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ARTICLE INFO ABSTRACT

Article history: New crystal, (E)-N'-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3) has

Received 17 April 2020 been synthesized and characterized by FT-IR, NMR, ESI-MS and single crystal X-ray diffraction (XRD). The

‘f;cl\c;[“’e‘jzg;ée‘”se‘j form optimized molecular structures of free base and cationic species of (3) in gas phase and aqueous solution,
ay

vibrational frequencies and, corresponding vibrational assignments have been investigated experimen-
tally and theoretically by using the B3LYP/6-31G* and B3LYP/6—311++G** methods. High solvation
energy values are observed for both species of (3) in solution while the NBO and AIM studies support the
higher stability of the cationic species in solution. The high energy values AEG— ¢+ and AEG — T+ tran-
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g;{:vzirlgs‘ sitions, due to the planarity of both CH3 groups linked to N atom, could support the high reactivities of its
Crystal structure free base and cationic species, as compared with naloxone, cocaine and scopolamine. Complete vibra-
Vibrational spectroscopy tional assignments of 105 and 108 vibration modes expected for free base and cationic species of (3)
DFT together with the corresponding harmonic force constants are here reported. In vitro antidiabetic and
NBO antioxidant activities were revealed for (3). The molecular docking studies of the title compound
Antioxidant activity revealed that it may exhibit anti-diabetic activity via inhibition of a-glucosidase PDB:3A4A enzyme.

Antidiabetic activity © 2020 Published by Elsevier B.V.

Molecular docking

1. Introduction medicinal and pharmaceutical fields [1—11] because one of many
studies has reported that hydrazones improve the antitumor

Hydrazones, carbohydrazides and similar derivatives represent selectivity and toxicity profile of antitumor agents by forming drug
an important class of organic compounds of interest in the carrier systems employing suitable carrier proteins [5]. Other
studies have evidenced that many pyrazole derivatives present

therapeutic activity [12—17], some are pesticides [18—20] and,
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anti-diabetic, anti-tubercular and anti-leishmanial [21—35]. With
this background set, the determinations of structural, electronic
and topological properties of these pyrazole derivatives are
essential to know the influence of different groups on the struc-
tures in order to understand the connections of these groups with
their biological properties. On the other hand, the vibrational an-
alyses and, in particular the vibrational assignments of all bands
observed in the experimental infrared and Raman spectra are of
great aid to identify all species in any medium, especially when
these studies are combined with theoretical calculations derived
from density functional theory (DFT) [36—39].

In the present work, a new crystalline derivative has been
synthesized,  (E)-N’-(4-(dimethylamino)benzylidene)-5-methyl-
1H-pyrazole-3-carbohydrazide (3) and, then it was characterized
by using FT-IR spectrum in the solid phase, 'H and >C NMR spectra
in DMSO-dg solution, ESI-MS and single crystal X-ray diffraction
(XRD). These experimental studies were accomplished with theo-
retical DFT calculations by using the functional hybrid B3LYP
together with the 6—311++G** basis set in order to predict the
structural, electronic, topological and vibrational properties in the
gas phase [40,41]. Taking into account the wide range of biological
activities reported for pyrazole derivatives, this new derivative was
here evaluated by in vitro anti-diabetic and anti-oxidant activities.
Hence, the reactivities of this derivative in gas phase and in aqueous
solution were predicted by using the frontier orbitals with the
B3LYP/6—311++G** method while their behaviours in both media
were evaluated calculating some descriptors useful for compound
containing different type of rings [42—51]. All calculations in
aqueous solution were performed with the self-consistent reaction
field (SCRF) method by using the integral equation formalism
variant polarised continuum (IEFPCM) and universal solvation
models [52—54]. The bands observed in the experimental infrared
spectrum were assigned by using the harmonic force field calcu-
lated with the SQMFF methodology and the Molvib program at the
same level of theory [55—57]. Here, the main scaled force constants
by using the same level of theory were reported for this new pyr-
azole derivative. Comparisons among experimental and predicted
FT-IR, 'H and 'C NMR spectra have showed reasonable concor-
dance among them. In addition, the interactions of the title mole-
cule with a-Glucosidase PDB:3A4A and antioxidant peroxiredoxin
5 PDB:1HD2 receptors were investigated by molecular docking
studies.

2. Experimental section
2.1. General methods

All chemical reactions were purchased Sigma-Aldrich. Reactions
were checked with TLC using aluminum sheets with silica gel 60
F254 from Merck. Melting points were measured using a Buchi B-
545 digital capillary melting point apparatus and used without
correction. The FT-IR spectrum was recorded with PerkinElmer
VERTEX 70 FT-IR spectrometer covering field 400—4.000 cm-1 'H
and 3C NMR spectra were recorded in solution in DMSO-dg, on
Bruker spectrometer (300 MHz). The chemical shifts are expressed
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in parts per million (ppm) by using tetramethylsilane (TMS) as
internal reference. Mass spectra were collected using API 3200 LC/
MS/MS system, equipped with an ESI source.

2.2. Synthesis

2.2.1. General procedure for the synthesis of (E)-N-(4-
(dimethylamino )benzylidene)-5-methyl-1H-pyrazole-3-
carbohydrazide (3)

Target compound (3) described here was facilely synthesized
according to the literature procedures [58—61] (Scheme 1). To a
solution of 5-methyl-1H-pyrazole-3-carbohydrazide (1) (1 mmol)
in 10 mL of ethanol was added an equimolar amount of the 4-
dimethylaminobenzaldehyde (2) in the presence of two drops of
acetic acid. The mixture was maintained under reflux for 2 h, until
TLC indicated the end of reaction. Then, the reaction mixture was
poured in cold water, and the precipitate formed was filtered out
washed with ethanol and recrystallized from ethanol.

Yield 81%, M.p. 259—261 °C; IR (ATR, »(cm™1)) : 3233 (NH), 1648
(C=0), 1602 (N=CH); 'H NMR (300 MHz, DMSO-dg, §(ppm)):
0 = 2.26 (s, 3H, CH3), 2.94 (s, 6H, N(CH3z);), 6.45 (s, 1H, H-pyrazole),
6.72 (d, ] = 8.7 Hz, 2H, H—Ar), 7.46 (d, ] = 8.7 Hz, 2H, H—Ar), 8.30 (s,
1H, —NH), 11.24 (s, 1H, N—=CH) 13.01 (s, 1H, NH-pyrazole); 3C NMR:
(300 MHz, DMSO-dg, 6 (ppm)): 10.78, 40.28, 105.11, 112.26, 122.33,
128.76, 140.36, 146.60, 148.42, 151.84, 158.45. MS: m[z = 272.3
(M-+H)*.

2.3. Single crystal X-ray diffraction

X-ray single crystal data were collected by using MoKa
(A= 0.71075 A) radiation on a Rigaku R-Axis Rapid Il diffractometer
equipped with an large-area curved imaging plate detector
(460.0 x 256.0 mm), 3-circle goniometer and high-frequency 5 kW
sealed tube. All calculations were performed using the Crystal-
Structure [62] crystallographic software package except for
refinement, which was performed using the software package
Olex1.2 [63]. The structure was solved by direct methods and
refined in a routine manner (SHELXL) [64]. Non-hydrogen atoms
were refined anisotropically. Hydrogen atoms were refined using
the riding model. Molecular graphics were generated by using
MERCURY 3.9 [65] and POV-Ray software [66]. The details of the X-
ray crystal data and the structure solution as well as the refinement
are given in Table 1. A summary of selected bond lengths [A] and
angles [°] are given in Table S1 (ESI). CCDC 1989792.

2.4. Computational details

The initial theoretical structure of (E)-N’-(4-(dimethylamino)
benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3) was
that experimental determined by X-ray crystal data taken from the
corresponding CIF file. The optimizations in gas phase and in
aqueous solution were performed with the Revision A.02 of
Gaussian09 program [67] and the hybrid B3LYP/6—311-++G**
method [40,41]. The cationic species of (3) was also optimized
because it is expected in solution. The IEFPCM and universal
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Scheme 1. The synthetic route of compound 3.



K. Karrouchi et al. / Journal of Molecular Structure 1219 (2020) 128541 3

Table 1
Refinement parameters and crystal data for 3.
CCDC Deposition Number 1989792
Crystal data
Molecular Formula C12H11N503
Molecular Weight 27132
Crystal System, Space Group Monoclinic, P24/c
Temperature (K) 293
a, b, c(A) 6.6916 (7), 21.3667 (18), 10.3400 (8)
B(°) 107.684 (4)
v (A%) 1408.5 (2)
Z 4
Dcalc (g-cm™3) 1.279
Radiation type Mo Ko
u(mm~') 0.09

Crystal Dimension (mm)
Data collection
Diffractometer

No. of measured, independent and observed [F? > 2.05(F?)] reflections

Rint .

