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Computational investigation of the solvent and temperature effects on the
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This research examines the effects of solvent polarity and temperature on the tautomerization of 7-amino-1,3-dioxo-2,
5-diphenyl-2,3-dihydro-1H,5H-pyrazolo[1,2-a][1,2,4]triazole-6-carbonitrile at CAM-B3LYP/6-311G (d,p) level of
theory. The selected solvents are n-hexane, diethyl ether, pyridine, ethanol, methanol, and water. The solvent effects
have been examined by the self-consistent reaction field theory (SCRF) based on conductor-like polarizable
continuum model (CPCM). The solvent effects have been explored on the energy barrier, frontier orbitals energies,
and HOMO-LUMO gap. Dependencies of thermodynamic parameters (AG andAH) on the dielectric constants of
solvents have also been tested. Specifically, the temperature dependencies of the thermodynamics parameters have been
studied within 100-1000 K range. The rate constant of the tautomerism reaction is computed from 300 to 1200 K, in the

gas phase.
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Compounds containing pyrazoles' are known to
display diverse pharmacological activities such as
antibacterial, antifungal, anti-inflammatory, analgesic,
and antipyretic>. A number of heterocyclic compounds
fused with pyrazole are known for their varied
biological and industrial  applications’.  The
pyrazolotriazole are precursors for photosensitive
materials (e.g. inks and toners)' and ingredients in
cosmetics”. Preparation of 7-amino-1,3-dioxo-1,2,3,5-
tetrahydropyrazolo [1,2-a][1,2,4]triazole has been
reportedusing magnetic Fe;O4 nanoparticles coated
with (3 aminopropyl)-triethoxysilane as catalyst' for
the formation of the 7 amino-1,3-dioxo-1,2,3,5-
tetrahydropyrazolo[ 1,2-a][1,2,4]triazoles’.

Many investigations have been reported about
tautomerization reactions’'’. Also, solvent polarity
importance on the structure and properties of the

molecules have been studied using quantum
mechanics tools'® ™,
In this study, we investigate Solvent and

Temperature effects on the tautomerization of 7
amino-1,3-dioxo-2,5-diphenyl-2,3-dihydro-1H,5 H-
pyrazolo[1,2-a][1,2,4]triazole-6-carbonitrile at the
CAM-B3LYP/6-311G(d,p) level of theory.

Computational Methods

Optimization and vibrational analysis were done
using Gaussian 09 software package”. The standard 6-
311G (d, p) basis set’™ was considered for the
elements. CAM-B3LYP functional was used for
optimizing the geometries of the compound. This
functional is Handy et al.’s long range corrected version
of B3LYP using the Coulomb-attenuating method**. The
identities of the optimized structures as an energy
minimum were confirmed via vibrational analysis.

For the solvation impact study, we utilized a
self-consistent reaction field (SCRF) approach, using
conductor-like polarizable continuum model (CPCM)*°.

The identity of the reactants, transition states, and
products was confirmed through vibrational analysis.
All the transition states (TS) were checked by the
intrinsic reaction coordinate (IRC) analysis at the
same level of theory .

Calculations of the population analysis were
bone via the natural bond orbital (NBO) method"’
using the NBO 3.1 program® implemented in the
Gaussian 09 package.

Gpop program was used for computing the reaction
rate parameters™. The temperature dependence of the
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rate constants was investigated within 300—1200 K
using transition state theory (TST) based on statistical
thermodynamics. Further, the tunneling effect was
considered by assuming asymmetric Eckart potential**
and Shavitt's correction® the corresponding correction
factor for corrections of the rate constants values.

The Eckart potential function is often used to
estimate quantum mechanical tunneling corrections to
theoretically determined chemical rate constants.
Eckart's potential has the following form:
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The potential has the limiting value of zero when
x—-o0, goes through a single maximum of height V,
as X increases, and has a limiting value of V| - V; as
x—+too. F* is the second derivative of V at its

maximum.
Shavitt recommended a simple equation for the

tunneling correction:
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Where,v*, kg, h, and Egrepresent the imaginary
frequency of the activated complex at the top of the

barrier, Boltzmann’s constant, Plank’s constant, and
the barrier height corrected for zero-point energy for

the reaction, respectively.
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Results and discussion
Energy aspects

Figure 1 presents the structures of 7-amino-1,3-
dioxo-2,5-diphenyl-2,3-dihydro-1H,5 H-pyrazolo[1,2-a]
[1,2,4]triazole-6-carbonitrile(I),5-imino-1,3-dioxo-2,

