.47 30.17 30.30
LP (N7) BD* (C8-C9) 30.65 32.08 3215 25.77 20.56 20.28
LP (N7) BD* (C2-03) 54.48 58.36 58.54 / / /
LP (N7) BD* (N6-C5) 19.95 17.35 17.24 2266 22.40 2238
LP (N7) BD* (C2-C1) / / / 46.35 45.98 45.94
LP (03) BD* (N7-C2) 27.72 26.74 26.68 / / /
LP (03) BD* (C2-C1) 2073 19.30 19.22 29.92 31.83 31.90
E: the stabilization energy; BD*: antibonding orbital; LP: lone pair electron.
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transfer and solvent effect of the N-substituted 6. Elguero, J.; Katritzky, ARR.; Denisko,
pyrazolones were theoretically investigated O.V. Adv. Heterocycl. Chem. 2000, 76, 1.
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