(Sin 8/N)max (A7")
Refinement

R[F? > 26(F?)], wR(F?), S
No. of reflections

No. of parameters
H-atom treatment
Apmax, APmin (€ A73)

0.40 x 0.20 x 0.10

Rigaku R-AXIS RAPID II
7374, 3119, 1790
0.062

0.650

0.082, 0.216, 1.11

3119

181

H-atom parameters constrained
0.22, -0.29

solvation methods were employed in the optimization of (3) in
solution because the solvent effects are considered with both
models [52—54]. The Moldraw program was used to compute the
volumes in both media [68]. Atomic Merz-Kollman (MK) [69] and
natural population analysis (NPA) charges, molecular electrostatic
potential (MEP) and stabilization energy were predicted with the
version 3.1 of NBO program [70,71] while the topological properties
were computed by using the AIM2000 program [72]. The mapped
MEP surface of (3) was generating with the version 5.0 of GaussView
program [73] while the normal internal coordinates together with
the SQMFF methodology and the version 7.0 of Molvib program
[55—57] were employed in the vibrational study. To perform the
assignments, only potential energy distribution (PED)
contributions > 10% were considered. The predicted Raman spec-
trum in the gas phase in activities was corrected to intensities with
the equations suggested in the literature [74]. The
Ultraviolet—visible spectrum was also predicted in aqueous solu-
tion by using the Time-dependent DFT calculations (TD-DFT) [67]
by using NStates = 100 and the B3LYP/6—311++G** method. The
predicted 'H and 3C NMR spectra in solution by using the GIAO
method [75] with the hybrid B3LYP/6—311++G** method were
compared with those experimental obtained in DMSO-dg solution.
Finally, the reactivities and behaviours of (3) in both media were
predicted with the frontier orbitals calculated with the B3LYP/
6—311++G** level of theory. From the difference between both
orbitals were computed the gap values and the chemical potential
(n), electronegativity (x), global hardness (), global softness (S),
global electrophilicity index (w) and nucleophilicity indexes (E)
descriptors [36—39,42—51].

2.5. Antidiabetic activity
The a-glucosidase, B-galactosidase and a-amylase inhibition

assays were conducted according to previously reported protocols
[31,76].

2.6. Antioxidant activities

The antioxidant activities of the title compound were

determined in vitro by 2,2-diphenyl-1-picrylhydrazyl (DPPH), 2,2'-
azino-bis(3-ethylbenzothiazoline-6-sulphonic acid (ABTS) and
ferric reducing antioxidant power (FRAP) methods according to the
procedures described in our previous work [31].

3. Results and discussion
3.1. X-ray crystal structure description

The compound 3 was analysed by single crystal X-ray diffrac-
tion. The summary of crystallographic information is listed in
Table 1. The compound 3 crystalized in the monoclinic space group
P2{/c. The molecule is almost planar and forms dihedral angles
between the central plane of the carbohydrazide moiety and the
plane of the pyrazole ring (6.64°) or the plane of the benzene ring
(11.66°). The unit cell contains four molecules. The crystal packing
(Fig. 1) shows that two by two molecules are arranged in parallel
plans within a distance of ~10.2 A and there are no supramolecular
interactions between them. Crystal packing for 3 along a, b and ¢
axes are shown in Figs. S1—-S3.

3.2. Optimization geometry and properties in both media

Calculated total and corrected by ZPVE energies, dipole mo-
ments and volumes of (E)-N’-(4-(dimethylamino)benzylidene)-5-
methyl-1H-pyrazole-3-carbohydrazide (3) as free base and

o1
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Fig. 1. Single crystal X-ray molecular structure of (E)-N'-(4-(dimethylamino)benzyli-

dene)-5-methyl-1H-pyrazole-3-carbohydrazide (3). Thermal ellipsoids representation
with 50% probability. Olex and POV-Ray representation.
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Table 2

Calculated total and corrected by ZPVE energies (E), dipole moments () and volumes (V) of (E)-N'-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide

in gas and aqueous solution phases.

(E)-N’-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide
B3LYP/6—311++G** Method

Free base

Medium E (Hartrees) E ZPVE(Hartrees) u (D) v (A%) AV (A%)
GAS —892.9038 —892.6046 6.57 299.4 -2.6
PCM —892.9459 —892.6450 11.89 296.8

B3LYP/6-31G* Method

Free base

GAS —892.6590 —892.3572 6.10 294.7 1.6
PCM —892.6961 —892.3930 104 296.3

Cationic

GAS —893.2125 —892.9039 12.89 303.3 -04
PCM —893.3209 —893.0092 17.58 302.9

cationic species in gas phase and in aqueous solution are presented
in Table 2 by using the B3LYP/6—311++G** and B3LYP/6-31G*
methods while the theoretical optimized structure for the free base
can be seen in Fig. 2 together with the atoms labelling. The cationic
structure is presented in Fig. S4. The phenyl ring is identified as R1
in those two species of (3) while R2 is designed to the pyrazole ring.
The analyses of the results show a very important contraction in the
volume of (3) as free base in aqueous solution and a strong increase
in the dipole moment value is also observed with the B3LYP/
6—311++G** method. On the contrary, an expansion in the volume
of free base of (3) in aqueous solution is observed with the other
method and a slight diminishing in the dipole moment value while
the cationic species with the B3LYP/6-31G* method reveals a
decrease or contraction of volume in aqueous solution. The
expansion or contraction of volume observed for both species of (3)
in solution can be easily attributed to the presence of group donors
of H bonds, such as the O and N atoms and, to the presence of ac-
ceptors N—H groups in the structure of (3). Here, the formations of
H bonds in solution justify the variations of those two properties in
solution because (3) is clearly a weak base. Table S1 shows the
values of Mulliken, Merz-Kollman and NPA charges, molecular
electrostatic potentials (MEP) and bond orders, expressed as
Wiberg indexes of free base of (3) in gas phase and in aqueous
solution by using B3LYP/6—311++G** level of theory. In general,
we observed that the MK and NPA charges present practically the
same signs on the five N atoms and the only O atom but the values
are different between them and different from the Mulliken
charges. However, the NPA charges practically do not present
changes in solution, as compared with the corresponding values in
gas phase. Regarding the atomic charges in solution, it is observed
that the cationic species of (3) could be formed by the protonation

of N11 and N23 atoms but the higher Mulliken charges predict a
higher value on N11 atom while the MK charges predict a most
negative value on N23 (—0.493 a.u.) than the corresponding to N11
(—0.245 a.u.) indicating, this way, that the protonation could occur
in the N23. Here, the calculations performed for both probable
cationic species have shown all positive frequencies when the
optimized cation is protonated in the N23 while two imaginary
frequencies are obtained when the cation is protonated in the N11.
Consequently, the cationic species of (3) in solution indicate the
protonation of N23 atom.

Other interesting property studied here for (3) are the molecular
electrostatic potentials (MEP) calculated from the MK charges [69]
on the N and O atoms whose results are given in Table S1. Analyzing
the MEP values on those atoms obtained for the free base of (3) by
using the B3LYP/6—311++G** level of theory it is observed few
changes in solution, but when the mapped MEP surface is evaluated
for (3) in gas phase with the other basis set from Fig. S5 different
colorations are clearly observed on its surface. Thus, the strong red
colours on the 016, N11 and N23 atoms indicate nucleophilic sites
while on the H14 and H22 atoms that belong to the N13—H14 and
N19—H22 bonds are observed blue colours that clearly indicate
electrophilic sites. Hence, reactions with potential electrophiles or
nucleophiles biological reactive take places on those two important
reaction sites.

If now, the bond order (BO), expressed as Wiberg index are
analysed for (3) from Table S1, it is observed that N19 atom presents
the higher value in both media because this atom is linked to the
most labile H22 atom and, for this reason, the strong blue colora-
tion on the mapped MEP surface it is observed on this atom. In
general, the values for all atoms decrease in solution with exception
of BO for the N11 and N23 atoms which increase in this medium

Fig. 2. Theoretical molecular structure of free base of (E)-N-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3), atoms labelling and identification of

their rings.
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Table 3

Corrected and uncorrected solvation energies by the total non-electrostatic terms and by zero point vibrational energy (ZPVE) of free base and cationic species
of (E)-N'-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3) by using the B3LYP/6—311++G** method compared with other

species with similar results.

B3LYP/6—311++G** method®
Solvation energy (kJ/mol)

Species AGH, AGpe AGc
Free base

3) —-105.97 23.53 -129.50
B3LYP/6-31G* method*

3) -93.90 23.95 -117.85
Naloxone® —77.64 23.11 —100.75
Cocaine® —42.75 28.51 -71.26
Scopolamine* —56.66 18.81 —75.47
Cationic

3) —276.20 24.12 —300.32
Naloxone® —269.64 32.81 —302.45
Cocaine —216.66 38.58 —255.24
Scopolamine® —279.87 30.47 -310.34

AG#, = uncorrected solvation energy; AGy. = total non-electrostatic terms due to the cavitation, dispersion and repulsion energies; AG. = corrected solvation

energies.
2 This work.
b From Ref [75].
¢ From Ref [76].
4 From Ref [77].

due to the hydration with water molecules.