7-diphenyltetrahydro-1H,5H-pyrazolo[1,2-a][1,2,4]

triazole-6-carbonitrile (II)and transition state (TS)of
this tautomers. Table | reports the total energy and
solvation energy values of these molecules in the gas
and solution phases forn-hexane, diethyl ether,
pyridine, ethanol, methanol, and water. These values
show that II-isomer is more stable than I-isomer in
both gas and solution phases. As can be seen, the
stability of the molecules increases in the solution
phase, and its stability grows in more polar solvents.
Thus, in the presence of solvent, the reacting
molecule is  stabilized energetically through
electrostatic interaction with the solvent. The
solvation energy values were computed based on the
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Figure 1 — the structures of 7-amino-1,3-dioxo-2,5-diphenyl-2,
3-dihydro-1H,5H-pyrazolo[1,2-a][1,2,4]triazole-6-carbonitrile (I),
5-imino-1,3-dioxo-2,7-diphenyltetrahydro-1H,5H-pyrazolo[ 1,2-a]
[1,2,4]triazole-6-carbonitrile (II) and transition state (TS) of this
tautomers

Table I — total energy (E, a.u) and dipol moment values (i1, Debye) of tautomers of 7-amino-1,3-dioxo-2,5-diphenyl-2,3-dihydro-1H,5H-
pyrazolo[1,2-a][1,2,4]triazole-6-carbonitrile and transition state between them (a.u) in the gas and solution phases.AE* and AE, are energy

barrier and reaction energy of the tautomerisation (kcal/mol). @,y 1S imaginary wave-number of transition state (in em™). ¢ is dielectric
constant of solvents.

Phase E(I) E(TS) E(I) n@ pd)  AE! AE, Olowest

Gas - ~1117.6485 ~1117.4482 ~1117.6695 424 341 12568 —13.19 12894
n-Hexane 1.89 ~1117.6600 ~1117.4593 ~1117.6783 477 397 12590 -1152 12602
Diethyl ether 4.34 ~1117.6685 ~1117.4676 ~1117.6848 520 445 12601 -1024  —1239.9
Pyridine 1230 —1117.6735 ~1117.4726 ~1117.6886 548 478 12605  -945  —1226.5
Ethanol 2430  -1117.6747 ~1117.4739 ~1117.6895 555 487 12605  -926  —12225
Methanol 3263  -1117.6751 ~1117.4742 ~1117.6897 557 489 12605 -921  -1221.4
Water 78.54  —1117.6757 —1117.4748 ~1117.6902 561 494 12605  —9.11  —1219.4




KHANIJARI et al.: SOLVENT AND TEMPERATURE EFFECTS ON TAUTOMERIZATION 619

difference between energetic values in the gas phase
and solution phase. These values are provided in
Table I. As can be seen, these values diminished by
increasing the dielectric constant of solvents.

The transition state geometry suggested for the
studied tautomerization reaction is depicted in
Figure I. TS has a four-membered ring structure.
According to the frequency analysis calculations, all
TSs have distinctive imaginary frequency. These
values are outlined in Table I.

The changes in the total energy upon alteration of
the C,-H, and N,-H, bond distances along the IRC
path are shown in Figure 2 in the gas phase. It can be
observed that the N,-H,bond rapidly lengthens from
the reactant side. On the other hand, the C,-H, bond
rapidly shortens from the reactant side. There are
identical variations in the presence of other solvents.

The activation energy (AE*) and reaction energy
change (AE,) values of the tautomerization are listed
in Table I, where larger AE* and AE, values are found
in the solution phase than in the gas phase. These
values increase in more polar solvents.

Thermodynamics

Solvent effects
The thermodynamic parameters of the studied
tautomerization reaction are outlined in Table II.

The enthalpy values of the reaction (AH,) are listed

in TableIl. The negative values of the studied
reaction show that this reaction is exothermic.
The results also indicate that the activation enthalpy
values (AH*) are larger in the solution phase than in
the gas phase. The more polar solvents have led to
greater AH* values.

A plot of the barrier heights (AE®) versus AH,
reveals that AE* varies linearly with AH, for all the
processes considered. There is a linear correlation
between AE* and AH, (Figure 3):

AH, = 14.8 AE* - 1874.9; R2=0.9632

Temperature effects

The thermodynamics parameters of the studied
tautomerization reaction are listed in Table III within
the 100-1000 K temperature range. The negative
values of the reaction free energy (AG;) show that the
studied reaction is spontaneous within the studied
temperature range. It can be seen that this reaction is
more appropriate at higher temperatures. There is a
good linear correlation between AG, values with
temperature (T):

AG;=-0.0015T - 12.786; R2=0.9809

Table Il — Thermodynamic parameters of tautomerism of
7-amino-1,3-dioxo-2,5-diphenyl-2,3-dihydro-1H,5 H-pyrazolo
[1,2-a][1,2,4]triazole-6-carbonitrile in gas phase and various