Taking into account the changes predicted for (3) in solution,
corrected and uncorrected solvation energies by the total non-
electrostatic terms and by zero point vibrational energy (ZPVE) of
free base and cationic species of (3) by using the B3LYP/
6—311++G** and B3LYP/6-31G* methods are compared in Table 3.
Comparisons of corrected solvation energy (AG.) for those two
species of (3) with those predicted for the free base and cationic
species of naloxone [77], cocaine [78] and scopolamine [79] by
using the B3LYP/6-31G* method are shown in the same table
because these three species show similar solvation energy values in
aqueous solution although they present different biological prop-
erties. On the other hand, the structure of (3) has two CHs groups in
the N33 atom, as also is observed in the structures of cocaine [78]
and scopolamine [79] but, in (3) that N23 atom has sp? hybridi-
zation, different from the other compounds with sp> hybridization
and only one CH3 group. On the contrary, naloxone also presents
the N atom in sp> hybridization but linked to an allyl chain and to
two CHj of ring [77]. Structures of compared compounds can be
seen in Fig. S6. Probably, the sp? hybridization of N23 atom in (3)
could justify the differences in the biological properties observed
for this species, in relation to the other compared species [77—79].
Despite the calculations were performed with different methods,
the values show that (3) as free base presents a higher AGc
(—=117.85 kJ/mol by using the 6-31G* basis set and —129.50 kJ/mol
by using the other basis set) than the other ones while the cationic
species evidence higher values, as expected because these species
are charged and, for these reasons, they are hydrated in solution.
Note that the cationic species of (3) presents a AG. value between
the naloxone and scopolamine species.

3.3. Geometrical parameters

The optimized geometrical parameters of (E)-N'-(4-(dimethy-
lamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3)
as free base in gas phase and aqueous solution by using the B3LYP/
6—311++G** method are presented in Table 4 together with the
corresponding experimental ones determined in this work. Root-
mean-square deviation (RMSD) values are also included in that
table to evaluate the differences between theoretical and

experimental results. Hence, good correlations are observed for
bond lengths and angles with RMSD values between 0.018 and
0.012 for bond lengths and of 1.3 and 1.2 for bond angles. The
higher deviations are clearly observed for dihedral angles because
the C1—C12—N11—-N13 dihedral angle in gas phase presents a
negative value while change at positive in solution, in accordance to
experimental one. On the contrary, the C12—N11-N13—-C15,
N13—C15—C17—N23 and C15—C17—N23—N19 dihedral angles are
predicted in both media with negative signs but experimentally
they have positive signs and different values. A contrary resulted is
observed for the other two N13-C15-C17—C18 and
016—C15—C17—N23 dihedral angles because they are predicted in
both media with positive signs and experimentally both present
negative signs and different values. Evidently, the changes in the
geometrical parameters of (3) in solution are related to its hydra-
tion and to high solvation energy observed in this medium. The
good correlations evidenced in the bond lengths and angles,
despite the differences observed in some dihedral angles, indicate
that the optimized structures of (3) in both media by using the
B3LYP/6—311++G** method can be used to perform the vibrational
analysis and the determination of force fields in the two media.

3.4. NBO and AIM studies

The study of stability of (3) in both media is a very important
factor taking into account that structurally this species presents
acceptors and donors groups and, also reveals in vitro antidiabetic
and antioxidant activities. Both NBO and AIM calculations are tools
useful to investigate the presence of different interactions by using
respectively the Second Order Perturbation Theory Analysis of Fock
Matrix in NBO Basis and the topological properties according to the
Bader’s theory of atoms in molecules (AIM) [70—72]. In the first
study the version 3.1 of NBO program was employed [70]. Hence,
main delocalization energies for the free base of (3) by using the
B3LYP/6—311++G** method in gas phase and aqueous solution are
summarized in Table S2. The evaluation of results shows that for (3)
in gas phase are observed only four interactions: AET— T,
AE;p— o+, AEjp— T+ and AET*_ .« interactions with low energy
values while in solution the AEw— o+ interaction together with
other two additional AEG— o+ and AEc— T« transitions with
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Table 4

Comparison of calculated geometrical parameters of (E)-N'-(4-(dimethylamino)
benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide in both media with the cor-
responding experimental ones.

B3LYP/6—311++G** method®
Parameters Gas PCM
Bond lengths (A)

Experimental®

N11-C12 1.281 1.289 1.289(5)
N11-N13 1.359 1.372 1.383(4)
N13—C15 1.388 1.359 1.354(5)
C15 =016 1.209 1.238 1.235(3)
C15—C17 1.496 1.482 1.472(4)
C17—-N23 1.330 1.338 1.340(3)
N19—-N23 1.343 1.342 1.346(4)
N19—-C20 1.362 1.360 1.357(4)
C18—C20 1.380 1.382 1.380(4)
C20—C24 1.494 1.490 1.483(5)
N33—-C6 1.383 1.382 1.376(5)
N33-C29 1.454 1.461 1.450(5)
N33-C34 1.455 1.462 1.425(8)
C12—-C1 1.456 1.450 1.440(5)
RMSD 0.018 0.012

Bond angles (°)

C1-C12—-N11 122.6 123.2 123.0(3)
C12—-N11-N13 117.0 115.1 114.9(2)
N11-N13-C15 1215 1214 120.6(2)
N13-C15-016 1241 123.0 122.4(3)
C17-C15-016 123.9 1224 122.6(3)
C15—C17—N23 119.6 118.7 120.3(3)
C15—C17—C18 129.1 130.1 128.0(2)
C17—-N23—-N19 104.3 104.3 103.5(3)
N23—-N19-C20 114.0 113.8 113.9(2)
N19—C20—C24 1229 122.6 122.7(3)
C4—C6—N33 1215 1216 121.4(3)
C7—C6—N33 121.3 121.3 121.9(4)
C6—N33—C29 1195 118.8 120.3(4)
C6—N33—-C34 119.7 1189 122.5(3)
RMSD 12 13

Dihedral angles (°)
C1-C12—-N11-N13 -179.3 179.8 179.3(3)
C12—-N11-N13-C15 —-174.4 —-179.5 174.3(3)
N11-N13-C15-016 2.1 2.2 2.1(5)

-177.8

N11-N13-C15-C17 -177.1 -177.6(2)
N13—-C15—-C17—-N23 —149.5 —168.1 6.6(4)
N13-C15-C17-C18 318 12.3 —176.4(3)
016-C15—-C17—N23 312 11.8 —173.2(3)
C15—-C17—-N23—-N19 -178.9 -179.8 177.9(3)
RMSD 246.7 210.2

2 This work, RMSD values in bold letters.

surprisingly high energy values are observed. In these two latter
interactions are involved transitions of both rings and of N33 atom
with both CH3 groups. Hence, in total six interactions are observed
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for (3) in aqueous solution. Therefore, the total energy value highly
favours to the free base of (3) in solution whose value justifies its
high solvation energy value and high stability in water. Probably,
this resulted indicates that the free base species of (3) is as a
cationic species in solution because it is hydrated.

NBO analyses have shown high stability of (3) in solution, as
compared with the values in gas phase and, for this reason, the
presences of other inter or intra-molecular interactions of free base
should be investigated in both media by using the topological
properties, according to the Bader’s theory [71]. To perform these
calculations, the version 2000 of AIM program was used [72].
Hence, in Table S3 is presented the analysis of the electron density,
p(r), the Laplacian values, Vp(r), the eigenvalues (A1, A2, 23) of the
Hessian matrix and, the |A1|/A3 ratio calculated in the Bond Critical
Points (BCPs) and Ring critical point (RCPs) for the free base of (E)-
N’-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-
carbohydrazide (3) in gas and aqueous solution phases by using the
B3LYP/6—311++G** method. These results show that in gas phase
only the two expected RCP1 of ring 1 (R1) and RCP2 of ring 2 (R2)
are observed while two Bond Critical Points (C4—H5---H31 and
C7—HS8-:--H35) and two new Ring critical points (RCPN1 and RCPN2)
appear in solution. Obviously, those two BCPs present the charac-
teristics of an interaction ionic or highly polar covalent where A1/
A3< 1 and V2p(r) > 0 (closed-shell interaction). In Fig. 3 can be seen
the molecular graphics of (3) in aqueous solution showing the two
BCPs C4—H5---H31 and C7—H8---H35, two RCP1 and RCP2 and, the
two RCPN1 and RCPN2. The presence of two BCPs in solution pre-
dict the high stability of (3) in this medium, as also was predicted by
NBO calculations.

3.5. Vibrational study

Both B3LYP/6-31G* and B3LYP/6—311+-+G** methods have
optimized the structures of free base and cationic species of (3) in
gas phase and aqueous solution with C; symmetry and due to the
presence of 37 atoms in the structure of free base 105 vibration
modes are expected for this species while for the cationic one are
expected 108 vibration modes. The vibration modes of both species
present activity in both spectra. The experimental FT-IR spectrum
of the title compound was recorded in a solid state using reflec-
tance (ATR) mode. A comparison of experimental ATR spectrum of
free base of (3) in the solid phase with the corresponding predicted
for free base and cationic species in gas phase by using the B3LYP/
6—311++G** method can be seen in Fig. 4. The group of IR bands
between 2867 and 2633 cm ™! together with the decreasing in the
intensity of IR band at 1742 cm™! attributed to C=0 stretching
mode, predicted with high intensity by SQM calculations, could

Fig. 3. Molecular graphic for the free base of (E)-N-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3) in gas solution showing the geometry of all their
bond critical points (BCPs) and ring critical points (RCPs) by using the B3LYP/6-31G* method.
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Fig. 4. Experimental infrared spectrum of (E)-N-(4-(dimethylamino)benzylidene)-5-
methyl-1H-pyrazole-3-carbohydrazide (3) compared with the corresponding pre-
dicted for the free base and cationic species by using B3LYP/6—311++G** level of
theory.

probably justify the presence of cationic species of (3). According
Fig. 4, the predicted ATR spectrum of cationic species shows higher
and lower intensities of bands associated respectively to the
stretching modes of N—H group of pyrazine ring and C=0 bond. On
the other hand, the higher number of predicted IR bands in
approximately the same 4000-2000 and 2000-0 cm~! regions
could also support the presence of cationic species in the solid
phase. In the determination of force fields for the two species of (3)
the normal internal coordinates were employed together with the
SQMFF methodology and the version 7.0 of Molvib program
[55—57]. In the assignments, only potential energy distribution
(PED) contributions > 10% were considered. The predicted Raman
spectra for those two species in the gas phase in activities were
transformed to intensities and both are observed in Fig. S7. These
transformations were performed with the equations suggested in
the literature [74]. In Table 5 are summarized observed and calcu-
lated wavenumbers and assignments for the free base and cationic
species of (3) in gas phase by using the B3LYP/6—311++G**
method. A brief discussion by regions is presented below.

3.6. Band assignments

4000-2000 cm~! region. This region is typical of N—H, C—H
and CHs stretching modes. Here, the free base presents two N—H
stretching modes (predicted at 3494 and 3348 cm~!) while for
the cationic species are expected three N—H stretching modes at
3401, 3316 and 2889 cm~! where this latter band is attributed to
N19—H22 bond of pyrazine ring. In the cationic species, the

N19—H22 stretching mode is predicted very intense in gas phase by
B3LYP/6—311++G** calculations. In heterocyclic compounds, the
N—H stretching vibrations appears strongly in the region
3500—3000 cm~! [36,50,80]. Pillai et al. [81] have reported NH
stretching bands at 3517 cm™! for pyrazole and at 3388 cm™! for
carbohydrazide (-CONH-N = ). In the present study, the FT-IR band
appears at 3232 cm™! is assigned to N—H stretching modes of vi-
brations for pyrazole and carbohydrazide, respectively. The C—H
stretching vibrations of aromatic rings give rise to bands in the
region 3200—-3000 cm! in  aromatic  compounds
[38,43—48,77—80]. The C—H stretching modes for the two species
are predicted by SQM calculations in approximately the same re-
gions and, for these reasons, the ATR bands between 3141 and
2633 cm™! are assigned to these vibration modes. Here, the band at
3116 cm ™! is assigned to C—H stretching vibrations of pyrazole ring,
which is in good agreement with the values reported for pyrazole
derivatives [81]. The CH stretching modes for para-substituted
benzenes are found in the region 3100-3000 cm™!
[43—48,77—80]. The series of IR bands between 3026 and
2915 cm~! were assigned as CH stretching modes of the 4-
dimethylaminobenzyl ring. The C—H stretching mode of azome-
thine appears as a weak band at 2867 cm™! in the infrared spec-
trum. Methyl stretching vibrations are observed in the region 2975-
2765 cm! [36,43,45—47,49—51,77—80]. Note that in the cationic
species the symmetric CHs stretching modes of three groups are
predicted at 2810, 2796 and 2776 cm~! while for the free base are
not predicted bands in this region, for these reasons, the presence
of cationic species in the solid phase could be clearly justified with
the experimental IR bands at 2806, 2723 and 2633 cm™. The
presence of an adjacent group such as a N or O atom can result in a
significant frequency shift in the methyl (CH3) in-phase stretch to
lower frequency. Due to the absence of experimental Raman
spectrum the symmetries of corresponding CHj stretching modes
were not confirmed.

2000-1000 cm ! region. In this region are expected the C=0,
C=C, C—C and C—N stretching modes, deformation and rocking
modes of NH, CH and CH3 groups and, some deformations of pyr-
azole and 4-dimethylaminobenzyl rings can also be observed. The
C=0 stretching mode is usually one of the most representative in
an infrared spectrum, it appears in a wavenumber region relatively
free of other vibrations (1800—1600 cm™') [45—47,77—79]. This
mode was assigned at 1691 cm~! by Pillai et al. [81]. In our study,
the SQM calculations predict that stretching mode in the free base
as an intense band at 1711 cm~! while in the cationic species this
mode is also predicted intense at 1604 cm ™. On the other hand, the
C7—H8 in-plane deformation mode in free base is predicted with
double intensity, as compared with the C=0 vibration, according
Fig. 4. However, such prediction is no experimentally observed
probably due to the inter-molecular hydrogen bonds between
N1—H1---01i, as determined in the experimental structure. Here, it
is necessary to clarify that the theoretical calculations were per-
formed in the gas phase where the packing forces were not
considered, hence, the differences among the predicted spectra and
the corresponding experimental one. Then, the C=O0 stretching
modes for both species can be assigned to the strong IR band at
1648 cm ™. The C=C stretching of both species are predicted be-
tween 1611 and 1502 cm™’, hence, these modes are assigned to
group of intense IR bands between 1648 and 1522 cm ™. Pillai et al.
[81] have reported the stretching vibrations vC = N at 1553 cm ™!
and vN-N at 1108 cm~! in pyrazole derivative while in the carbo-
hydrazide the C=N and C—N stretching bands are expected in the
range 1672—1566 cm~! and 1275 + 55 cm™', respectively [82].
Therefore, the, intense bands observed at 1611 and 1549 cm ™! are
assigned to C12 = N11 stretching modes of free base and cationic,
respectively. In the free base, the C—N stretching mode is assigned
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Table 5
Observed and calculated wavenumbers (cm~') and assignments for the free base and cationic species of (E)-N'-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-
carbohydrazide (3) in gas phase by using the B3LYP/6—311++G** method.