The negative values of the reaction free energy (AGy) solvents.
reveal that the gtudled reaction is spontaneous. It can  ppyqe AGH AG, AHE AH,
be seen that this reaction is more appropriate in the . 12219 —1320 12146 —12.87
solution phase as compared to the gas phase. This | po ..o 12235  —11.62 12172 —1133
reaction is more appropriate in more polar solvents. Dicthyl ether 12225  —-1050 121.82 —10.18
In addition, as the results show, the activation free  pyridine 12237 -985 12185  -946
energy values (AGY) are larger in the solution phase Ethanol 122.43 —968 121.86 —928
than in the gas phase. The more polar solvents have  Methanol 12245  -9.65 12186  —9.23
+
led to greater AG* values. Water 12249  -9.61 121.86  —9.15
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-1117.445 — 1.80 4 180
1117450 o ] 7170
© 11174851 é ] 5 160
£ 1117460 £ 1604 I
L 1117465 g g 150
< 150 <
B 11174701 z £ 140
@ 1117475 2 1407 2 130
W 1117480 3 5] 3]
= - S 130+ o 120
5 -1117.485 s A S ]
F 117490 @ 120 @ 110
AN7A L T TR 1.10- e 1.00- LR R LR L R R LA LR R L e |
1540 05 00 o5 10 1s 15 40 05 00 05 10 15 15 10 05 00 05 10 15
Intrinsic Reaction Coordinate Intrinsic Reaction Coordinate Intrinsic Reaction Coordinate
Cs-H, N.H.

Figure 2 — Energy and bond distances versus reaction coordinate (amu

12 Bohr) in thetautomerization reaction
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In addition, as the results show, the activation free
energy values (AG*) are larger at higher temperatures.
There is a good linear correlation between AG*values
with temperature (T):

AG*=0.0025 T + 121.45; R2=10.9982

The enthalpy values of the reaction (AH,) are
provided in TableIII within the 100-1000 K
temperature range. The negative values of the studied
reaction show that this reaction is exothermic within
the studied temperature range.AH, values increase
with temperature rise. There is not a good linear
correlation between AH, values and temperature (T):

-8

-8.5

Energy barrier (kcal/mol)
N
o

115 .

-12
125.88 125.9 125.92 125.94 125.96 12598 126 126.02 126.04 126.06
Reaction enthalpy (kcal/mol)

Figure 3 — Linear correlation between barrier heights (AEY)
versus AH, of the tautomerization reaction.

Table III — Thermodynamic parameters of tautomerism of
7-amino-1,3-dioxo-2,5-diphenyl-2,3-dihydro-1H,5 H-pyrazolo
[1,2-a][1,2,4]triazole-6-carbonitrile in various temperatures.

T (K) AGH AG, AH? AH,
100 121.78 -13.07 121.63 -13.03
200 121.96 ~13.12 121.53 ~12.99
300 122.19 ~13.20 121.46 ~12.87
400 122.44 -13.33 121.43 -12.75
500 122.70 ~13.49 121.40 -12.66
600 122.96 ~13.66 121.39 ~12.60
700 123.22 ~13.84 121.36 ~12.56
800 123.49 -14.03 121.33 ~12.54
900 123.76 ~14.22 121.29 -12.53
1000 124.03 ~14.40 121.24 -12.53
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AH;=0.0006 T - 13.038; R2=0.8967

On the other hand, these parameters are fitted with
a quadratic equation:

AH,=-8x 107 T>+0.0014 T - 13.203; R2=0.9848

In addition, as the results show, the activation
enthalpy values (AH¥) are larger at lower
temperatures. There is a good linear correlation
between AH* values and temperature (T):

AH*=-0.0004 T + 121.61; R2=0.9364

On the other hand, these parameters are fitted with
a quadratic equation:

AH* =2 x 107 T?- 0.0006 T + 121.65; R?=0.9586

Dipole moment

As a larger dipole moment can increase the overall
energy corresponding to a conformation, the
population corresponding to the conformation with a
larger dipole moment can be reduced compared with
the conformation with a less dipole moment™. A
greater dipole moment is associated with greater
charge distribution (polarization). Thus, the
conformations with greater dipole moments can be
softer than those with smaller dipole moments.

The results show that the dipole moments of the
II-isomer compounds are smaller compared with their
I-isomer (Table I).

On the other hand, these values show that dipole
moment values of I and Il-isomers increase in the
solution phase as compared to the gas phase. These
values increase in the presence of more polar solvents.
The elevation of the dipole moment wvalues is
attributed to long range interactions solvent with the
solute molecules.

Molecular orbital analysis

The energies of the frontier orbitals (HOMO,
LUMO) and the corresponding HOMO-LUMO
energy gaps values of the investigated molecules are
given in Table I'V.