Experimental® B3LYP/6—311++G** Method®
FREE BASE CATIONIC
ATR Calculated” Intensity® sQm¢ Assignments? sQMm¢ Assignments®
3232m 3645 111.8 3494 vN19-H22 3401 vN23-H38
3232m 3492 9.7 3348 vN13-H14 3316 vN13-H14
3141w 3245 0.7 3111 vC18-H21
3116w 3210 12.7 3078 vC7-H8 3065 vC7-H8
3097w 3209 13.7 3076 vC4-H5 3062 vC4-H5
3079sh 3189 0.9 3057 vC9-H10 3050 vC18-H21
3064sh 3152 14.6 3022 vC2-H3 3049 vC9-H10
3026w 3129 443 2999 v,CH3(C34) 3010 vC2-H3
2987w 3119 83 2990 v,CH3(C24) 2974 v,CH3(C34)
2983sh 3117 2.5 2988 v,CH3(C29) 2966 v,CH3(C29)
2971w 3073 12.8 2946 v,CH3(C24) 2947 v,CH5(C24)
2960w 3056 383 2929 v2CH5(C34) 2937 vsCH3(C34),vsCHs(C34)
2934sh 3051 345 2925 v,CH3(C29) 2929 v,CH3(C29)
2912w 3026 37.7 2901 vsCH3(C24) 2889 VN19-H22
2867w 2992 67.0 2868 vC12-H28 2866 v,CH3(C24)
2853w 2980 136.7 2856 vsCH3(C34) 2862 vC12-H28
2806w 2972 815 2849 v{CH5(C29) 2810 veCH5(C34),v,CHs(C34)
2723w,br 2796 veCH3(C29)
2633w,br 2776 vsCH3(C24)
1742w 1774 364.8 1711 vC15 = 016-++-H—N?
1648s 1774 364.8 1711 vC15 = 016 1604 vC15 = 016,vC15-C17
1611s 1670 15.9 1611 vC12-N11
1600vs 1647 430.3 1593 vC7-C9 1591 vC7-C9
1600vs 1609 15.7 1557 vC18-C20 1557 vC18-C20
1570m 1585 14.1 1538 vC4-C6,vC1-C2 1539 vC1-C2
1549s 1562 5.9 1529 BN13-H14 1514 vC12-N11,N13-H14
1522vs 1540 704.2 1502 BC7-H8 1502 vC1-C12
1475m 1530 26.1 1468 8,CH3(C34),0,CH3(C29) 1485 BC7-H8
1468sh 1514 33 1452 3,CH5(C29), 5,CHs(C34) 1461 3,CHs(C34)
1444m 1506 0.2 1448 8,CH3(C24) 1444 8,CH3(C29)
1438sh 1495 188 1431 3,CH5(C34), 3,CHs(C29) 1438 BN23-H38,5,CH;(C24)
1430m 1487 15.3 1423 3,CH5(C29), 5,CHs(C34) 1427 3,CHs(C34)
1485 269 1422 5,CH5(C34),5,CH5(C34) 1420 5,CHs(C29)
1484 7.9 1421 5.CHs(C24) 1419 5.CHs(C24)
1416sh 1466 27.8 1420 vC15-C17 1413 dsCH3(C34)
1408m 1462 11.9 1415 v(C2-C4,8C4-H5 1404 BC4-H5
1408m 1446 54 1394 vC17-N23,N19-H22 1396 8,CH3(C24)
1380sh 1438 5.9 1383 8,CH3(C34),5,CH5(C29)
1373sh 1429 334 1376 vC17-C18 1376 dsCH5(C29)
1359s 1415 17.5 1355 dsCH3(C24) 1352 BN19-H22
13595 1385 189 1349 BC12-H28 1338 3,CHs(C24)
1359s 1378 3174 1332 vC6-N33 1330 BC12-H28
1320m 1358 5.9 1320 BC9-H10,C2-H3 1310 BC9-H10
1255s 1339 26.3 1299 vC9-C1 1297 vC6-N33
1255s 1296 12.7 1255 vC20-N19 1291 BN23-H38
1255s 1284 BN23-H38
1255s 1282 vC9-C1
1228vs 1266 40.3 1228 vC1-C12 1234 vN11-N13,C12-H28
1213sh 1260 57.2 1217 vC6-C7 1217 pC18-H21
1182s 1228 226.6 1190 vC15-N13 1202 vC4-C6,vC6-C7
1182s 1208 100.5 1174 BC2-H3,8C9-H10 1180 vN11-N13
1182s 1191 57.9 1158 pCH5(C34),pCH5(C29)
1170s 1171 381.8 1132 VN19-N23 1171 BC2-H3
1170s 1155 18 1122 BC18-H21 1147 pCH3(C34), pCH3(C29)
1136w 1147 43.9 1113 BC18-H21,vN11-N13 1136 BC18-H21,vC20-C24
1136w 1139 82.9 1109 p'CH;5(C29) 1119 p'CH;5(C34)
1097sh 1130 0.4 1100 p'CH3(C34) 1109 vC2-C4
1062m 1085 2.6 1053 vN11-N13 1089 p'CH3(C29)
1062m 1078 235 1046 pCHs(C34),pCH5(C29) 1052 YN19-H22,p'CH5(C24)
1062m 1062 1.4 1035 o/CH5(C24) 1040 pCH5(C34)
1020w 1045 53 1024 BR1(A2) 1006 vN19-N23
1007w 1019 038 998 BRy(A1) 995 BRy(A1)
983w 1008 11.0 986 BRo(A2) 989 o/ CH3(C24),yN19-H22
983w 989 5.8 977 yC9-H10 981 vC15-N13,vC17-N23
983w 967 pCH3(C24)
962w 986 19 961 pCH3(C24) 962 yC9-H10
948s 962 10.8 955 vC12-H28,yC2-H3 930 vC34-N33,vC29-N33
938sh 961 433 929 vC34-N33,vC29-N33 920 vC34-N33,vC29-N33
926w 934 2.7 925 yC2-H3,yC12-H28 913 yC2-H3

904s 917 61.9 902 BC15 = 016 861 vC20-N19



K. Karrouchi et al. / Journal of Molecular Structure 1219 (2020) 128541

Table 5 (continued )

Experimental® B3LYP/6—311++G** Method?

FREE BASE CATIONIC
ATR Calculated” Intensity© sQMm¢ Assignments? sQMm¢ Assignments®
846w 852 VN19-N23,BR5(A2)
846w 851 17.5 832 v(C9-C1,0C1C12N11 839 vC12-H28
814s 833 42.6 823 vC7-H8 812 vC7-H8
814s 807 dC15N13N11
793s 811 209 801 vC18-H21 796 vC18-H21
765s 808 8.8 798 vC4-H5 784 vC4-H5
742m 773 201 762 vC15 = 016
734sh 746 5.7 729 BR3(A1),vC6-N33 727 YN23-H38
722sh 736 05 715 Ry(A1) 715 YN23-H38,BR3(A1)
682w 694 11.9 677 TRy(A2) 705 TRy(A1)
653m 675 194 658 vC20-C24 667 vC15 =016
639w 659 14.1 647 BRo(A1), BR(A1) 649 BRo(A1),BR3(A1)
612m 652 1.0 641 TRy(A2) 607 BRy(A2), BRy(A2)
590m 602 25 592 dC34N33(C29,0C1C12N11 591 dC1C12N11
518s 549 37.2 542 YN19-H22 538 YN13-H14
518s 536 315 524 yC6-N33,yC1-C12 521 yC6-N33,yC1-C12
501m 511 6.4 506 YN13-H14, 3C34N33C29 506 YN13-H14
501m 508 46.9 504 YN13-H14
493sh 493 143 487 BN33-C29,C6-N33 492 dC34N33C29
493sh 483 TRy(A2)
468w 457 5.6 451 BN33-C29,C6-N33 454 BN33-C29
432 0.8 415 TR3(A1)
419 0.7 411 dC34N33C29 408 TR3(A1)
403 09 385 TRy(A1), TR5(A1) 407 TRy(A1)
384 TRy(A1),7R(A1)
368 45 360 vC15-C17,8C15 = 016 362 BC15 = 016
347 4.5 343 BC20-C24 334 TR1(A2)
302 3.8 296 vC20-C24,yC17-C15 318 fC20-C24
286 0.8 281 BC6-N33 293 BC6-N33
274 15.9 259 TRy (A1) 251 TRy(A1)
234 3.5 220 TR2(A1), ©C12-C1 229 vC20-C24
212 26 206 BC17-C15 208 TWCH;(C29), 5C15N13N11
205 2.8 195 dC15N13N11,twCH3(C34) 206 7C12-C1
194 TWCH5(C24), TRy(A2)
178 TWCH3(C24)
172 16 161 TWCH5(C34), twCH5(C29) 177 TwCH5(C29)
168 5.1 155 7C12-C1 162 TwCH3(C34)
149 0.5 143 TR,(A1), TN11-C12 159 TwCH3(C34),7TN11-N13
107 75 99 YN33-C29 114 C15-C17,1R5(A1)
94 d8C17C15N13,3C17-C15
BC1-C12
90 2.2 89 d8C17C15N13,BC1-C12 91 7C15-C17,yC17-C15
79 42 73 YN33-C29,1N11-N13
74 3.6 67 TN33-C6
57 0.1 51 TWCH3(C24) 60 YN13-H14,5N11-N13,7Ry(A1)
47 1.1 43 7C15-C17
35 4.1 35 ON13N11C12 3C15N13N11, 37 dN13N11C12
d3C1C12N11
28 0.1 25 TN11-N13 33 TN11-N13
22 23 20 TN13-C15,tN11-C12 22 TN33-C6
17 TN13-C15

Abbreviationsv, stretching; B, deformation in the plane; vy, deformation out of plane; , torsion; BR. deformation ring TR, torsion ring; p, rocking; Tw, twisting; ¢, deformation; a,

antisymmetric; s, symmetric; (A1), Ring 1; (A2), Ring 2.
¢ This work.
b Intensities in KM/Mole.
€ From B3LYP/6—311++G** method.
4 From scaled quantum mechanics force field.

at 1549 cm~! and C—N stretching mode is assigned at 1250 cm~ .
The N—N stretching mode has been reported at 1118 cm™! by
Sheeja et al. [82] at 1066 cm~! by Govindarasu et al. [83] and, at
1156 cm™! by Freitas et al. [84]. The N19—N23 and N11-N13
stretching modes in the free base and cationic species of (3) are
assigned respectively at 1170 and 1062 cm~! and, at 1182 and
1020 cm™ ), as predicted by calculations. In the cationic species the
N11—N13 stretching mode can be also assigned to the very strong
IR band at 1128 cm™! because in that position this mode is observed
coupled with other vibration mode.

In para substituted benzene, the C—H in-plane bending or

deformations (B) vibrations are observed in the region 1400-
1000 cm™! and are usually of medium to weak intensity
[36,49—-51,77—79,81]. Here, some bands due to C—H in-plane
bending vibration in both species interact somewhat with other
vibrations and they can be assigned to the bands in the region
between 1475 and 1136 cm~. The N13—H14 in-plane deformation
corresponding to carbohydrazide group in both species is predicted
at higher wavenumbers than the other N19—H22 and N23—H38
ones. Hence, the IR bands at 1549, 1408 and 1255 cm™! are assigned
to those vibration modes.

The deformation and rocking modes of the CH3 groups in both
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species can be assigned respectively to the IR bands observed be-
tween 1461/1338 and 1158/961 cm™, as predicted by calculations
and as observed in compounds with similar groups
[45,47,50,78,79].

1000-10 cm~! region. In this region, the C—C and C—N
stretching modes, C—H and N—H out-of-plane deformations, de-
formations, wagging and twisting modes of C=0 group, twisting
CH3 and deformations and torsions modes of both pyrazole and 4-
dimethylaminobenzyl rings are expected. These vibration modes
were assigned taking into account the SQM calculations performed
here and by comparison with assignments for similar species
[18—25,34—44]. A detail is presented in Table 5. The C=0 in-plane
deformation and the out-of-plane deformation are expected in the
regions 625 + 70 and 540 + 80 cm™~ !, respectively [81]. Here, the IR
bands observed at 904 and 742 cm™! are assigned to these modes
corresponding to free base while these modes for the cationic
species are predicted at 667 and 362 cm™, for which, they can be
assigned in this region.

The out-of-plane CH deformations are observed between 900
and 600 cm™! [36,37,39,45,48—51,77—80]. Generally the CH out-of-
plane deformations typical for para substituted benzenes are
assigned in the 840 + 50 cm™! region [83]. In the present work,
these vibration modes in the both species can be associated to the
IR bands observed between 983 and 765 cm~! while the corre-
sponding N—H out-of-plane deformations are predicted and
assigned to the bands observed between 734 and 501 cm™. The
remaining vibration modes are assigned within the characteristic
region and reported in Table 5.

3.7. Force fields

The character of different bonds can be also descript by the
harmonic force constants and, for these reasons, for free base and
cationic species of (3) these parameters were calculated from the
corresponding harmonic force fields expressed in internal co-
ordinates. Hence, the SQMFF procedure and the Molvib program
were employed [55—57]. In Table 6 those constants for both species
in gas phase by using the B3LYP/6—311++G** method were
compared with the reported for the free base and cationic species of
naloxone and scopolamine in the same medium by using the
B3LYP/6-31G* method [77,79]. Comparing first both species of (3),
in the cationic species it is observed that due to additional
N23—H38 bond the value of its force constant obviously decreases

Table 6

from 6.42 mdyn A~! in the free base to 5.72 mdyn A~! in the
cationic one. Also, the f{vC=0) force constant in the cationic species
decreases, as compared with the corresponding to the free base.
This difference in the value can be clearly attributed to the bond
lengths between both involved atoms because in the free base the
predicted C=0 distance is 1.209 A while in the cationic ones is
1.248 A. Comparisons with the other two species show that the free
base of (3) presents approximately the same value than that
observed in scopolamine. On the other hand, the f{vC-H)g; force
constant of 4-dimethylaminobenzyl ring in the two species of (3)
have practically the same values than those observed for naloxone
and scopolamine while the f{vC-H)g, force constants for the pyr-
azole ring decrease slightly in the cationic species, in relation to the
free base [77,79]. The f(vN-CH3) force constants have practically the
same values in both species of (3) but in naloxone and scopolamine
the values change because its cationic species are formed in the N
atom that contain the CH3 groups [77,79]. Note that the f{vC-N)cpain
force constant of cationic species presents a lower value than that
observed for the free base, indicating this way, that the carbohy-
drazide group is influenced by the N23—H38 bond. In the same way,
the f(vC-N)g, f(vN-N)g, f(vN-N)cpain and f{vC=C)g> force constants
change in the cationic when they are compared with the corre-
sponding to free base. Evidently, the f(vN-N)r force constant
(3.90 mdyn A1) in the cationic species is most influenced that
fVN-N)chain  force  constant of carbohydrazide group
(6.73 mdyn A~1), as expected because the N23—H38 belong to
pyrazole ring. Moreover, the cationic species generate a increase in
the f{vC=C)g> force constant of pyrazole ring, as compared with the
corresponding to  flvC=C)gr;  force  constant of 4-
dimethylaminobenzyl ring.

3.8. Ultaviolet-visible spectra

The electronic ultraviolet—visible spectra of free base and
cationic species of (3) in aqueous solution were also predicted by
using the B3LYP/6—311++G** method. The electronic spectra
predicted for those two species can be seen in Fig. S8. The predicted
spectrum for the free base shows a maximum at 343.6 nm with a
shoulder in c.a. 268.4 nm while for the cationic form the maximum
can be observed in c.a. 225 nm. The intense observed band in the
spectrum of free base and, expected for the cationic one, can be
assigned to w— 7* transitions due to the presence of C=C double
bonds of both pyrazole and 4-dimethylaminobenzyl rings and to

Scaled internal force constants for the for the free base and cationic species of (E)-N'-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3) in gas

phase by using the B3LYP/6—311+-+G** method.

b

Force constants (E)-N'-(4-(dimethylamino) Naloxone' Scopolamine®
benzylidene)-5-methyl-1H-
pyrazole-3-carbohydrazide®
Free base Cationic Free base Cationic Free base Cationic
f(vN-H) 6.49 5.72 5.75 6.04
fvC=0) 11.69 9.15 12.47 12.76 11.65 12.08
f(vC-H)gs 5.13 5.10 5.16 5.20 5.14 5.15
f(vC-H)gy 529 5.10 4.84 4.85
f(vN-CH3) 4.83 4.80 4.68 3.51 4.76 3.93
f(vC-N)chain 7.46 6.10
f(vC-N)g 6.74 4,32 491 3.86 4,27 3.20
f(vN-N)r 5.85 3.90
f(vN-N)chain 5.56 6.73
f(vC=C)r1 6.24 6.15 5.72 7.33
f(wC=C)r2 6.84 7.31
fvCH3) 4.75 4.62 4.81 5.11
f(6CH3) 0.55 0.55 0.58 0.56

Units are mdyn A~! for stretching and mdyn A rad~2 for angle deformations.
2 This work.



K. Karrouchi et al. / Journal of Molecular Structure 1219 (2020) 128541 1

carbohydrazide group and, also can be assigned to n— 7* transi-
tions which are predicted for the two species by NBO calculations
(Fig. S9). In the UV—visible spectrum of cationic form the ©— m*
and n—m* transitions are predicted with low intensities as
compared with the intense band attributed to 6 —o* and ¢ — *
transitions by using NBO analyses. Here, the high values of these
latter two transitions predicted for the cationic species overlap to
the T— m* and n— 7* transitions. On the other hand, the shoulder
observed in the predicted UV—Vis spectrum for the free base in
aqueous solution could be attributed to the cationic form because it
species is also expected in solution. These assignments for both
species are in agreement with those reported for species containing
similar rings [45—47,51].

3.9. NMR studies

The 'H and '®C NMR spectra of the title compounds were ob-
tained by using TMS as an internal standard and DMSO-dg as sol-
vent. Both 'H and '>C NMR spectra can be seen in Figs. $10 and S11,
respectively while the chemical shifts are summarized in Tables 7
and 8 compared with the corresponding theoretical ones for the
free base and cationic species in aqueous solution by using the
B3LYP/6—3114++G** and GIAO methods [75]. The 'H NMR spectra
corresponding to compound (3) are presented in Fig. S10, respec-
tively. The 'H NMR spectra of the title molecule displayed a two
singlets at 6 2.26 and 2.94 ppm due to CHs and N(CH3), protons,
respectively. The chemical shifts of pyrazole proton (C4—H) appear
as a singlet at 6 6.45 ppm. The chemical shifts of the phenyl protons
appeared as two doublets at ¢ 6.72 and 7.46 ppm. The chemical
shifts of the azomethine (N=CH) and amide (NHCO) protons
appear as a singlet at 8.30 and 11.24 ppm, respectively. The
chemical shifts of NH pyrazole proton appeared as singlet at
6 13.01 ppm. The 3C NMR spectra of the title compound showed
the chemical shifts of C=0 are at 158.45 ppm. The signals at
148.42 ppm are clearly assigned for azomethine group (N=CH)
chemical shifts. The signals at 105.11, 146.60 and 151.84 ppm are
assigned for pyrazole carbons, while that the aromatic carbon
chemical shifts of the compound occurred in the range of
112.26—140.36 ppm. In general, good correlations with low RMSD
values are found when the theoretical chemical shifts for free base

Table 7

Observed and calculated 'H chemical shifts (¢ in ppm) for (E)-N'-(4-(dimethylamino)
benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3) in gas phase and in
aqueous solutions.