Table IV — Frontier orbital energy and HOMO-LUMO gap values (eV) of tautomers of 7-amino-1,3-dioxo-2,5-diphenyl-2,3-dihydro-
1H,5H-pyrazolo[1,2-a][1,2,4]triazole-6-carbonitrile.

I-isomer
Phase E(HOMO) E(LUMO)
Gas —8.34444 0.00381
n-Hexane —8.43124 0.019864
Diethyl ether —8.47478 0.027484
Pyridine —8.46961 0.033198
Ethanol —8.46798 0.035103
Methanol —8.46771 0.035647
Water —8.46689 0.037008

II-isomer
Gap E(HOMO) E(LUMO) Gap
8.34825 =7.7768 0.161093 7.937896
8.451104 —7.74007 0.176331 7.916399
8.502264 =7.71122 0.188032 7.899255
8.502808 =7.6919 0.195379 7.887282
8.503083 —7.68673 0.197284 7.884017
8.503357 —7.68537 0.1981 7.883473
8.503898 —7.68265 0.199189 7.88184
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Figure 4 — Plots of frontier orbitals of I and II- isomers

As seen in Table IV, HOMO of I-isomer is has
been stabilized in the solution phase as compared
to the gas phase. On the other hand, LUMO of
I-isomer, HOMO, and LUMO of IlI-isomer has been
destabilized in the solution phase as compared to the
gas phase. The plots of frontier orbitals of I and
II- isomers are shown in Figure 4.

As shown in Table IV, HOMO-LUMO gaps values
of I-isomer are larger in the solution phase as
compared to the gas phase. In contrast, HOMO-
LUMO gaps values of Il-isomer are smaller in the
solution phase as compared to the gas phase.

Calculation of the rate constants

No direct experimental investigation has reported the
rate constant of the investigated tautomerization
reaction at any temperature, to the best of our
knowledge.The rate constant values of the
studied isomerization reaction are summarized in
Table V. Furthermore, the tunneling factor is
considered for calculations of the rate constant
values. Asymmetric Eckart potential and Shavitt's
correction the corresponding correction factor of
tunneling are assumed for corrections of the rate
constants (Table V). These values have been
calculated in the gas phase and within the temperature
range of 300-1200 K. Th equations fitted to
the gas phase Arrhenius equation are collected in
Table VI.

Table V — The gas phase calculated rate constants for studied
reactions (s): (a) excluding tunneling factor, and corrected rate
constants for tunneling by assuming (b) asymmetric Eckart
potential, (c) Shavitt's correction.

T a b c
300 5.59x107"7 1.11x107° 1.45%107°
400 9.95x10>° 3.09x10% 1.89x10>4
500 2.33x107" 4.49x10™ 3.68x107*!
600 1.96x107? 3.04x107? 2.75%x107?
700 4.77Ex107% 6.52x107%° 6.18x107%°
800 2.98x1072! 3.77x10°%! 3.65x107%!
900 1.62x107"7 1.95x107"7 1.91x10"7
1000 1.58x1074 1.84x107* 1.82x1074
1100 4.47x107" 5.06x107' 5.01x107'2
1200 4.95x107'° 5.49x107'° 5.45%x107'°

Table VI — Fitted equations to the gas phase Arrhenius equation for
studied reactions: (a) excluding tunneling factor, and corrected rate
constants for tunneling by assuming (b) asymmetric Eckart potential,
(c) Shavitt's correction.

E kJ.mol™?*
kgas = Aexp (— f)
(@) (b) (c)
X A E/R A E/R A E/R

Cp 9.24x10" 61664.19 3.32x10'> 60630.7 7.45x10'> 61319.28

Conclusion

Computational investigation of the effects of
solvent  polarity and temperature on the
tautomerization of 7-amino-1,3-dioxo-2,5-diphenyl-
2,3-dihydro-1H,5H-pyrazolo[1,2 a][l,2,4]triazole-6-
carbonitrile were studied at CAM-B3LYP/6-311G
(d,p) level of theory reveal that:
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(1) I-isomer was more stable than I-isomer in both
gas and solution phases.

(ii) AE* and AE, values were larger in the solution
phase than in the gas phase. These values
increased in more polar solvents.

(ii1) The negative values of AG, and AH, showed that
the studied reaction was exothermic, respectively
in both gas and solution phase.

(iv) Dipole moment values of I and Il-isomers
increased in the solution phase when compared to
the gas phase. These values increased in the
presence of more polar solvents.

(v) HOMO-LUMO gaps values of I-isomer were
larger in the solution phase than in the gas phase.
In contrast, HOMO-LUMO gaps values of II-
isomer were smaller in the solution phase as
compared to the gas phase.
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