H atom 6-311++G** Exp*?
Free base Cation

3-H 7.1 6.6 7.46
5-H 6.7 6.5 6.72
8-H 7.0 6.6 6.72
10-H 8.6 8.2 7.46
14-H 8.1 74 8.30
21-H 6.0 5.2 6.45
22-H 9.1 2.8 13.01
25-H 2.2 1.9 2.26
26-H 23 2.0 2.26
27-H 2.2 1.8 2.26
28-H 7.7 7.2 11.24
30-H 2.4 2.1 2.94
31-H 33 33 2.94
32-H 25 2.2 2.94
35-H 3.5 34 2.94
36-H 2.6 23 2.94
37-H 23 2.0 2.94
RMSD 14 2.7

2 This work GIAO/B3LYP/6-31G* Ref. to TMS.

Table 8

Observed and calculated®C chemical shifts (6 in ppm) for the free base of (E)-N'~(4-
(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3) by us-
ing the B3LYP/6—311++G** method in aqueous solution.

C atoms 6-311++G** Exp?
Free base Cation
1-C 128.8 1389 122.33
2-C 136.7 129.0 128.76
4-C 114.2 1151 112.26
6-C 158.0 149.2 151.84
7-C 1173 116.9 112.26
9-C 1331 128.5 128.76
12-C 148.6 1239 146.60
15-C 160.5 155.9 158.45
17-C 152.4 108.2 148.42
18-C 104.4 108.8 105.11
20-C 142.9 126.9 140.36
24-C 103 13.7 10.78
29-C 393 40.9 40.28
34-C 39.8 40.6 40.28
RMSD 4.0 13.8

¢ This work GIAO/B3LYP/6-31G* Ref, to TMS.

are compared with the corresponding experimental ones by using
the root-mean-square deviation (RMSD) values. However, for the
cationic species are observed higher RMSD values than those pre-
dicted for free base, thus, the low ¢ value predicted for § of H22
(2.8 ppm) could be attributed to H bond formation in solution while
the high RMSD value of the chemical shifts of C atoms in the
cationic species is due to ¢ of C17 (108.2 ppm) probably because it
atom is linked to N23 atom which could be protonated in aqueous
solution.

3.10. ESI-MS study

The ESI-MS spectra show molecular ion peaks with m/z values
272.2 correspond to the molecular weight [M+H]*. The m/z value
294.4 correspond to the sodiated molecular ion peak [M-+Na]™
(Fig. S12). These values are in good agreement with the proposed
composition for the title molecule (C14H17N50).

3.11. Hirshfeld surface analysis

The Hirshfeld surface analysis of the (E)-N’-(4-(dimethylamino)
benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3) was
performed with Crystal Explorer 3.1 program [85] to determine the
possible molecular packing, intra and intermolecular hydrogen
bond interactions in the structure. Additionally, this analysis allows
the visualization of intermolecular interactions by such as red, blue
and white different colours [86,87]. As an input file in the program,
Crystallographic Information File (cif*) of the compound was used.
In Fig. 5 was indicated dporm mapped on Hirshfeld surface for
visualizing the intercontacts of the title compound and dpory, value
was obtained as —0.2548 (red points) to 1.2144 a.u. (blue colours).
As seen from the Fig. 5, the dark red points near the C, O, N atoms
result from C=O0---H interactions with 2.273 A and 2.782 A and
N—H---N interactions with 2.337 A were observed and these re-
gions have a significant role in the molecular packing.

Additionally, the two-dimensional fingerprint plots with their
relative contributions or percentage contributions to the Hirshfeld
surface were shown in Fig. 6. The most important interactions were
determined with H---H (51.2%), C---H/H---C (18%), N---H/H:--N
(12.4%), O---H/H---O (11%), and N---C/C---N (5.6%) contributions.
Lastly, the percentage contributions of other intermolecular con-
tacts are less than 2% in the Hirshfeld surface.
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Fig. 6. Finger plots of the title compound.
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Table 9
Antidiabetic activity (3).

Compound % of inhibition

a-glucosidase B-galactosidase a-amylase
3 79,83 64,29 20,51
Acarbose 29 - 36
Quercetin - 68 -

3.12. Antidiabetic activity

Inhibition of a-glucosidase and a-amylase can retard carbohy-
drate digestion, thus causing a reduction in the rate of glucose
absorption into the blood. Therefore, inhibition of these enzyme
activities in digestive organs is considered to be a therapeutic
approach for managing diabetes (type 2). pB-galactosidase is a
tetrameric enzyme of historical and scientific importance. More-
over, the hydrolysis of lactose gives galactose and glucose. Intra-
molecular galactose transfer yields allolactose, the natural inducer
of the lac operon. In the context, the title compound was evaluated
in vitro against a-glucosidase, a- amylase and (-galactosidase. The
result summarized in Table 9 and compared to the reference drug
Acarbose and the phenolic compound Quercetin.

From the observed results in Table 9, the in vitro a-glucosidase
inhibition study shows that the product 3 show a better activity for
a concentration of 0.08 mM with percent inhibition of 79.83%,
higher than that of the Acarbose as a reference (29%). The results of
the B-galactosidase test reveal that the title compound has a good
inhibitory activity with a percentage of 64.6%, comparable to that of
Quercetin (68%) for a concentration of 3.30 mM. For the alpha-
amylase inhibition test, the results obtained show that the com-
pound 3 have a mean inhibitory activity (20.51%) relative to the
Acarbose with a percentage of 36% for a concentration 3.53 mM.

3.13. Antioxidant activity

The antioxidant activity of the synthesized compound 3 has
been systematically evaluated using three different assays at
3.70 mM. The scavenger capacity is determined by measuring the
decrease in the absorption of the DPPH and ABTS radicals, and the
results are expressed as Trolox equivalents (TE) (ug TE/mg of
compound). Meanwhile, we have also evaluated the ability of
synthesized compounds to reduce Fe>* to Fe>* by using the Ferric
Reducing Antioxidant Power (FRAP) test. These three assays are
mainly used to measure the direct involvement of the compound in
improving the primary antioxidant activity.

One of the most widely used methods for evaluating total
antioxidant activity is the determination of DPPH% trapping activity
by its simple, rapid, sensitive and reproducible procedure. The
DPPH reagent allows us to determine the intrinsic capacity of a
substance having groups (RH) such as —NH to give a hydrogen atom
or electrons. In our study, the results are expressed as Trolox
equivalents (ET) (ug ET/mg of compound), the tile compound 3
present a promising free DPPH scavenging capacity with 3.65 trolox
equivalent (Table 10).

The ABTS method is based on the ability of hydrogen or elec-
trondonating antioxidants to decolorize the performed radical
monocation of (2,2’-azino-bis(3-ethyl-benzthiazoline-6-sulfonic

Table 10
Antioxidant activity of (3).

Compound

3 4,88 + 0,10

DPPH (pg ET/mg) ABTS (ug ET/mg)

5,03 + 0,60

FRAP (pg EAA/mg)
7,03 + 0,50

acid) generated due to oxidation of ABTS with potassium persul-
fate. The radical scavenging abilities showed by the tested com-
pounds towards this assay typically revealed that, the title molecule
3 exhibit moderate radical scavenging ability, expressed as trolox
equivalents (pg Trolox/mg of compound) with value 5.02 trolox
equivalents, respectively. Subsequently, we also evaluated the ca-
pacity of the synthesized compounds for reducing Fe3* to Fe?* by
employing the ferric reducing antioxidant power (FRAP) test. The
compound 3 displays the higher effect in reducing ferric to ferrous
iron, expressed as ascorbic acid (AA) equivalents (ug AA/mg of
compound) reaching more than 7.03 ascorbic acid equivalents
(Table 10).

3.14. Frontier orbital and descriptors

The frontier orbitals studies of (3) are of great importance due to
the antidiabetic and antioxidant activities that this synthesized
species has revealed. Hence, the gap energies in both media were
calculated for the free base from the differences between the
highest occupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) by using B3LYP/6—311++G**
level of theory [42]. Then, the chemical potential (u), electronega-
tivity (x), global hardness (7), global softness (S), global electro-
philicity index (w) and global nucleophilicity index (E) descriptors
were also computed because these parameters are useful to predict
the chemical reactivity and Kkinetic stability of these species
[36—39,43—51]. Thus, a low gap value indicates that the species
presents high chemical reactivity and low kinetic stability [42]. In
Table S4 are presented HOMO and LUMO orbitals, gap values and
descriptors for free base of (3) in gas and aqueous solution phases
by using the B3LYP/6—311++G** method. The values for the free
base of (3) were compared with those reported in gas phase for the
same species of naloxone, cocaine and scopolamine in gas phase by
using the B3LYP/6-31G* method [77—79]. Regarding the results for
(3) in both media we observed a slight increases in the reactivity of
free base of (3) in water and comparing with the values for the
other three species, clearly, (3) is most reactive than naloxone,
cocaine and scopolamine. The scopolamine species is the less
reactive while the free base of (3) in aqueous solution has higher
reactivity. The formation of cationic species of (3) in solution could
justify the high reactivity due to its higher stability in solution, as
suggested by NBO and AIM calculations. Probably, the higher
reactivity of (3) and its antioxidant and antidiabetic activities can
be attributed to N(CHs), group because both CH3 groups are planar
in (3) with the N33 atom in sp? hybridization, different from the
other compared compounds. Hence, the higher reactivity of (3) in
water is in agreement with the higher solvation energy values of
free base and cationic species in solution. In relation, to the de-
scriptors it is observed that both global electrophilicity (w) and
global nucleophilicity (E) indexes present higher and lower values,
respectively in (3), as compared with the naxolone, cocaine and
scopolamine [77—79]. These differences probably could be related
to the dispositions planar of two CH3 groups in (3) while in those
three alkaloids are no planar.

3.15. Molecular docking

The docking computations are very important techniques in
structure-based drug design and this method can estimate the
binding-conformation mode within the target protein [88,89]. In
this section, firstly having medical and pharmacological impor-
tance (E)-N’-(4-(dimethylamino)benzylidene)-5-methyl-1H-pyr-
azole-3-carbohydrazide (3) molecule was optimized with B3LYP/
6—311++G(d,p) method/basis set and was recorded as Protein Data
Bank (PDB) format. In second step, the target proteins PDB:3A4A
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Table 11

AutoDockVina results of the binding affinity and RMSD values of different poses in 3A4A and 1HD2 inhibitors of (3) compound.

3 compound-3A4A

3 compound-1HD2

Modes Affinity (kcal/mol) rmsdl.b. rmsdu.b. Affinity (kcal/ rmsdlb. rmsdu.b.
mol)

1 -79 0.000 0.000 -6.2 0.000 0.000
2 -75 2.078 9.027 -5.6 21.022 21.845
3 -72 14.842 19.175 -5.6 20.659 23.131
4 -6.8 14.224 18.517 -5.0 7.053 9.854
5 -6.7 25.978 28.132 -4.9 15.578 18.500
6 -6.6 4.874 6.066 -4.7 6.450 8.855
7 -6.4 25912 28.166 -4.7 19.947 20915
8 -6.2 15.156 17.764 —4.5 12.932 13.651
9 -6.2 2.091 9.625 -4.5 24.228 25.163
10 -6.1 19.252 21.121 -4.5 24.503 26.829

Inhibition Constant: 1.61904 uM
Number of Hydrogen bonding: 2 active

Inhibition Constant: 28.5343 uM
Number of Hydrogen bonding: 1 active+1 non-active

(a-Glucosidase) and peroxiredoxin 5-PDB: 1HD2 (antioxidant) were
identified with the help of literature and experimental activity
study and they were obtained from the Protein Data Bank [90].
Additionally in the proteins water molecules and co-factors were
cleaned and recorded PDB format. Here the PDBQT formats of
ligand and two proteins were prepared with Discover Studio
Visualizer 4.0 (DSV 4.0) software [91]. The AutoDock Vina program
[92] was used for molecular docking calculations. The docking re-
sults obtained during this research were evaluated and were
described as follows:

In the first instance, the active sites of a-Glucosidase protein-
PDB:3A4A were determined as ARG442, ASP352, HIS351, GLU277,
VAL216, ASP215, ARG213, PHE178, PHE159, HIS112, TYR72, ASP69,
ASP38, TRP36, ASP34, ASN32 and ASP30 and according to these
active residues the grid boxes were determined as
centre_x = 33.212, centre.y = -9.817, centre_z = 22.508,
size_x = 88, size_y = 46, size_z = 50, spacing = 0.375. The obtained
docking results for (3)-PDB: 3A4A were given in Table 11 and Fig. 7.
From the experimental activity and theoretical docking results, the
best results were observed in the interaction between (E)-N’-(4-
(dimethylamino)benzylidene)-5-methyl-1H-pyrazole-3-
carbohydrazide (3) molecule and o-Glucosidase protein-PDB:
3A4A. According to the theoretical affinity binding energies, the
best binding was determined with —7.9 (kcal/mol) energy and
active two hydrogen bonding. These two active hydrogen bondings
were seen between ASP215 and H3 atom with 2.03 A bond distance,

H-Bonds

Donor

Acceptor

between ARG442 and O1 atom with 3.11 A bond distance. Addi-
tionally van der Waals, attractive charge, carbon-hydrogen bond, -
cation, m-anion, m®- =-T shaped and w-alkyl interactions were
determined from the Fig. 7.

In the second instance, the active sites of antioxidant peroxir-
edoxin 5 protein PDB:1HD2 were determined as LEU149, THR147,
GLN133, ARG127, SER118, SER115, ASP113, LYS93, GLU91, ALA90,
GLNG8, GLY66, ALA64, LYS63, CYS47, GLY46, PRO45, THR44, PRO40
and according to these active residues the grid boxes were deter-
mined as centre_x = 10.129, centre_y = 38.905, centre_z = 22.741,
size_x = 80, size_y = 82, size_z = 112, spacing = 0.375. Similarly,
the obtained docking results for (3)-PDB: 1HD2 were presented in
Table 11 and Fig. 8. According to the affinity binding energies, the
best binding was determined with —6.2 (kcal/mol) energy and 1
active and 1 non-active hydrogen bondings.

The active hydrogen bonding was observed between GLN68 and
H3 atom with 2.07 A bond distance, and non-active hydrogen
bonding was observed between GLN92 and N7 atom with 3.11 A
bond distance. Additionally, van der Waals, carbon-hydrogen bond,
T-cation and T-anion, interactions were also determined from the
Fig. 8.

Finally, the inhibition constants for (3) and PDB:3A4A and (3)-
PDB: 1HD2 interactions were calculated as 1.61904 uM and
28.5343 uM, respectively by using Ki = exp(AG/RT) equation,
where, AG, R and T are the docking binding energy, gas constant
(1.9872036 x 103 kcal/mol) and room temperature (298.15 K),

e ©
: TYR
ASP A:158
A:69 PHE GLU
A:178 A277  GLN
VAL A:279
A:216 ASP.
HIS A:352 3.94
A:112 4.53
5.07 \ X
TYR 4.78 ASP.
A:72 N i N—n A:307
1 /\ :;i\ 552, 3.6
N 4
o Y PHE L ADSS
& 410~ 3p A303
HIS
ARG A:280 AR
A:a42 é
ARG 4
A:213
B Frcation
I Franion
onver rogen gond [J] Pi-FiT-shaped

[ corbon tydrogensond  [] Piallyl

Fig. 7. The molecular docking results of compound (3) with a-Glucosidase-3A4A protein, surfaces around ligand (a) and 2D forms (b).



K. Karrouchi et al. / Journal of Molecular Structure 1219 (2020) 128541 15

R G
1Ys A:S.YI
A:b3

444
A%
wige 4 a0 )
ASS gy | ASh
A1 gll% G&V
Egé AlB2

Fig. 8. The molecular docking results of compound (3) with antioxidant peroxiredoxin 5-1HD2 protein, surfaces around ligand (a) and 2D forms (b).

respectively. From the molecular docking results of in silico anti-
diabetic and antioxidant, it is concluded that (E)-N’-(4-(dimethy-
lamino)benzylidene)-5-methyl-1H-pyrazole-3-carbohydrazide (3)
molecule can be designed as potential antidiabetic agent.

4. Conclusions

Synthesis, crystal structure data, antioxidant and antidiabetic
activities of (E)-N’-(4-(dimethylamino)benzylidene)-5-methyl-1H-
pyrazole-3-carbohydrazide (3) are reported. The compound was
experimentally characterized by using FI-IR, NMR, ESI-MS and
single crystal X-ray diffraction (XRD). The molecular structures of
free base and cationic species of (3) were determined theoretically
in gas phase and aqueous solution by using B3LYP/6-31G* and
B3LYP/6—311++G** methods. High solvation energy values are
observed for both species of (3) in aqueous solution while the NBO
and AIM studies support the higher stability of the cationic species
in solution. The high energy values AEc— 6+ and AEc— T+ in-
teractions that involve transitions of both rings and of N33 atom
with both CH3 groups, due to the planarity of both CH3 groups
linked to N atom, could support the high reactivities of its free base
and cationic species, as compared with naloxone, cocaine and
scopolamine. The harmonic force fields for both species were re-
ported together with the complete vibrational assignments of 105
and 108 vibration modes expected respectively for free base and
cationic species of (3). The harmonic force constants of free base
and cationic species of (3) were also reported together with the
Raman spectra for the two species and their electronic spectra in
aqueous solution. In addition, the frontier orbitals studies have
evidenced high reactivity of both species of (3) which justify its
significant antioxidant activity, whilst showed the best activity
against a-glucosidase higher than that acarbose, and showed ac-
tivity against a-amylase similar to Quercetin. Finally, The molecular
docking studies of the title compound revealed that it may exhibit
anti-diabetic activity via inhibition of a-glucosidase PDB:3A4A
enzyme.
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